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Highly mineralized springs in the Scuol-Tarasp area of the Lower Engadin and in the Albula Valley
near Alvaneu, Switzerland, display distinct differences with respect to the source and fate of their dis-
solved sulphur species. High sulphate concentrations and positive sulphur (§>*S) and oxygen (5'%0)
isotopic compositions argue for the subsurface dissolution of Mesozoic evaporitic sulphate. In contrast,
low sulphate concentrations and less positive or even negative §3*S and §'30 values indicate a substantial
contribution of sulphate sulphur from the oxidation of sulphides in the crystalline basement rocks or the
Jurassic sedimentary cover rocks. Furthermore, multiple sulphur (§3*S, A%3S) isotopes support the identi-
fication of microbial sulphate reduction and sulphide oxidation in the subsurface, the latter is also evident
through the presence of thick aggregates of sulphide-oxidizing Thiothrix bacteria.
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1. Introduction

Numerous cold, mineralized springs, exhibiting electrical conductivities well above
1000 uS cm™!, are situated in crystalline as well as sedimentary rocks in the Lower Engadin, the
Albula Valley, and the Hinterrhein Valley, Switzerland. They include carbonate-, sulphur- and
iron-rich springs [1-3]. These springs formed the basis for an extensive spa culture that flour-
ished in the nineteenth and early twentieth centuries but continues to be of economic importance
also today (www.graubuenden.ch).

In general, stable isotopes have been used successfully in hydrogeological/environmental stud-
ies, both with respect to reconstructing the water cycle as well as tracing the source and fate of
dissolved constituents such as sulphate (e.g. [4]). Distinctly different isotope signatures char-
acterize the potential sources of dissolved sulphate in surface waters and in groundwater (e.g.
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[5-9]). Sulphate sources include the dissolution of evaporites, generally exhibiting positive §3*S
(e.g. [10-12]) and 8'30 values (e.g. [13]), or the oxidation of sulphide minerals in sedimen-
tary rocks, exhibiting highly variable, yet frequently negative 83*S values (e.g. [14,15]) or in
igneous rocks, displaying a limited variability around a §*S value of 0 %o (e.g. [16]). The oxy-
gen isotopic composition of sulphate resulting from sulphide oxidation can in principle be quite
variable, depending upon the oxygen source, that is, atmospheric oxygen with a §'30 value of
+23.5 %0 [17,18] versus oxygen from meteoric water showing a generally negative §'80 value
[19,20]. Recent experimental studies [21,22] on the oxygen isotopic composition expressed dur-
ing abiotic and/or biotic pyrite oxidation revealed that essentially all of the oxygen was derived
from the water molecule. In contrast, recent river studies [5,7] revealed a more heterogeneous
oxygen isotopic composition for pyrite-derived sulphate, suggesting a mixing between both prin-
ciple sulphate oxygen sources and a dependence upon the principal oxidation pathway, that is,
oxidation via molecular oxygen or via trivalent iron.

Microbial sulphur cycling is associated with in some cases substantial kinetic isotope frac-
tionations of the stable sulphur isotopes (e.g. [15,23]). It has long been known that dissimilatory
sulphate reduction, a process performed by strictly anaerobic sulphate-reducing bacteria, results
in the depletion of **S in the reaction product hydrogen sulphide, leaving the remaining dissolved
sulphate enriched in 3*S [15,24,25]. Numerous studies have shown that the residual sulphate is
also enriched in 'O [26], making the paired analysis of sulphur and oxygen isotopes a rather
powerful tool for reconstructing microbial turnover of sulphate, for example, in groundwater
studies. More recent studies have expanded sulphur isotope research towards the minor sul-
phur isotopes **S and *S (e.g. [23,27]), also expanding the possibilities for identifying distinct
microbial processes. In contrast to sulphate reduction, microbial oxidation of sulphide is associ-
ated only with a minor, yet distinct, sulphur isotope effect (e.g. [28,29]). Finally, a third group of
microbially mediated turnover of sulphur compounds of intermediate valence, such as elemental
sulphur, sulphite, or thiosulphate, collectively termed disproportionation, is also associated with
the isotopic fractionation of sulphur [30,31]. In conclusion, the application of multiple stable
sulphur isotope analyses has been shown to advance our ability for reconstructing the different
processes of microbial sulphur cycling (e.g. [29,32]).

This study focuses on selected springs located in the Lower Engadin, the Albula Valley, and
at Rothenbrunnen (Hinterrhein Valley) with the emphasis placed on the source and fate of dis-
solved sulphate. In this study, we have applied sulphur and oxygen isotopes in order to link the
dissolved sulphate of individual springs to the local bed rock. This includes the study of relevant
rock samples and their sulphur isotopic composition. Moreover, multiple sulphur isotopes reveal
microbially mediated sulphur cycling in the subsurface and at the surface discharge area.

2. Geological setting

The mineralized springs studied here are located in the Lower Engadine Valley in the Canton
of Grisons (Graubiinden), in the eastern Swiss Alps (Figure 1). The alpine orogeny provides the
overall geological framework. On a more regional scale, the mineralized springs are located in
the Engadine tectonic window, where the Austroalpine overthrusts have been eroded and the
underlying Penninic rocks, comprising Jurassic oceanic crustal rocks and overlying sedimen-
tary rocks, have become exposed (Figure 2). Consequently, deeply circulating waters (cf. [2,3])
have interacted with and are being discharged from lithologically variable rock units, comprising
crystalline basement rocks as well as sedimentary rocks.

The springs studied in the Lower Engadine are located close to a major fault zone that runs
through the Engadine Valley in the NE-SW direction. The surrounding crystalline rocks belong
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Figure 1. Location of studied mineralized springs in the Canton of Grisons, Switzerland, with sampling locations
1: Rothenbrunnen (Hinterrhein Valley), 2: Arvadi (Alvaneu Valley), 3: Zuepler (Alvaneu Valley), 4: Val Sinestra, 5:
Lischana, 6: Rablonch, 7: Clozza, 8: Fuschna, 9: Carola (all Lower Engadine Valley), 10: Sulphur Spring, 11: Iron Spring
(both Albula Valley), 12: Bonifacius (Lower Engadine Valley), G: Former gypsum mine at Alvaschein. © Reproduced
with permission of swisstopo (BA 15039).

Source: http://map.geo.admin.ch/
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Figure 2. Regional geologic map of the study area; location of sampling sites as in Figure 1. © Reproduced with
permission of swisstopo (BA 15039).
Source: http://map.geo.admin.ch/

to the Silvretta nappe in the NW and the S-charl-Sesvenna nappe in the SE, both of which have
Mesozoic sedimentary cover rocks overlying crystalline basement. The springs discharge from
the tectonically uncovered carbonaceous shales and marls of the Jurassic Biindner Schiefer, with
the exception of the Lischana spring that is located in the Ramosch zone consisting of ophio-
lites and serpentinites of the middle Penninic nappes followed by granitic rocks of the Tasna
nappe [33].

The springs in the Albula Valley are located in the crystalline rocks of the Silvretta nappe,
which overlays carbonates and evaporitic gypsum, whereas the Rothenbrunnen spring discharges
again from the Jurassic Biindner Schiefer.
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3. Samples and analytical methods

Water samples were collected in the fall of 2009, 2011, and 2012 from 15 different mineralized
springs in the Lower Engadin, Switzerland: near Scuol and Tarasp in the Inn Valley, near Alvaneu
Bad about 20 km SW of Davos, and in Rothenbrunnen about 20 km SW of Chur (Table 1). Imme-
diately after sample recovery, basic physico-chemical parameters (7, pH, electrical conductivity,
and oxygen concentration) were determined using a WTW' multi 340i system.

Selected cations (Ca’*, Mg?*, Na™, K+, Sr”*, AI**, and Fe>*) were measured via ICP-OES
(Spectro Flame EOP) from an acidified (5 drops of concentrated HNO3 in 100 mL) aliquot, and
selected anions (Cl~, SOi_, NO,~, NOj, and POi_) were measured with ion chromatography
(Methrom Compact IC761).

All spring water samples were analysed for hydrogen (§*Hp,0) and oxygen (8'80p,0) isotopes
at the stable isotope laboratory in Hannover. For hydrogen isotopes, 10 uL aliquots were mea-
sured with a fully automated chromium reduction system at 800 °C (H/Device, ThermoFinnigan)
directly coupled to the dual inlet system of a Thermo Finnigan Delta XP isotope ratio mass
spectrometer (IRMS). Oxygen isotopes were measured out of 0.5 mL sample aliquots with an
automated equilibration unit (Gasbench II, ThermoFinnigan) interfaced with a continuous flow
inlet to an IRMS. All samples were measured at least in duplicate and results are principally
given in the standard delta notation as per mil relative to the VSMOW/VSLAP scale. External
reproducibility (1o) was better than 0.7 and 0.10 %o for §’H and §'80, respectively.

For sulphate sulphur and oxygen isotope measurements, dissolved sulphate was first fil-
tered (cellulose nitrate filter, 0.45 um pore diameter) and subsequently precipitated as BaSOy4
at subboiling temperature (80 °C) at pH 2 using an 8.5 % BaCl, solution. Sulphur isotopic
measurements (83*S) were performed using a Carlo Erba Elemental Analyzer interfaced to a
ThermoFinnigan Delta Plus (EA-IRMS). For this, approximately 200 ug of BaSO, precipitate
was mixed with an equal amount of V,0s and placed in a tin cup. Results are reported in the
standard delta notation as per mil difference to the Canon Diablo Troilite (V-CDT). Repro-
ducibility (10) as determined from replicate measurements was generally better than =+ 0.3 %e.
Accuracy was monitored with internal lab standards and international reference materials (IAEA
S1, S2, S3, and NBS 127). Oxygen isotopes were measured via high-temperature combustion
(1450 °C) with a TC/EA coupled to a ThermoFinnigan Delta Plus XL. For this, approximately
200 ug of BaSO, precipitate was placed in a silver cup and combusted to carbon monoxide in
a graphite-glassy carbon reactor. Results are reported as §'30 versus V-SMOW. Reproducibility

Table 1. Sample locations.

Spring

Lucius 46°47'19.61"N 10°16'44.27"E
12 Bonifacius 46°46/56.28"N 10°14'59.95"E
9 Carola 46°47'19.55"N 10°16'38.03"E
8 Fuschna, oben 46°47'10.19"N 10°15'36.11"E
8 Fuschna, unten 46°47'10.19"N 10°15'36.11"E
7 Clozza 46°48'16.62"N 10°18'00.10"E
6 Rablonch 46°48'19.58"N 10°19'20.41"E
4 Val Sinestra 46°51'04.72"N 10°20'14.91"E
2 Arvadi 46°39'50.62"N 9°38'16.45"E

Alvaneu Bad 46°40'05.90"N 9°38'58.19"E
3 Zuelper 46°39'50.62"N 9°38'16.45"E
10 Sulphur Spring 46°40'17.16"N 9°39'17.56"E
11 Iron Spring 46°40'11.57"N 9°40'01.39"E
5 Lischana 46°47'38.80"N 10°18'36.38"E
1 Rothenbrunnen 46°46/12.05"N 9°25'33.55"E
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as determined from replicate measurements was generally better than £ 0.5 %o. Accuracy was
monitored with an internal barium sulphate lab standard and international reference materials
(NBS 127, IAEA-SO 5, and IAEA-SO 6).

Dissolved sulphide from spring waters near Alvaneu Bad (Zuelper, Arvadi, Sulphur Spring)
was stabilized during sampling as zinc sulphide following the addition of zinc acetate solution
(3 %). In the laboratory at the Westfilische Wilhelms-Universitidt Miinster, sulphur was liber-
ated as hydrogen sulphide via reaction with 1 M chromous chloride solution following [34] and
precipitated as silver sulphide (Ag,S).

Elemental sulphur stored in the cells of Thiothrix bacteria collected at Arvadi and Zuelper was
extracted with reagent-grade acetone. Subsequently, the acetone extract was filtered (0.45 pm)
and reacted with 1 M chromous chloride solution (following [34]), and the resulting hydrogen
sulphide was precipitated as silver sulphide.

Additional samples were obtained from elemental sulphur precipitates coating leaves and peb-
bles around Sulphur Spring near Alvaneu Bad. Whitish-yellow sulphur was carefully scraped off
and also liberated via acetone extraction, followed by reaction with 1 M chromous chloride
solution and final precipitation as silver sulphide.

For sulphur isotope analyses (83*S), approximately 200 ug of Ag,S was mixed with an equal
amount of V,0s, placed in a tin cup, and measured via EA-IRMS with a Carlo Erba Elemental
Analyser interfaced to a ThermoFinnigan Delta Plus IRMS. Results are reported in the standard
delta notation as per mil difference to the Canon Diablo Troilite (V-CDT). Reproducibility (1o)
as determined from replicate measurements was generally better than + 0.3 %o. Accuracy was
monitored with internal lab standards and international reference materials (IAEA S1, S2, S3,
and NBS 127).

In addition to spring waters, Upper Triassic massive gypsum was collected at a small road
cut close to the former gypsum mine at Alvaschein near Alvaneu Bad, and a Rauhwacke was
sampled at Weissenstein, Albula Pass. Rock samples were pulverized, dissolved in a 10 % NaCl
solution, and sulphate was re-precipitated as barium sulphate following the addition of a 8.5 %
BaCl, solution. Furthermore, a sample of carbonaceous shale from the lower Jurassic Biindner
Schiefer was collected at a road cut near Alvaneu Bad. Pyrite sulphur was liberated via chromous
chloride reduction [27] and precipitated as silver sulphide. Again, sulphur isotope measurements
of barium sulphate and silver sulphide precipitates were performed via EA-IRMS as described
above.

Finally, occurrences of sulphide-oxidizing Thiothrix bacteria were sampled from Arvadi,
Zuelper, and Sulphur Spring for sulphur isotope analyses.

For SEM analyses, small sample volumes of Thiothrix were collected in 2.5 ml Eppendorf
tubes and fixed at the field site by adding an equal volume of 3 % glutaraldehyde solution to the
aqueous samples. The fixative was pipetted off after approximately 6 h, and the samples were
washed gently three times with source water. In order to prevent collapse of cells in the vacuum
of the SEM, fixed samples were dehydrated in the laboratory by replacing the water stepwise
with solutions containing 40, 60, 80, 90 and 100 % ethanol. Small amounts of dehydrated sample
were placed on 13 mm white polycarbonate filters (Nuclepore, 0.2 um pore size), the filters were
placed on SEM stubs and remaining ethanol was replaced with pressurized liquid CO, for critical
point drying. Dry specimens were contrasted by sputter coating with carbon (1-2 nm thickness).
The procedure fixes samples well; in particular, it prevents the thin exopolymeric films from
condensing into strand-like artefacts.

For SEM measurements, the electron beam (acceleration voltage between 2 and 5 kV) was
focused on small spots where the cell density was not too dense. The images were taken by
recording the intensity of backscattered and secondary electrons on a Zeiss Supra 50 VP field
emission scanning electron microscope equipped with an in-lens secondary electron detector, a
Centaurus backscattered electron detector and an EDX detector system.
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For selected samples, multiple sulphur isotope measurements (*2S, 3*S, S, and 3°S) were
performed. Approximately 2 mg of silver sulphide precipitates from dissolved sulphide, dis-
solved sulphate (barium sulphate precipitates were first converted to silver sulphide via reaction
with Thode solution [35]) and elemental sulphur (also previously converted to silver sulphide)
were fluorinated to sulphur hexafluoride (SF¢) in nickel reactors (cf. [36]) at 300 °C with a
fivefold excess of fluorine. Following cryogenic and gas chromatographic purification, the mul-
tiple sulphur isotope measurements were performed on a ThermoScientific MAT 253. Results
are reported as §3*S, A¥S and A3°S. A¥S values were calculated from §33S and §3*S values
(following [37,38]) as

ABS =65 —1000 x [ {1+ A 1
- 1000 '

Reproducibility for ABS (. including fluorination) was better than £0.01 %o (10).
A0S were calculated from §°°S and §34S values (following [37,38]) as

36 36 5348\
AS =8°S—1000 x [ [ 1+ -1,

1000

and the reproducibility was better than £ 0.2 %o (10).

4. Results

All results are provided in subsequent tables and figures. We report A3®S data in order to expand
the A%S data set for meteoric water systems, but our interpretation regarding source identifica-
tion and microbial sulphur cycling is based on §3*S and A33S only due to very limited nature of
literature data so far.

4.1. Spring waters

Basic physico-chemical parameters (see Table 2) were highly variable among the different
springs with pH ranging from 5.9 to 6.5 in the Scuol-Tarasp area and from 7.2 to 7.9 for springs
near Alvaneu Bad. Temperatures varied between 7.8 and 18.5 °C with no regional trend dis-
cernible. Dissolved oxygen concentrations varied between 0.1 and 11.0 mg L', again with no
clear distinction between the sampling areas. Finally, electrical conductivity displayed a range
between 1220 and 8400 uS cm™', again with no regional distinction discernible.

Cation and anion concentrations are equally variable (see Table 2). Wexsteen et al. [1] and
Bissig [2] grouped the mineralized springs of the Lower Engadin depending upon their ionic
species and location. Accordingly, the springs Bonifacius, Carola and Fuschna are characterized
as Ca—Na-HCO3;-SO,4 waters and form one group of springs that are located in the Inn Valley
(here called Group 1 springs). Val Sinestra, Rablonch and Clozza discharge Ca—HCO3; waters
along the slope near Scuol (here called Group 2 springs). Mineralized springs of Group 3 are
located near Alvaneu Bad (Arvadi, Alvaneu Bad, Zuelper, Sulphur Spring, Iron Spring) and
discharge Ca—Na—HCO;—-CI-SO,4 water. The springs at Lischana and Rothenbrunn form a fourth
group which is characterized by their Na, Mg, HCOj3, and SO4 content.

Hydrogen and oxygen isotopes of spring water samples varied between — 114.9 and —91.1 %o
for hydrogen (§°Hy,0) and between —15.4 and — 11.5 %o for oxygen (§'Op,0) isotopes,
respectively (Table 3).
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T Conductivity ~ O,  Ca®* Mg St  Nat Kt APt F?*  CI-  SO” NO, NO; PO~
No.? Spring °O) pH (uS cm™h) (mgL™h)
2009 sampling campaign
Na-HCO3-Cl water
Lucius 2452 1779 bdl 22.41 bdl
Ca—Na-HCO3—-S04 water (Group 1 )P
12 Bonifacius 21 175 bdl bdl bdl
9 Carola 318 468 bdl 1.69 bdl
8 Fuschna, oben 9.2 83 bdl bdl bdl
8 Fuschna, unten 7.1 88 bdl bdl bdl
Ca—-HCOs3 water (Group 2)P
7 Clozza 2.6 84 bdl bdl bdl
6 Rablonch
4 Val Sinestra
Ca-Na-HCO3~CI-SO4 water (Group 3)°
2 Arvadi 11.2 908 bdl 23.76 bdl
Alvaneu Bad
3 Zuelper 32 1210 bdl 1.14 bdl
10 Sulphur Spring
11 Iron Spring
Na-Mg—HCO3-SO04 water (Group 4 )P
5 Lischana 170 1673 bdl bdl bdl
1 Rothenbrunn 10.8 90 bdl bdl bdl
2011 sampling campaign
Na-HCO3-Cl water
Lucius
Ca—Na-HCO3—-SO04 water (Group 1 )P
12 Bonifacius 8.0 6.38 4900 0.51 923 120 13.1 608 26.8 bdl 3.56 na 182 nd nd nd
9 Carola 10.3 6.07 3730 1.83 523 98.2 5.08 463 22.1 bdl 0.44 363 542 bdl bdl nd
8 Fuschna, oben
8 Fuschna, unten 11.7 6.20 3480 0.73 904 89.0 5.38 140 12.1 0.03 2.73 2.63 94.0 bdl bdl nd
Ca-HCOs3 water (Group 2)P
7 Clozza 8.5 5.90 1690 0.10 423 45.5 2.13 3.23 1.07 bdl 3.49 bdl 87.2 bdl bdl nd
6 Rablonch 14.5 7.71 1940 8.02 493 47.0 3.08 62.4 4.31 0.08 6.62 47.9 69.9 bdl bdl nd
4 Val Sinestra 9.3 6.25 3920 2.70 429 75.3 4.58 569 314 bdl 8.22 433 214 0.58 bdl nd

(Continued).
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Table 2. Continued.

Ca—Na—HCO3—CI-SO4 water (Group 3 )b

2 Arvadi 8.9 7.85 1630
Alvaneu Bad
3 Zuelper 13.2 7.20 1950
10 Sulphur Spring 12.1 7.40 1220
11 ITron Spring 10.8 7.27 2140
Na-Mg—-HCO3-S0y4 water (Group 4)°
5 Lischana 9.1 6.39 6080
1 Rothenbrunn 18.5 6.52 1600
2012 sampling campaign
Na-HCO3—Cl water
Lucius
Ca—Na—-HCO3—-SO04 water (Group 1 )b
12 Bonifacius 6.39 8.1 4990
9 Carola 6.03 8.8 3330
8 Fuschna, oben
8 Fuschna, unten 6.34 10.1 3550
Ca—Na—HCO3—CI-SO4 water (Group 3)°
7 Clozza 5.94 12.4 1740
6 Rablonch 6.13 11.5 2140
4 Val Sinestra 6.30 114 4020
Ca—Na—HCO3—CI-SO4 water (Group 3 )P
2 Arvadi 7.88 7.8 1653
Alvaneu Bad
3 Zuelper 7.36 12.1 1982
10 Sulphur Spring
11 Tron Spring 7.30 8.4 2150
Na-Mg—-HCO3-S0y4 water (Group 4)°
5 Lischana 6.53 9.6 8400
1 Rothenbrunn

9.80
3.19
0.90
0.09

0.69
0.48

1.28
2.70

0.52

0.44
1.69
1.47

11.00

3.42

0.82

331
408

246
468

236
171

853
466

850

425
471
399

338
406

242
459

294

92.9
131

77.7
142

412
50.2

105
85.8

82.4

49.6
47.5
70.4

97.2
130

77.2
135

525

16.7
4.57
13.8

5.09
2.67

11.2
4.31

5.24

2.00
2.79
4.08

22.1

17.7
4.67
14.7

2.26
2.58
2.45

1150
95.6

536
303

125

6.82
549
525

4.25
4.99

4.44
5.98

1441

1.20

1.12
0.91
0.82

44.1
4.38

27.7
13.4

11.2

1.19
3.97
29.9

1.31

1.21
0.95
0.91

bdl
bdl

bdl
bdl

bdl
bdl

0.05
0.01

0.03

0.02
0.09
0.07

0.02
0.02

0.57
0.02

bdl

0.15
bdl

bdl
0.30

0.05
2.45

7.38
0.36

2.73

3.25
6.03
8.53

0.02
0.02

0.71
0.27

0.03

bdl

bdl
1.37
0.96

113
6.22

bdl
bdl

2.87
0.01

0.64
0.20

2.06
0.88
1.55

0.15

961
1287

654
1372

1086
99.0

223
552

105

103
63.3
237

1022
1377

733
1641

1528

bdl
bdl

bdl
bdl

bdl
bdl

bdl
bdl

bdl

bdl
bdl
bdl

0.12
2.26

bdl
bdl

bdl

0.38
0.07

bdl
4.52

bdl
bdl

bdl
bdl

bdl

bdl
bdl
bdl

0.49
0.26

bdl
0.43

bdl

nd
nd

nd
nd

nd
nd

232
26.5

16.3

14.8
315
15.8

2.02
2.15

1.04
0.78

30.3

Note: bdl, below detection limit; nd, not determined.
“No. refers to numbers in Figures 1 and 2.
bWater classification according to [1-3].
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Table 3. Hydrogen and oxygen isotopes of spring waters.

8°H 8180

No.? Spring Water type” %o V-SMOW

Lucius Na-HCO3-Cl —93.6 —11.51
12 Bonifacius Ca-Na-HCO3 — 1149 —15.38
9 Carola Ca-HCO3-SO4 —98.6 —13.00
8 Fuschna, oben Ca-HCO3 —112.7 —14.85
8 Fuschna, unten Ca-HCO3 —112.2 —14.75
7 Clozza Ca-HCO3 —106.5 —14.28
2 Arvadi —-91.1 —12.32
3 Zuelper —93.6 —12.74
5 Lischana Na-Mg-HCO3-SOs —105.7 —14.10
1 Rothenbrunn —-91.6 —12.64

“No refers to numbers in Figures 1 and 2.
YWater type according to [2].

Dissolved sulphate from the mineralized springs (Table 4) displayed sulphur isotopes
) 348504) ranging from — 9.2 to 4 20.6 %e.. The sulphate oxygen isotopic composition (§ 180504)
varied between — 3.3 and + 18.3 %o. A*’S and A%S values for sulphate varied between — 0.037
and 0.000 %o, and between 0.353 and 0.557 %o, respectively.

Dissolved sulphide (Table 5) of the Zuelper spring showed §%*S, A33S, and A%S values of
—25.1, 0.006, and 0.204 %o, respectively, whereas sulphide from Sulphur Spring was char-
acterized by a 84S value of —21.5 %0 and A¥S and A3®S values of 0.064 and 0.031 %o,
respectively.

4.2. Elemental sulphur from Thiothrix bacteria and sulphur precipitates

Sulphur isotope values for elemental sulphur (Table 5) were generally negative. Granular elemen-
tal sulphur contained within the filaments of Thiothrix bacteria collected at Arvadi and Zuelper
displayed 8°*S values between — 26 and — 23 %o, A33S values between 0.025 and 0.041 %o,
and A3®S values between 0.362 and 0.519 %o. Thin whitish films of elemental sulphur covering
pebbles and dead leaves in the discharge area of Sulphur Spring exhibited §**S values between
—28 and — 26 %o, a APS value of 0.064 %o, and A3°S value of 0.093 %e.

4.3. Rock samples

The Upper Triassic gypsum samples displayed sulphur and oxygen isotope values of 15.1 %o and
between 17.9 and 19.9 %o, respectively. Pyrite sulphur from the Lower Jurassic Biindner Schiefer
showed a §**S value of —15.6 %o.

5. Discussion

5.1. Unravelling the source of dissolved sulphate

In principle, dissolved sulphate in ground and spring water can have multiple sources, includ-
ing the dissolution of evaporites and/or the oxidation of sulphide minerals, both indicating
water—rock interaction in the subsurface. In addition, an atmospheric contribution of sulphate
via precipitation that percolates through the soil into the groundwater is also possible. This latter
source of dissolved sulphate might include an anthropogenic contribution of sulphate. Because
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Table 4. Sulphur and oxygen isotopes of spring water sulphate.

No.?

2009

2011

2012

Spring SO, (mg L1 8348 (%0) V-CDT SO4 (mg L") 834S (%0) V-CDT 830 (%0) V-SMOW SO, (mg L™1) 83*S (%0) V-CDT §'%0 (%0) V-SMOW

o0 0 \O —

a2

10
11

5
1

Na-HCO3—-Cl water

Lucius 1779 17.6
Ca—Na-HCO3-S0y4 water (Group 1)°
Bonifacius 175 19.1
Carola 468 11.9
Fuschna, oben 83 -0.9
Fuschna, unten 88 =33
Ca—HCO3 water (Group 2 )P

Clozza 84 -9.1
Rablénch

Val Sinestra

Ca-Na—HCO3-CI-SO4 water (Group 3)°

Arvadi 908 15.5
Alvaneu Bad

Zuelper 1210 17.7
Sulphur Spring

Iron Spring

Na-Mg—HCO3-SO4 water (Group 4)°
Lischana 1673 18.1
Rothenbrunn 53 2.9

542

94

87

214

961
1286

654
1372

1086

19.0
12.3

2.8

-8.6
-8.2

15.3
20.3
17.4
20.2
18.2

17.6

13.2
11.1

1.9

-2.6
0.7
104

15.8
10.6
17.7
15.5
18.3

12.4

223
552

105

104
63
237

1022
1377

733
1641

1528

19.1
11.3

-3.1

-9.2
-8.7

15.4
17.4

20.6
18.4

17.8

12.7
10.0

1.9

-33

9.7

15.8
16.3

14.4
16.6

133

#No refers to numbers in Figures 1 and 2.
YWater classification according to [1-3].
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Table 5. Multiple sulphur isotopes of dissolved sulphur species for selected springs.

Sulphate Sulphide Elemental sulphur
No.*  Spring 534S (%0) V-CDT ~ ABS (%o)  A°S (%0)  8%*S (%0) V-CDT ~ ABS (%o)  A3S (%0)  8%*S (%) V-CDT  ABS (%0) A0S (%0)
2 Arvadi 2011 153
2 Arvadi 2011 Thiothrix —25.6
2 Arvadi 2011 Thiothrix —24.1
3 Zuelper 2011 17.4
3 Zuelper 2011 Thiothrix —238
3 Zuelper 2011 Thiothrix —-229
10 Sulphur Spring 2011 20.2
10 Sulphur Spring 2011 pebbles —27.0
10 Sulphur Spring 2011 leaves —26.8
2 Arvadi 2012 15.5 —0.009 0.557
2 Arvadi 2012 Thiothrix —26.0 0.041 0.519
3 Zuelper 2012 18.0 0.000 0.497 —215 0.006 0.204
3 Zuelper 2012 Thiothrix —242 0.025 0.362
10 Sulphur Spring 2012 21.3 —0.007 0.521 —25.1 0.064 0.031
10 Sulphur Spring 2012 pebbles —275 0.064 0.093
7 Clozza 2012 —-9.7 —0.037 0.353

*No. refers to numbers in Figures 1 and 2.
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each of these sources has different sulphur and oxygen isotopic compositions, variable sulphur
and oxygen isotope results can be expected for the different spring water samples.

Based on the mineralization observable in the spring waters, Bissig et al. [3] developed a con-
ceptual model for their origin. These authors propose the deep subsurface circulation of meteoric
water and associated water—rock interaction and the mixing with shallow subsurface water. Water
discharging at the mineralized springs of the Lower Engadine displays hydrogen and oxygen iso-
tope values that broadly resemble the isotopic composition of regional meteoric water as sampled
in precipitation and river water (Figure 3). The range in §°H and §'30 for spring waters is sub-
stantially reduced compared to the local precipitation collected at Pontresina but not as narrow
as water from the Inn river (Source of data: Swiss Bundesamt fiir Umwelt BAFU and Nationale
Grundwasserbeobachtung NAQUA). Spring waters define a regression line that is comparable to
the local meteoric water line as defined by the local precipitation and the regional river water.

The sulphate concentration is relatively constant for every spring when comparing the individ-
ual sampling campaigns (Figure 4) due to the fact that sampling occurred approximately at the
same time each year (August to September). Minor differences result from dilution/concentration
effects depending on the prevailing water balance. In contrast, sulphate concentrations are dis-
tinctly different between individual springs with low values below 100 mg L~" and high values
above 1500 mg L~!. Moreover, each spring exhibits a unique sulphur isotopic composition
within a total range in §3*S between — 9.1 and + 20.6 %o. In addition, a correlation between sul-
phate concentration and sulphur isotopic composition is clearly discernible (Figure 4). Springs
that have a high sulphate concentration are also characterized by positive §3*S values, whereas
those with a low sulphate concentration display less positive or even negative §3*S values. Boni-
facius spring, however, represents an exception to this correlation as it is discharging water with
a low sulphate concentration, but the sulphate exhibits a positive §3*S value around + 19 %o. In

5'80 (%)
25 -20 -15 -10 -5 0
L 1 1 1 1 0
local meteoric water line =20
y=8.15x+9.60 L
R2=0.99 s L 40
o
ad - —60

l N
>
N
o
o
(0%) Hz@

g—‘ L —140

e L —160

- -180
< Precipitation O River water A Spring water

Figure 3. Hydrogen and oxygen isotopes for spring waters compared to regional precipitation and Inn river water.
Local meteoric water line based on precipitation data.
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Figure 4. Sulphate concentration and §3*$ values of spring water sulphate (grouping of springs according to [2,3]).

addition to the relationship between sulphate concentration and sulphate sulphur isotopic com-
position, a clearly positive correlation exists between the §%*Sgo4 and §'80s04 values for these
spring waters (Figure 5). Both correlations, that is, between sulphate concentration and both sul-
phate isotopes suggest that the individual springs derive their sulphate from different sources.
Considering the deep circulation pattern suggested in [3] for the springs of the Lower Engadine,
the distinctly different sulphate concentrations and their sulphur and oxygen isotopic compo-
sitions indicate water—rock interaction in the subsurface, involving quite different rock types
(Figure 5).

In general, springs that discharge water with a high sulphate concentration (such as the Group
3 springs Arvadi, Zuelper, Sulphur Spring, and Iron Spring in the Albula Valley) with sulphate
concentrations partly well above 600 mg L~ are located in the sedimentary cover rocks of the
Silvretta nappe that comprise carbonate and evaporites. The Triassic aged gypsum occurrence
near the town of Alvaschein and the Rauhwacke from Weissenstein (Albula Pass) and their sul-
phur and oxygen isotope values around + 15 %o and between + 18 and + 20 %o, respectively,
would be consistent with the interpretation that evaporite dissolution represents the source for the
sulphate of the Group 3 springs, given their isotopic compositions between + 15 and + 23 %o
(83*Sso4) and between + 10 and + 20 %o (8 180504), respectively. In addition to the high sulphate
concentrations and sulphur and oxygen isotopic compositions, high concentrations of strontium
in the Arvadi, Zuelper and Iron springs are also consistent with the subsurface dissolution of
evaporites.

Comparably heavy sulphur and oxygen isotopic compositions were measured for dissolved
sulphate at the Lischana and Bonifacius springs, although spring water at Bonifacius (Group 1
spring) shows considerably lower sulphate concentrations (around 200 mg L~") compared to
Lischana (> 1000 mg L~'). Both springs are located in stratigraphic units that do not contain
evaporitic rocks. Bonifacius spring discharges from the Jurassic Biindner Schiefer. However,
based on hydrogen and oxygen isotopes, Wexsteen et al. [1] argued that the recharge area for
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Figure 5. §3*S and §'80 values of spring water sulphate (grouping of springs according to [2,3]; sulphate source
identification according to [4]).

the Bonifacius spring was located in an altitude of 2470 + 70 m, and that the interaction with
carbonate rocks north of the Engadine Window would be a possible source for the sulphate
of this spring. The Lischana spring, in contrast, discharges from ophiolites and serpentinites
in the Ramosch zone. High magnesium and sodium concentrations in the spring water suggest
intense water—rock interaction with silicate rocks in the subsurface. Following Wexsteen et al.
[1], the sulphate could be derived from meteoric dissolution of evaporites of the Tasna nappe,
but evaporitic rocks are also present in the S-charl-Sesvenna nappe. A sulphate concentration
of around 500 mg L™', a §3*S value of + 12 %o and a §'%0 value of + 11.5 %o suggest that
the dissolution of evaporites is at least partly responsible for the sulphate load of the Carola
spring water. Bissig et al. [3] classified the Carola spring water as a mixture between deeply
circulating water that interacts with the crystalline basement rocks and shallower sulphate-rich
groundwater from a regional aquifer. In particular, the lower sulphur and oxygen isotope values
that were measured for the Carola sulphate indicate that evaporite dissolution is not the sole
source of dissolved sulphate. An atmospheric contribution of sulphate can be largely excluded as
both sulphate concentration and isotopic composition would not match the characteristics of the
spring water. Thus, a contribution from the microbial oxidation of sulphide sulphur in the deeper
subsurface is indicated. Geographically closely located is the Rablonch spring with a water low
in sulphate and exhibiting a negative sulphate sulphur isotopic composition around — 8 %o and
a low sulphate oxygen isotopic composition around 0 %ec. All of this would be consistent with
microbial sulphide oxidation as an additional source for some of the dissolved sulphate load.
Group 2 springs, Fuschna spring and Rothenbrunnen spring all show low sulphate concen-
trations (all but Fuschna below 100 mg L") and sulphur and oxygen isotope values that are
substantially less positive (or even negative) than measured for the Group 3 springs. In fact,
sulphate in these spring waters displays 8°*S values between — 15 and +4 %o and §'30 values
between — 5 and + 5 %o, values that are suggestive of sulphide oxidation (cf. [4]). It should be
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noted that pyrite from the Jurassic Biindner Schiefer collected in the area showed a low §3*S
value of — 15.6 %o, comparable to a generally negative sulphur isotopic composition of sedi-
mentary sulphide (e.g. [14,39]). Subsurface oxidative weathering of sedimentary pyrite would
release sulphate with an equally negative §**S value, as little to no sulphur isotopic fractionation
is associated with sulphide oxidation (e.g. [28]). The oxygen isotopic composition of sulphate
derived via sulphide oxidation can be variable depending on the isotopic composition of the
oxygen involved [5,7,21]. Sulphate derived from pyrite oxidation involving oxygen that was
largely (or entirely) derived from the water molecule would exhibit a clearly negative §'80
value. Interestingly, water from Group 2 springs, Fuschna and Rothenbrunnen, exhibits high con-
centrations of dissolved iron which would be consistent with the dissolution of pyrite but also
with anoxic groundwater conditions. Upon discharge, the dissolved Fe>* would be oxidized to
Fe** and precipitate as iron(IIl)oxyhydroxide as can be observed at Clozza and Rothenbrunnen.
Independent evidence suggests a contribution from microbial iron oxidation [40] for this redox
reaction.

An atmospheric contribution of sulphate from precipitation cannot be ruled out in principle,
but the sulphate concentrations of all springs studied here are distinctly higher than the sulphate
concentration of central European precipitation (e.g. 1 mg L~! for northern Italy, cf. [41]). Sim-
ilarly, the §3*S and §'80 values recorded for atmospheric sulphate range from 0 to + 5 %o and
+ 8 to + 15 %o, respectively[4], which is outside the isotopic compositions measured here for
spring water samples. Both observations, that is, a low sulphate concentration and decidedly
different sulphate sulphur and oxygen isotopic compositions rule out a substantial atmospheric
contribution, let alone the only source of spring water sulphate.

In summary, variable sulphate concentrations but more so paired measurements of sulphur and
oxygen isotopes from the dissolved sulphate load of springs from the Lower Engadin, Switzer-
land, indicate intense water—rock interaction in the subsurface as the principal source of that
sulphate. This includes the dissolution of evaporites and the oxidation of pyrite in sediments and
volcanic rocks as the two principle end members.

5.2. Microbial sulphur cycling

Microbiological evidence for intense and diverse microbial activities exists at several of the
studied spring locations (Hanselmann, unpublished). With respect to microbial sulphur cycling,
thick aggregates of white filamentous Thiothrix bacteria have been identified microscopi-
cally and via 16S rRNA gene sequencing (results available through the NCBI database at
http://www.ncbi.nlm.nih.gov/nuccore/AB473985.1) at Arvadi and Zuelper (Figure 6). In addi-
tion, microbial sulphur cycling is known to be associated with the fractionation of sulphur (and
oxygen) isotopes (e.g. [15,23,27,42,43]). In particular the springs near Alvaneu Bad and their sul-
phur and oxygen isotopic compositions are suggestive of intense and complex sulphur cycling
that is, at least in part, microbially catalyzed.

Dissolved sulphide in the springs at Zuelper and Sulphur Spring displayed §°*S values of
—25.1 and — 21.5 %o, respectively, suggesting bacterial sulphate reduction as likely source for
the dissolved sulphide. Positive §°*S and §'80 values for the dissolved sulphate in these two
springs suggest the dissolution of evaporites as the likely source of dissolved sulphate in these
springs. However, compared to the isotopic composition of the Triassic gypsum from the nearby
Alvaschein locality, at least the sulphur isotopic composition of the dissolved sulphate at Zuelper
and Sulphur Spring is somewhat enriched in 3*S. This observation would be consistent with sul-
phate reduction in the water that discharges at both springs. The apparent fractionation between
dissolved sulphate and sulphide (8348504 — 834SH25) varies between 39 %o (Zuelper) and 46 %o
(Sulphur Spring) which is consistent with the process of bacterial sulphate reduction (e.g. [15]).


http://www.ncbi.nlm.nih.gov/nuccore/AB473985.1
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Figure 6. Thiothrix bacteria at Sulphur Spring. Thiothrix spp. are sessile filamentous ‘sulfur bacteria’. They thrive
naturally in masses in the hydrogen sulphide-rich outflow waters of sulphur springs where they form dense floating
tufts that adhere to almost any surface (a); tufts consist of trichome assemblages that form rosette-like structures, so—
called holdfasts which form the adhering ‘glue’ for the base cell of each trichome (b). The trichomes contain individual
rod-shaped cells that are held together by extracellular sheaths (d). The most conspicuous cell inclusions are the large,
white-appearing sulphur globules (c and d) (b—d are SEM images).

The Arvadi and Zuelper springs are characterized by sometimes abundant occurrences of white
filamentous Thiothrix bacteria that store elemental sulphur in their cells. This elemental sulphur
displayed also a **S depleted sulphur isotopic composition with §**S values ranging from — 26
to — 23 %o which is comparable (or slightly 3*S depleted) to the §3*S values measured for dis-
solved sulphide. This strongly suggests that dissolved sulphide generated via microbial sulphate
reduction under anoxic conditions in the subsurface was subsequently oxidized by sulphide-
oxidizing bacteria, for example, Thiothrix, at the anoxic—oxic transition within the discharge
area of the springs. Only a minor isotope effect is associated with microbial sulphide oxidation
[28] as revealed here by the similarity in §3*S of sulphide sulphur and elemental sulphur. Sul-
phide oxidation is also the likely source of elemental sulphur covering pebbles and dead leaves
in the discharge pool of Sulphur Spring with §34S values at — 27 %o.

In addition to §3*S, the minor sulphur isotopes **S and 3°S were measured for a few sam-
ples of dissolved sulphate and sulphide as well as for elemental sulphur from the Thiothrix
filaments from the Zuelper and Arvadi springs and from the thin film covering pebbles at Sul-
phur Spring. Following [29], the isotopic difference in **S and in *3S between dissolved sulphate
and dissolved sulphide and between sulphate and elemental sulphur points to bacterial sulphate
reduction, whereas the isotopic differences (**S and 3*S) between dissolved sulphide and elemen-
tal sulphur are consistent with microbial sulphide oxidation (Figure 7). A minor difference exists
in A33S between elemental sulphur stored in the cells of Thiothrix bacteria (0.025 and 0.041 %o)
and the elemental sulphur covering pebbles and leaves at Sulphur Spring (0.064 %o). This could
be indicative of a difference between microbial and inorganic sulphide oxidation, but more data
would be necessary to clarify this possibility. In summary, multiple sulphur and oxygen isotopes
of dissolved sulphate, dissolved sulphide and elemental sulphur indeed reveal intense microbial
turnover of sulphur, specifically bacterial sulphate reduction and sulphide oxidation.
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Figure 7. 83*S and A?3S values for dissolved sulphate, sulphide, and elemental sulphur from selected springs in the
Lower Engadine Valley, Switzerland.

6. Conclusions

Highly mineralized springs in the Scuol-Tarasp area of the Lower Engadine and near Alvaneu,
Albula Valley, Switzerland, display distinct differences with respect to the source and fate of
their dissolved sulphur loads. Dissolution of evaporites in the subsurface is causing high con-
centrations and associated positive sulphur and oxygen isotopes of the dissolved sulphate in
selected springs. Supporting evidence stems from the sulphur and oxygen isotopic composition
of Triassic calcium sulphate. In contrast, low sulphate concentrations and less positive or even
negative §**S and §'30 values indicate a substantial contribution of sulphate sulphur from the
oxidation of sulphides in the crystalline basement rocks or the Jurassic sedimentary cover rocks.
An anthropogenic sulphate contribution cannot be ruled out in principle but seems unreasonable
considering the low sulphate concentration and isotopic composition of central European pre-
cipitation. Microbial sulphur cycling is clearly discernible through the multiple sulphur isotope
signatures (8**S, A33S) of dissolved sulphate and sulphide as well as of elemental sulphur stored
in the cells of sulphide-oxidizing bacteria (Thiothrix) or covering surfaces in the immediate dis-
charge area of sulphur rich springs. Microbial sulphate reduction and sulphide oxidation in the
subsurface could be identified.
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