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Abstract

Thehydrogeological system of an ecologically sensitive alpinefloodplain in the Valle di Blenio, Switzerland, wasinvestigated
using hydrochemical and 3H-3He dating methods. Water samples from six wells and from different surface locations were ana-
lyzed. The analysis of the concentrations of major ionsin conjunction with age deter mination by the 3H-3He-method allowed the
main hydrological properties of the system to be consistently characterized. Two geochemically distinct water zones can be dis-
tinguished: Ca-SO,-dominated water from the main river and Ca-HCO,-dominated floodplain water. The floodplain water
component characterizesthewholefloodplain including the surficial hilldope drainage system. Within the ground water samples,
two spatially and tempor ally different typesof water can be determined. A younger (age< 1.5 years), lessmineralized water isfound
in the upper part of the aquifer during the summer season. The underlying aquifer zone contains older and more highly miner-
alized water. However, the general hydrochemical characterization of both types of ground water issimilar. In winter, the water
agesincrease with decreasing ground water levels. Because precipitation isstored temporarily in the snow cover, the contribution
of theyounger near-surface ground water decreases, resulting in higher apparent water agesand higher mineralization in the upper
zone of the aquifer. Water exchange between the main river and the ground water system islimited to ground water exfiltration
from the shallow aquifer zone, whereasthe hydrochemical separation of the deeper aquifer zoneindicatestheisolation of the deeper

ground water from the main river.

Introduction

Riverine floodplains are a key element in the hydrology of
catchment systems. Besides offering awidespread variety of habi-
tatsfor floraand fauna of exceptional ecological importance (Ward
et d. 1999), floodplains can influence the chemical river water qual-
ity (Hemond 1980; Tockner et al. 1999) and the stream discharge
regime (Bradley 1996). Floodplains are becoming increasingly
subject to anthropogenic disturbance due, for instance, to stream dis-
charge regulations or the extraction of ground water for use as
drinking water. To preserve their ecological and economical value,
it is necessary to take measuresto ensure that floodplains are used
wisdly. Asaprerequisite, the flow and transport mechanismsin such
systems must be known. Of special interest is the quantification of
the hydrological connection between stream and floodplain aguifer
and the different proportions of ground water and surface water exist-
ing within the floodplain (Alden and Munster 1997). This can be
crucia—even on aconceptua level—because the hydrology of such
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asystem isoften complex and reliable information on the water flow
dynamicsis seldom available.

The use of environmental tracers can help to provide this
lacking knowledge, since these tracers are an important tool for the
identification and quantification of different water componentsin
hydrogeology. They allow ground water to be distinguished from
surface water (Plummer et al. 2000), ground water contamination
to be characterized (Dunkle Saphiro et al. 1999), and geochemical
transformation processes to be identified (Mengis et al. 1999).

In this paper, tritium (3H) and dissolved noble gases were
used as environmental tracers in combination with hydrochemical
datato gain more detailed insightsinto the mechanisms controlling
the hydrology of a Swiss alpine floodplain in the Valle di Blenio.
The combined isotopic-hydrochemical approach employed was
particularly intended as an aid in determining possible interac-
tions between stream water and ground water in this ecologically
important floodplain.

Study Area

The Valle di Blenio is located in the southern Alps in the
Canton of Ticino, Switzerland (Figure 1). Starting in Biasca (303
meters above sealevel [madl]), thevalley extendsover 20kmina
north-south direction up to Olivone (890 mad). The River Brenno
has two main source areas that join near Olivone: the Valle Santa
Maria with the Passo del Lucomagno (1915 madl) and the Valle
Camadra. There are three major floodplains along the Brenno.
This study focuses on the middle floodplain on the western side of
the Brenno between Grumo and Aquarossa. The vegetation of the
floodplainsin the Vale di Blenio consists mainly of meadows and
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Figure 1. Study area.

partly wooded aress. These apine floodplains with their typical flora
and fauna are of such ecological importance that they are pro-
tected under Swiss federa legislation.

The River Brenno (average discharge: 4.75 m3/sec) is strongly
influenced by hydropower production within its catchment area.
Three reservoirs with a combined capacity of up to 3.1-10°m? and
three hydropower plants (Biasca, Olivone, Luzzone) operate in
the Brenno catchment area.

Geologically, the Blenio region is part of the lower penninic
nappes in the Ticino sub-Dome (Pastorelli et a. 1999). It consists
mainly of pre-Triassic crystalline series of gneiss and schists and
carbonate-rich Mesozoic sediment layers. The crystalline and sed-
iment layers were subjected to strong tectonic deformations asso-
ciated with the updoming process. As aresult, both types of layers
were back-folded with a strong fracturing of the crystalline series
(Preiswerk et a. 1934; Ammann 1973). The study area consists of
gneiss and paragneiss of the Lucomagno-Leventina nappe and a
dolomitic sediment cover layer, mainly in the northern part between
Grumo and the Uregn tributary.

Sample Collection and Analysis

In this study, sampling was confined to the middle floodplain.
Sampling was carried out in six wells (VB1 to VB6) and two groups
of piezometers (PU and PQ), and in the Brenno and Uregn rivers
(Figure 1). The diameters of the wellsvaried from 10 cm (VB2) to
14 cm (VB3) and their depths from 9.1 m (VB1) to
18.8 m (VB2). Each of the wells had a screened casing over itsentire
saturated length. The piezometers used were stedl tubes of 4 cm diam-
eter that extended from the surface down to depths of either 1.5 or
2m. Thelowermost 70 cm of each piezometer were perforated. The
ground water samples from the wells and piezometers were taken by
submersible pumps from the depth indicated in Table 1. To test
whether the ground water accessible by the wells represents one
homogeneous hydrochemical zone, profiles of temperature and
eectrica conductivity were measured in the wells prior to sampling.
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If these profiles showed significant changes with depth, two samples
from the upper and the lower part of the well screening were taken,
employing adual pumping technique (Rapp et a. 1998).

To record the annua evolution of the ground water system, five
sampling campaigns were carried out between February 1998 and
February 1999. In February 1999, an additional sample was taken
from a spring on a small island within the active river bed of the
Brenno (VBup). The upwelling water in this spring discharges at
an devation 3to 5 m higher than theriverine water level. The tem-
perature and electrical conductivity indicated that this spring
releases ground water not affected by river water.

Water samplesof 1 L weretakenin PET hottlesfor chemica analy-
sisand 45 mL were sealed off in copper tubes with pinch-off clamps
(Kipfer 1991; Beyerle et a. 2000) to measure dissolved noble gases.

For al five sampling dates, analyses of major ions were con-
ducted. Concentrations of noble gases (He, “He, Ne, Ar, Kr, Xe)
were measured in the winter, spring, and summer samples of 1998,
whereas the autumn samples of 1998 and the winter samples of 1999
were analyzed only for He and Ne. Tritium (3H) was measured in
the winter, spring, and autumn samples of 1998.

The mass spectrometric measurements of the noble gases
were performed according to the procedures described by Beyerle
et al. (2000). The tritium concentrations of the samples were mea-
sured by the 3He ingrowth technique (Clarke et al. 1976; Beyerle
et a. 2000).

Ground Water Dating

3H-3HeAge Calculation

For the determination of water ages younger than 50 years, the
radioactive hydrogen isotope tritium (3H) with ahalf-life of 12.32 years
(Lucas and Unterweger 2000) is widely used in hydrology. Large
amounts of tritium wereintroduced into the atimosphere by atmaospheric
nuclear weapons tests mainly in the 1960s. With the incorporation of
this bomb tritium into the hydrosphere, atime marker for water age
determination was available. Additional information about the time
elapsed since awater parcel wasisolated from gas exchange with the
atmosphere can be obtained if tritium and its decay product 3He are
considered together (Tolstikhin and Kamenskiy 1969). The 3H-3He
age defines the time T since the gas exchange of a water parcel has
stopped, which isthe time since the water entered the saturated zone,
and is given by (Schlosser et al. 1989):

_ é [3Hetri]
T= N In<1 + 7[3H] ) (@0}

A =0.0563 yris the decay constant of 3H, [3H] is the mea-
sured tritium concentration, and [3He,,;] is the tritiogenic *He that
is produced in the sample. The conversion of concentration units
needed to evaluate Equation 1 is given by 1 cm® STP/g water [
4.019 X 10" TU for fresh water.

To calculate the 3H-3He age, it is essential to separate the tri-
tiogenic *He (®He,;) from the total measured *He (*He,,). *He,, can
be resolved into components as follows (Schlosser et al. 1989;
Aeschbach-Hertig et a. 1998):

3He = SHey, + *Hey, + *Hee + *Hey, )

3He,, is the concentration of *He in water in equilibrium
with air, ®He,, . is the excess air component generated by the dis-



Table1
Hydrochemical and Helium—Neon Data: Wells, Middle Floodplain, Valle di Blenio
Depth of
Total Water Sample

SD  Depth Level Depth EC pH T ca®* Mg* K* SO, HCOs He ‘He,og Ne
Sample (1) (M) (M@ (M) (@) (uScm) (°C) (mmol[eq]/L) (3) (cm3 STPIg) (4)
VB1 1 91 358 85 492 — 92 | 348 160 0.091 257 257 154-107 104107 210107
VB3 1 103 275 9 420 — 70 | 292 138 0.092 177 2.69 140-10-7 913108  2.09-107
VB4 1 103  4.69 9 380 — 83 | 256 142 0.098 0.76 3.30 1.06:107 555108 2.16-107
VB5 1 144 947 13 546 — 103 | 398 174 0.103 313 2.67 1.20-107  7.0810°% 207-107
vB6 1 109 350 9 666  — 88 | 460 246 0.114 431 2.87 173107 125107 205107
VB1 2 91 165 85 415 80 92 | 338 150 0.085 0.86 3.76 8.43-10°% 31010% 231-107
VB2 2 188 1146 17 313 77 87 | 262 110 0.075 0.46 2.99 6.08-10°%  1.01-10° 221107
VB3 2 103 262 45 347 80 86 | 280 127 0.083 122 257 1.44-107 968108 203-10-7
VB3 2 103 262 9 661 74 103 | 360 158 0.089 176 2.97 231-107 181107 217-107
VB4 2 103 424 9 383 80 93 | 314 157 0.101 0.72 3.66 — — —
VB5 2 104 590 13 240 81 92 | 207 082 0.073 0.24 247 547-10°%  103-10°% 211-107
VB6 2 109 225 9 229 80 85 | 1.86 083 0.072 0.32 2.23 — — —
VBl 3 91 261 4 251 79 107 | 204 088 0.074 0.24 242 559108  756-10° 208107
VBl 3 91 261 8 251 80 107 | 214 094 0.073 0.24 246 — — —
VB2 3 188 120 13 350 79 12 322 136 0.097 0.34 3.36 533-10°%  131-10° 223107
VB2 3 188 120 18 350 80 103 | 328 138 0.100 0.32 341 554-10°%  23310° 229-107
VB3 3 103 271 4 33 80 140 | 29% 130 0.102 0.73 271 — — —
VB3 3 103 271 5 33 79 139 | 302 134 0.103 0.82 2.75 105107 58310°% 1.99-107
VB3 3 103 271 85 580 79 105 | 552 286 0.128 2.96 3.49 6.71-107 611107  2.47-107
VB5 3 104 798 1.1 204 80 103 | 152 060 0.058 0.19 1.96 5.40-10°%  1.84-10° 2.20-107
VB6 3 109 175 4 270 79 123 | 216 086 0.070 0.33 256 — — —
VB6 3 109 175 8 270 79 117 | 210 090 0.069 0.35 252 6.03-10°%  1.02:10° 215107
VBl 4 91 215 55 300 77 109 | 240 100 0.085 0.25 2.99 593-10°%  107-10-8  2.09-107
VB2 4 188 1203 15 160 79 116 | 260 104 0.091 0.34 2.88 520-10°%  1.80-10° 215107
VB3 4 103 266 6 160 79 106 | 238 1.00 0.091 0.56 2.48 85810°%  4.01-10° 1.97-107
VB4 4 103 439 7 410 7.7 117 | 317 162 0.121 0.78 375 776108  282:10°% 211107
VB5 4 104 647 95 220 79 106 | 192 076 0.070 0.34 2.30 487-10°%  354.10° 1.95107
VB6 4 109 257 6 237 78 103 | 176 068 0.073 0.22 2.19 596-10°%  862:10° 219-107
VBl 5 91 372 6 300 80 90 | 220 112 0.074 071 248 9.86-10°% 50510° 2.09-107
VB2 5 188 1263 15 269 80 91 | 200 100 0.066 0.34 258 491-10°  277.10° 201-107
VB3 5 103 281 9 263 80 83 | 200 120 0.063 0.75 2.38 864-10°%  4.00-10° 209107
VB5 5 104 940 12 420 80 96 | 302 154 0.092 212 2.29 427-10°% 265107 —
VB6 5 109 355 7 629 79 82 | 436 262 0.100 4.00 281 1.66-107 121107  2.00-107
VBup 5 — — 0 1209 79 108 |11.80 568 0.190 11.88 5.56 260-10°  25510° 1.99-107
(1) SD - Sampledates: 1: February 1998; 2: May 1998; 3: July 1998; 4: October 1998; 5: February 1999.
(2) Givenin meters below ground surface.
(3) Average charge balance error: 5%.
(4) Analytical precision: He: 0.4%; Ne: 1%
Data for samples with a complete noble gas data set (He, Ne, Ar, Kr, Xe) can be obtained from the authors by request.

solution of small entrapped air bubblesin the upper part of the sat-
urated zone (Heaton and Vogel 1981), *He,, isthe terrigenic com-
ponent derived from the earth’s crust or mantle and *He,; isthe tri-
tiogenic component. In the study area, the terrigenic 3He is most
likely of crustal origin, and therefore, henceforth described as radi-
ogenic *He (*He,,,;). The equilibrium concentration is determined
by temperature, sdinity, and the atmospheric pressure (altitude) pre-
vailing during ground water recharge. Measured Ne concentra-
tions are commonly used to determine the excess air component,
since the Ne in meteoric water is of atmospheric origin only, and
hence the Ne balance consists of the equilibrium and the excess air
components only. The tritiogenic 3He can then be calculated asfol-
lows (Schlosser et al. 1989):

3He[ri = 4Hetot°(Rtot - Rrad) - 4Heequ '(Requ - Rrad)
- L@(c'(Netot - Neequ).(Rexc - Rrad) (3)

where R isthe 3He/*He ratio of the respective component and L .
isthe He/Neratio of the excess air. To calcul ate the 3H-3He water

age, two quantities have to be established: the He/Neratio of excess
air (L) and the*He/*Herratio of the radiogenic component (R, ).
Information about L . can be obtained from the analyses of the other
amospheric noble gases, Ar, Kr, and Xe, and the comparison of the
noble gas data with the predictions of different excess air models
(Aeschbach-Hertig et a. 2000). Information about R, may be
derived from the dependence of the measured 3He/*He ratios on the
He concentration, and in particular from those sampleswith the high-
est contributions of radiogenic He (Aeschbach-Hertig et al. 1998).
In the following, we will discuss in detail how L, and R, were
derived in this study, because their choice significantly influences
the 3H-3He water ages and hence the overdl interpretation of the
ground water dynamicsin the floodplain.

Deter mination of the He/Ne Ratio of ExcessAir

Atmospheric gasesin ground water are usually found to be over-
saturated with respect to equilibrium conditions (Heaton and Vogel
1981; Andrews 1992; Wilson and McNeill 1997). This“excessair’ phe-
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Table 2
Hydrochemical Data: Surface Water and Piezometers, Middle Floodplain, Valle di Blenio
Depth of
Total Water Sampled
SD Depth  Level Depth EC pH T ca® Mg?* K* S0, HCO,~
Sample (1) m@ Mm@ (Mm@ (nSlcm) S (mmol [eq]/L) (3)
Uregn 1 — — 0 240 — 23 1.60 0.90 0.054 0.54 1.98
Uregn 1 — — 0 240 — 23 1.60 0.90 0.054 0.54 198
Uregn 2 — — 0 198 8.3 8.9 1.67 0.68 0.047 0.31 195
Uregn 3 — — 0 207 81 — 1.80 0.74 0.043 0.40 210
Uregn 4 — — 0 221 81 216 2.32 1.06 0.065 0.49 214
Uregn 5 — — 0 126 81 6.3 194 0.82 0.068 0.37 211
Uregn 6 — — 0 203 8.0 13 158 1.06 0.049 0.46 2.04
Brenno 2 — — 0 527 8.0 10.6 4.96 143 0.102 3.69 221
Brenno 3 — — 0 515 8.0 — 4.92 1.36 0.094 3.56 2.09
Brenno 4 — — 0 538 79 16.5 6.54 1.82 0.132 412 227
Brenno 5 — — 0 505 79 8.2 6.05 1.40 0.111 3.99 218
Brenno 6 — — 0 649 81 36 6.56 2.02 0.114 5.76 2.38
PU 119 5 15 0.88 1 313 74 — 2.58 114 0.099 0.60 3.23
PU 219 5 15 0.8 1 331 75 — 2.68 128 0.100 0.67 341
PU 214 5 15 0.85 1 320 75 — 2.56 124 0.098 0.71 3.23
PU 319 5 2 1.60 18 277 7.7 — 2.28 1.00 0.092 0.62 2.76
PU 419 5 2 1.65 18 313 7.7 — 252 118 0.112 0.90 291
PU 219 6 15 0.89 1 296 8.0 — 244 1.30 0.080 0.79 292
PQ 119 5 15 0.85 1 499 7.7 — 4.34 1.66 0.157 3.58 2.60
PQ 114 5 15 0.85 1 496 7.7 — 4.38 1.62 0.155 357 257
PQ 219 5 15 0.8 1 497 7.7 — 4.34 1.60 0.153 3.58 259
PQ 214 5 15 0.8 1 489 7.7 — 4.24 1.66 0.163 348 249
PQ 119 6 15 0.75 1 595 8.0 — 5.96 2.02 0.122 5.26 240
PQ 114 6 15 0.8 1 630 79 — 6.10 2.06 0.119 5.35 254
PQ 214 6 15 0.8 1 631 79 — 6.12 2.06 0.123 5.30 242
PQ 219 6 15 0.87 1 627 79 — 5.90 2.08 0.122 522 241
(1) SD—Sampledates: 1: February 1998; 2: May 1998; 3: June 1998; 4: July 1998; 5: October 1998; 6: February 1999.
(2) Givenin meters below ground surface.
(3) Average charge balance error: 5%.

nomenon has to be taken carefully into account when calculating
recharge temperatures from dissolved noble gas concentrations in
ground water (Stute and Schlosser 1993; Aeschbach-Hertig et al.
1999). For this calculation the contributions of excessair and solubility
equilibrium to the total measured noble gas concentrations have to be
resolved. Thisis done by conceptualizing the excess air component
either as (1) pure atmospheric air, (2) air fractionated by partial
degassing of aninitia excess across the ground water table (Stute et
al. 1995), or (3) air fractionated by equilibration of afinite entrapped
air volume with a finite water volume in the quasi-saturated zone
(Aeschbach-Hertig et al. 2000). Unfractionated excess air has the
atmospheric He/Neratio 0.288. If the excess air isfractionated by dif-
fusive degassing, L . can adopt any value between zero and 0.288. If
fractionation isthe result of closed-system equilibration with entrapped
air, L. isconstrained to range between the He/Nerratio of air and that
of air-saturated water (0.23 to 0.25, depending on temperature).

We applied the inverse technique of Aeschbach-Hertig et al.
(1999) for the interpretation of noble gas datato those samplesfrom
the Valledi Blenio for which all noble gases had been analyzed, in
order to judge which of the proposed excess air models correctly
describes the data. The results permitted us to determine the appro-
priate values of L, (Table 3). During winter the excess air com-
position of all samples can be explained by unfractionated excess
ar (L, = 0.288). In spring and summer, the excess air component
was generated by finite air/water volume equilibration (Aeschbach-
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Hertig et al. 2000), which resultsin asignificantly lower L .. The
mean value for L. of 0.244 that characterizes the spring and
summer situation was also assigned to the autumn samples for
which no complete noble gas data are available. This assumption
was motivated by the hydrochemical data, which indicate that the
autumn samples are hydrochemically similar to the summer sam-
ples. As the ground water upwelling at VBup was sampled in
February 1999, its excess air component is described by the atmos-
pheric He/Ne ratio (0.288) that reflects the winter situation.

The use of the best estimate of L., yields more reasonable
results for the calculated tritiogenic and radiogenic He compo-
nents than the usual choice of the atmospheric L, and hence
increases the accuracy of the calculated 3H-3He ages. For example,
amospheric L. yields negative values for *He,; and therefore neg-
ative 3H-3He agesfor VB1 and VB2 in summer, whereas the use of
the correct fractionated L, . for these samples resultsin small but
positive ages that are realistic for the summer situation.

For the samples for which al five noble gases were analyzed,
noble gas temperatures were cal culated by applying the respective
excess air model (Table 3). The calculated average recharge tem-
perature of 9.4°C £ 1.8°C for the middle floodplain, assuming a
mean el evation of 580 masl, agrees reasonably well with the mean
annual air temperature of 10.4°C determined for the same elevation
on the basis of the 10-year data set, 1989 to 1999, measured at the
Comprovasco meteorological station (Figure 1).



Table3
Apparent Water Ages and Calculated Noble Gas Temperatures, Middle Floodplain, Valle di Blenio
Sample NGT ANe Model Lo

SD  Depth 3H *Hey; Age (°C) (%)
Sample (1) (m @2 (TY) (TY) (year) (©) (O] ® (6)
VB 1 1 85 12.66 + 0.55 6.41+0.92 7.3+09 84+0.3 10.0 EA 0.288
VB 3 1 9 13.68 £ 0.61 3.53+0.82 41+0.9 58+0.3 6.5 EA 0.288
VB 4 1 9 14.09 £ 0.61 6.04+0.59 6.4+ 0.6 75+03 12.2 EA 0.288
VB 5 1 13 1519+ 0.57 7.70+0.68 7.3x0.6 87x03 85 EA 0.288
VB 6 1 9 14.75+ 0.60 511+ 1.07 53+10 83+0.3 7.0 EA 0.288
VB 1 2 8.5 10.61+0.15 2.73+0.47 41+0.6 95+21 223 CE 0.236
VB2 2 17 11.02+0.15 131+0.25 20x04 11.0+0.8 19.2 CE 0.234
VB 3 2 45 11.99+ 0.16 4.48 + 0.86 57+09 9.3+05 7.6 CE 0.232
VB 3 2 9 12.04+0.15 6.98 + 1.48 82+14 — —_ —_ 0.244
VB 5 2 13 9.60 £ 0.15 0.69+0.24 1204 e e e 0.244
VB 1 3 4 10.36 + 2.44 (7) 0.32+0.42 05+0.7 96+10 10.3 CE 0.241
VB 2 3 13 10.36 + 2.44 (7) 0.07+0.39 01+0.7 9.7+0.8 185 CE 0.234
VB2 3 18 10.36 + 2.44 (7) 0.56 + 0.40 09+0.7 111+20 231 CE 0.238
VB 3 3 5 10.36 + 2.44 (7) 1.78 + 0.59 28+11 13.8+1.0 94 CE 0.247
VB 3 3 8.5 10.36 + 2.44 (7) 18.21+4.95 181+41 94+ 0.6 30.4 CE 0.255
VB 5 3 11 10.36 + 2.44 (7) 0.80+0.44 1308 91+05 15.9 CE 0.277
VB 6 3 8 884+0.14 0.38+ 041 0.8+0.8 92+12 132 CE 0.239
VB 1 4 55 9.76 £ 0.27 1.36+ 045 23+£07 —_ —_ —_ 0.244
VB2 4 15 10.04 £ 0.19 0.38+0.46 0.7+0.8 e e e 0.244
VB 3 4 6 11.43+0.20 1.82+0.54 26+0.7 — — — 0.244
VB 4 4 7 12.16 £ 0.23 457 +0.51 57+06 — —_ —_ 0.244
VB 5 4 95 9.88+0.19 193+042 32+06 e e e 0.244
VB 6 4 6 3.60+0.16 3.00+0.53 106+ 15 — — — 0.244
VBup 5 0 13.75+0.16 39.84 + 20.55 243+6.9 — —_ —_ 0.288
PU 214 4 1 10.10+0.18 6.04+1.03 8411 e e e 0.244
PQ 214 4 1 11.72+0.19 0.82+041 1.2+ 06 — — — 0.244
(1) SD: Sample dates: 1: February 1998; 2: May 1998; 3: July 1998; 4: October 1998; 5: February 1999.
2 Given in meters below ground.
(3) NGT: Noble gastemperature derived from the dissolved noble gases.
(4) ANe:  Nesupersaturation dueto excessair, ANe = (Ne — Neg)/Neg,
(5) Model: EA: unfractionated excess air; CE: closed-system equilibration (Aeschbach-Hertig et a. 2000).
6) Lec He/Neratio of the excess air component as predicted by the chosen excess air model.

Thisratio was used for the 3H/3He age calculations. For the autumn samples, the mean of the He/Ne ratios from spring and summer was applied.
@ For these samples no tritium concentrations were measured. A mean tritium concentration for the summer season (sampling dates May, July, October) of 10.36 + 2.44 TU

was assigned.

Table4

3H-3HeAges and M g?* Accumulation Agesfor VBup
and the Bottom Water Layer of VB3

VB3 (9m, July 1998) VBup
M gZ+ M gz+
3H-3HeAge Accumulation|3H-HeAge Accumulation
Age Age
Rpgg =20 1078 24.2 years 15.1 years 34.5years 33.8years
Rygg=7.9-10 15.5 years 10.8 years 16.2 years 24.3 years
Rpgg=6.0" 1078 18.5 years 12.3 years 24.3 years 27.6 years

Deter mination of the Radiogenic 3He/*He

Ratio in Ground Water

To determine the isotopic composition of the radiogenic He
component, following Stute et a. (1992) and Aeschbach-Hertig et
al. (1998) we plotted 3He/*He, corrected for excess air, against
thereciprocal of the “He concentration, corrected for excessair and
normalized to the solubility equilibrium concentration 4Heequ
(Figure 2). All samples lie close to the mixing line between air-

saturated water (ASW) and the sample with the lowest 3He/*Herratio,
VBup. The samples are shifted above thismixing line and so con-
tain an additional 3He component that is tritiogenic. Even sample
VBup istritium-active (13.8 TU) and most probably also contains
tritiogenic He. Therefore the mixing line does not define R
itself, but only an upper limit to R, (9.85-10-8 from the intercept
of theline).

In order better to constrain R, one can assume that the
amount of “He,, increases linearly with ground water residencetime
owing to continous “He, ,; accumulation (Heaton 1984; Beyerle et
al. 1999). Generally, the amounts of “He, , in the samples are rel-
atively large (Table 1). This probably reflects the high “He, , pro-
duction rate in pre-Mesozoic gneissic rock in the Blenio area.
Furthermore this may indicate the existence of a“He,, flux into the
aquifer that need not necessarily be associated with aground water
flow. Considering the small spatial dimension of the study area, the
“He, 4 sources are not expected to vary strongly, hence all samples
can be used to determine the “He,, accumulation rate. For the
measured samples, Figure 3 shows the relationship of 3H-3He ages
to “He,, concentrations for different valuesof R .. Thetypical radi-
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Figure 2. 3Hel*He ratios of ground water samples, corrected for
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Because all samples contain tritiogenic *He, they have significaneﬂy
higher 3He/*He ratios than would be expected from binary mixing
between air-saturated water ASW and theradiogenic “He-dominated
upwelling ground water at VBup.
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Figure 3. 3H-3He ages calculated for different values of the radio-
genic*He*Heratio (R, ;) versustheradiogenic “He component. Asthe
“He, , concentration is expected to increasewith increasing water age,
theupper limit for R, can be set to 7.9-10°S. Larger valuesfor R,
result in agesfor VBup that areunrealistically small compared tothe
high “He _, enrichment in this sample.

ogenic value of R, from crustal U/Th-decay is 2-:108 (Mamyrin
and Tolstikhin 1984), whereas R, = 9.85-108 is defined by Fig-
ure 2. Those samples that contain only small amounts of “He,,, show
little variation in the 3H-3He ages calculated, and as a result the
choiceof R, has only adight influence on the age calculation. The
oppositeistruefor the ssmplesthat are highly enriched in radiogenic
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Figure 4. Determination of different Mg? accumulation rates for
the limiting values of R, , based on all ground water samples with
robust *H-*He agesthat areinsensitiveto the choiceof R, . Samples
for which the calculated residencetimeisstrongly linked to the cho-
sen valueof R, (VBup; VB3, 9 m July 1998) are excluded.

4He (VB3[9m, duly 1999] and VVBup), in which the calculated ages
react sensitively to the choice of R, The relationship between
“He,, and residence time s nonlinear, independently of the chosen
valuefor R, (Figure 3). Nevertheless, the water ages must increase
with increasing amounts of “He, , since the sources of “He, , arethe
sameinal partsof the system. R, = 7.9-10-8 istherefore the upper
limit for a redlistic value for R, because only R, < 7.9-108
yieldsfor VBup a3H-3He age that is the oldest of all samples. For
larger values of R, the *H-He age decreases with increasing “He,
concentrations, i.e., the calculated age for VBup becomes smaller
than that for VB3 (9 m, July 1998), although VB3 contains less
“He,, than VBup (Figure 3).

The most redlistic value for R, hasto lie between the upper
limit of 7.9-10-8 and the radiogenic value of 21078, but it cannot
be constrained further based on the noble gas data alone.

Here, the hydrochemistry data can assist in determining R .
In aquifers dominated by carbonate dissolution, the Mg?* concen-
trations may trace the increasing maturity of ground water and
hence the residence time (Herczeg and Edmunds 2000). Therelease
of Mg?+ by calcite dissolution resultsin an increase in Mg2* con-
centrations with increasing residence time until a geochemical
equilibrium is reached. Since calcite dissolution is an important
processin the aguifer studied, we used Mg?* as an independent vari-
able for a qualitative age indication that measures the ongoing
dolomite dissolution. A temporal accumulation rate for Mg?* could
be defined for the study area (Figure 4). The samples with small
amounts of “He, ., and robust 3H-3He ages that areinsensitive to the
choice of R, were used to define the Mg?* accumulation rate,
whereas the “He, -rich samples VBup and VB3 (9 m, July 1998)
were excluded. The 3H-3He ages were determined for R, =
7.9-10%and R, = 2.0-10°8, resulting in two distinct accumulation
rates. Table 4 compares the 3H-3He ages depending on the choice
of R, for VBup and VB3 (9 m, July 1998) with their corre-
sponding M g2+ accumulation ages. The agreement between the two
independently calculated ages of the two samples depends strongly
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The correspondence addsfurther evidencethat thevalueof R, _, in this
study was chosen correctly.

on the value assigned to R,;. In this study, we therefore used an
intermediate value of 6.0-102 for R, which minimizestheRMS
deviation between the two differently calculated ages. To account
for systematic uncertaintiesin defining R, we assigned arelatively
large error of + 2.0-108to R .

To verify the apparent ground water ages that were calcu-
lated with the adopted value of R, theinitia tritium content of the
samples can be compared with the tritium record of regiona pre-
cipitation (Stute et al. 1997; Aeschbach et al. 1998). Theinitial tri-
tium content is defined by the sum of the measured tritium con-
centration and the 3He produced by tritium decay (*He,;) during
ground water flow. The calculated initial tritium is compared to the
tritium record in precipitation from Locarno, which is located
about 40 km south of the Valle di Blenio (Figure 5). The Locarno
record lists measured tritium data until 1998. Generally, the cal-
culated initial tritium values agree well with the atmospheric tritium
record; even the oldest sample VV Bup matches reasonably if we con-
Sider itserror in age of seven years. As shown, the abundance of tri-
tiogenic Hein VBup depends strongly on the value of R used in
the 3H-3He age calculations (Figure 3). Therefore, the agreement
between theinitial tritium content of VBup and the corresponding
tritium concentration in precipitation supportsthe choice of R, =
6.0-108 + 2.0-10°8 to calcul ate the 3H-3He ages.

In summary, we have established local values of the radi-
ogenic *He/*Heratio R ;and the He/Nerratio of the excessair com-
ponent L. that are used in this study. Despite the importance of
these two parameters for the calculation of the tritiogenic sHe com-
ponent (Equation 2) and the corresponding H-3He ages (Plummer
et d. 2000), they are often poorly determined. The analysis and com-
prehensive interpretation of all noble gases and the additional use
of ageochemical maturity indicator can significantly improve the
quality of the 3H-3He ground water age determination, particularly
if larger excess air and radiogenic components are present.

Results and Discussion

Ground Water Head Data

The ground water levelsin the floodplain show a definite sea
sond variation. Throughout the winter season they are generally low,
showing theinfluence of temporary storage of precipitation in the
snow cover, which decreases active ground water recharge and hence
the ground water levels in the floodplain. With the beginning of
snowmelt in spring, the water levelsrise. In summey, infiltration of
fresh water into the aquifer leads to high ground water heads that
fluctuate only dlightly in response to precipitation events. As the
fresh water supply is reduced in autumn, the ground water levels
decrease, again attaining their minimal values in winter. The
absolute annual changes of the ground water heads vary between
20 cm (VB3) and 7.30 m (VB2). The water level fluctuations are
gmadl in thewdllsthat are close to the active River Brenno bed (VB3,
VB4, VB6), whereas the more distant wells (VB2, VB1, VB5) are
subject to much stronger changes. Generaly, the ground water
levelsin all wellslie above the riverine water level of the Brenno
throughout the entire year.

Hydrochemistry and Water Components

The hydrochemisty of the middle floodplain, Vale di Blenio,
is dominated by the major ions calcium (Ca2*), magnesium (Mg2+),
bicarbonate (HCO5") and sulfate (SO,*). Figure 6 depicts the
composition of the water samplesin terms of these major ion com-
ponents, which comprise 95% or more of the total dissolved solids.
Two hydrochemical components can be distinguished: water from
the River Brenno (Brenno water) and water from the floodplain
(floodplain water). The Brenno water defines the samples from the
Brenno itself and from the piezometersin its active riverbed (PQ).
The floodplain water represents the six wells (VB1 to VB6), the
floodplain piezometers (PU) and samples from the Uregn tributary.
The Brenno water is characterized by high sulfate and low bicar-
bonate concentrations; in contrast, the floodplain water has high
HCO,~ and low SO,?- concentrations. The differences in the
cationic composition are less pronounced. The Brenno water con-
tains a somewhat greater proportion of calcium and asmaller pro-
portion of magnesium than the floodplain water, although calcium
isthe dominant cation in both water components (Tables 1 and 2).
The Brenno water is classified as Ca-SO, water and the floodplain
water as Ca-HCO, water.

This separation documents the influence of the geological
setting on the hydrochemistry of the system. The floodplain with
the River Uregn, together with the ground water system (wellsand
piezometers PU) define one hydrochemical unit that is governed by
the carbonates and metamorphic rocks of the hillslope. In contrast,
the Brenno water that controls the hydrochemistry of the watersin
the activeriver bed gainsits characteristically high SO,2-concen-
tration by upstream dissol ution of anhydrite in the upper part of the
Val di Lucomagno and sulfate-rich inflows from the neighbouring
anhydrite-rich Val Piora.

The chemistry of the Brenno aswell asthat of the floodplain
water in the major tributary Uregn and in the piezometers PU
remainslargely constant throughout the year (Figure 6). The com-
position of the floodplain water in the wells, however, shows a sea-
sondl variation. Thewell samplestaken in winter are generally more
mineralized than during the rest of the year, with the largest increase
in SO,2- concentrations (Table 1). Because in winter the fresh
water supply to the aquifer is reduced, the proportion of older,
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Figure 6. Hydrochemistry of (a) floodplain water sasmplesand (b) Brenno water samples. Because the hydrochemistry in the study areaisdom-
inated by Ca*", Mg*, HCO,", and SO, therelative composition of the samplesin termsof these four ionsisdisplayed. The samplesfrom the
Brenno and the piezometers PQ mark a separate hydrochemical component that is dominated by Ca?" and SO, Floodplain well samples
taken in winter differ from those taken in other seasonswith respect to their significantly higher SO,2- concentrations.

higher mineralized water in the wells increases. However, short
warmer periods can lead to temporary dilution effects by snowmelt
water. Thisexplainsthe spread that is present in the hydrochemistry
of the winter samples, ranging between the highly mineralized
composition of the ground water sample from VBup and the rather
fresh composition of the samples VB1, VB2, and VB3 taken in
February 1999 (Table 1). In contrast, during the summer season al
wells show the influence of recently infiltrated fresh water, which
manifests itself in less mineralization and higher ground water
levels.

Apart from the seasonal variation, aspatial variation can also be
found in the floodplain ground water samples. Looking at VB3 in
May and July, the ground water in thewell isdivided verticaly into two
Zones. an upper layer with thelow ion concentrationstypical of the sum-
mer situation, and adeeper layer with higher ion concentrationsand a
hydrochemical composition similar to that of the highest mineralized
ground water sample VBup. The Ca-HCO,-floodplain water in the
aquifer can therefore be subdivided into two chemical facies of the same
generd type (Figure 7a): near-surface water (summer component)
that islessmineralized (Table 1) and more highly mineralized, evolved
ground water (winter component), whichis present also in summer in
the deeper layer of VB3.

The results of Pastorelli et al. (1999), who analyzed different
cold and warm springsin the Valle di Blenio, corroborate the con-
ceptual interpretation in terms of two geochemical facies in the
floodplain aquifer. The springs from the western hillslopes between
Acquarossaand Grumo are all of Ca-HCO, to Ca-HCO,-SO, com-
position, and their in situ temperatures correspond to the mean
annual air temperature. Pestorelli et d. (1999) interpret the CaHCO,
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springs asthe result of rock/water interaction of meteoric water with
gneisses and dolomites. In their view, the Ca-HCO,-SO,, springs rep-
resent amore evolved variety of thisfresh Ca-HCO, water type. This
interpretation is in accordance with our distinction of two geo-
chemical facies in the floodplain with a fresh summer water type
of Ca-HCO, composition and amore evolved winter water type that
tends toward a Ca-HCO,-SO, composition.

Pastordlli et a. (1999) also analysed one spring from the Passo
di Lucomagno, which shows clearly the Ca-SO, composition of
water from the upper Lucomagno region that is described as Brenno
water in our study.

3H-3He Dating and Noble Gas Data

The ground water ages support the conceptual picture of two
geochemically distinct ground water zones, as implied by the
hydrochemical data. In winter, al water ages are relatively high (four
to seven years). These high ages correspond to the geochemically
more evolved winter ground water component.

The sample of the upwelling ground water a VBuUp is 3H-active
and highly enriched in radiogenic “He (*He, ,, = 98% of “He,,). The
simultaneous occurrence of *H and “He, ,, may be interpreted asa
mixture of old, tritium-free water and ground water of the regular
winter type. Although an exact separation of these componentsis
not possible based on the data available, there are two strong argu-
ments for believing that only a minor proportion of the VBup
water can betritium-free. Firgt, the calculated initial tritium content
of the VBuUp sample agreeswell with the tritium content of the pre-
cipitation at thetime of infiltration (Figure 5). Second, tritium-free
ground water found in the Valle di Blenio is deep, geothermal
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water with total dissolved solids (TDS) exceeding 2400 mg/L
(Mazor and Vuataz 1990). The temperature of VBup and itslower
minerd content (TDS = 1230 mg/L) therefore preclude amajor con-
tribution of such tritium-free geothermal water to the upwelling
ground water at VBup.

In spring, the apparent ages in the wells decrease to one to four
years, reflecting increasing dilution with recently infiltrated
snowmelt water. An exception isVB3; the vertica layering observed
in the hydrochemical composition is aso reflected in the age dis-
tribution. In spring, the age of the upper layer is 5.7 years, as
opposed to 8.2 years in the case of the bottom layer.

In summer, the tritium concentration of only one sample
(VB6) was measured. However, since the 3H concentrations mea-
sured in the wdlls do not vary significantly during the investigation,
one can approximate the summer tritium concentration by the
average 3H concentration of all samples taken in May, July, and
October 1998. Variation of this average summer 3H concentration
within the 20 range does not change the cal cul ated age distribution
pattern for the summer situation at al. Although a simplification,
the assumption of an average summer 3H concentration istherefore
nevertheless reasonable.

Using the approximated 3H concentration of 10.4 + 2.4 TU for
the summer situation, the estimated agesin wellsVB1to VB5 are
al lessthan 1.5 years. Well VB3 is again an exception. The bottom
water layer in summer 1998 is much older (18 years), which agrees
well with the high mineralization and emphasizes the close rela
tionsship of this bottom water in VB3 to the old ground water
upwelling a VBup. In contrast, the upper water layer of VB3 in sum-
mer has an average water age of only 2.8 + 1.1 years.

During autumn, al weter ages evolve generally toward thewin-
ter situation characterized by higher ages. Only VB2 still showsa

low water age. Thiswell, which generally exhibits very low ages,
is apparently most strongly influenced by near-surface water from
the hillslope.

Hydrological System

Based on the information obtained from geochemical and
noble gas data, we suggest the following conceptual model describ-
ing the hydrological system of the middle floodplain of the Valle di
Blenio and itstemporal dynamics (Figure 8). The aquifer system of
thefloodplain consists of two layers. anear-surface zone fed by sur-
face water (precipitation, snowmelt water, water from tributaries)
and a deeper zone containing geochemically evolved ground water.
Although this separation into two vertical aquifer zonesis based only
on the prevailing hydrochemica water types and the 3H-3He water
ages, it is consistent with the schematic circulation model of the
Acquarossa spring system proposed by Pastorelli et al. (1999).
They described the shallow ground water system in the western part
of the Valle di Blenio as a near-surface cold aquifer developed in
the Mesozoic sediment cover of the western hillslope of the Blenio
valey. The degper zone of theinvestigated floodplain agquifer is most
likely located in this Mesozoic cover, which results in higher
ground water residence times and a higher degree of minerdization
compared to the upper ground water zone. The near-surface zone
is established in the carbonate-rich detritals and fluvia deposits of
the Brenno tributaries and the Brenno itself that overlie the Mesozoic
sediment cover in thelower hillope area. A sharp separation of the
two geochemical facies and a definite assignment of these geo-
chemical faciesto the two geologica faciesisnot possible and also
not intended by this conceptual approach. Although the two aquifer
Zones are not separated by any aquiclude, the geochemica separation
within the aquifer is evident and expressesits presence in the ver-
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