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Abstract: Isotopic and noble gas data from a confined gravel aquifer in the Swiss Plateau has
been investigated. From glaciomorphological studies it is well known that the Glatt Valley was
repeatedly ice covered during the last glacial period. Corrected radiocarbon ages range from O to
> 28 ka BP and reveal a gap of between 25 and 17 ka BP, indicating an interruption of groundwater
recharge during the last glacial maximum. Based on 39 Ar measurements, a contribution of

younger water components with residence times of a few hundred years have been identified in
some waters. Recharge temperatures, estimated by analysis of noble gas contents. suggest a
temperature difference of c. 5°C at the Holocene-Pleistocene transition at 12 ka BP. The long-
term temporal ö180-recharge temperature relation over the last 30 ka has a slope of c.
0.49%0 oC-l. consistent with the modern seasonal relation.

atmospheric noble gases (Mazor 1972). While
severa1 factors, apart from the local air temperature,
control the isotopic composition of groundwater,
the concentrations of atmospheric noble gases
dissolved in groundwater are determined mainly by
the solubility equilibrium during infiltration given
by the water temperature prevailing during
recharge and by the mean local atmospheric
pressure (specified by the a1titude of the recharge
area). The so-ca11ed noble gas recharge temperature
(NGRT) is therefore a measure of the temperature
at which groundwater equilibrated with the
atmosphere during infiltration and commonly
corresponds to the mean annual air temperature
(Stute & Schlosser 1993). Consequently, the
combination of stable isotopes and noble gases
a11ows the eva1uation of the Ol8o-RT relation over
long timescales.

Introduction

Groundwaters have been used as pa1aeoclimate
archives in pennanently ice-free regions (Rudolph
et al. 1984; Stute & Sonntag 1992; Stute et al.
1992,a, b; Weyhenmeyer et al. 2000). Groundwater
data from the Glatt Va1ley, Switzerland, which was
ice covered after a glacia1 advance during the last
glacia1 maximum (LGM) (Schlüchter et al. 1987),
is considered in this paper. This continenta1 area is
used within the PALAEAUX study) to: (1) illus-
trate comparable groundwater development to
coasta1 regions; (2) study the evolution of ground-
water beneath another ice-covered region; (3)
extend pa1aeoclimatic infonnation obtained from
groundwater archives such as the Holocene-
Pleistocene temperature shift and the long-tenn
öl80-recharge temperature (RT) relation over
Europe as a whole.

The impact of glaciation on groundwater
recharge and dynarnics is not yet weIl understood
but numerica1 models have shown that glaciers
have the potential to dramatica1Iy change
groundwater flow patterns (Boulton et al. 1995;
Piotrowski 1997). In groundwater, past va1ues of
climate variables can be deduced from the stable
isotopic composition of water molecules (Münnich
& Voge11962) and the concentrations of dissolved

Hydrogeological basis

The area under investigation, the Glatt VaI1ey. is
situated southeast of Zurich in the alpine foreland
of Switzerland (Fig. 1). Due to the proxirnity to the
A1ps, the area was repeated1y ice covered during
the Pleistocene (Schlüchter et al. 1987). The

From: EDMUNDS, W. M. & MILNE, C. J. (eds). 2001. Palaeowaters in Coastal Europe: evolution of groundwater since
the late Pleistocene. Geo1ogical Society, London, Specia1 Publications, 189,155-162. 0305-8719/011$15.00
(9The Geo1ogica1 Society ofLondon 2001. 155



156 R. PURTSCHERT ET AL

Fig. 1. Hydrogeological profiles and the locations of sampling wells (Wyssling 1988). SampIes A-F contain some 3H
and therefore some adrnixture of recent water. Wells containing no recent water components (3H free) are labelled
with numbers. Open symbols represent wells with an admixture of a younger but 3H-free component, identified by
39 Ar. The deep Glatt Valley aquifer (GVA) is underlain by the molasse bedrock. Highly impenneable Pleistocene lake
sediment separate the GVA from the sha11ow Aatha1 aquifer. The presumed recharge area lies southeast of site A,
where the confining sediments outcrop. Arrows indicate the genera1 direction of groundwater flow. Contour lines of
the molasse bedrock are shown at 50 m interva1s. The shaded area indicates the extension of the sha1low Aatha1

aquifer.

subterranean valley containing the aquifer was
fonned by glacial erosion during the next to last
glacial period (Riss) (Wyssling & Wyssling 1978;
Wyssling 1988). Deposits of the retreating glaciers
fonn the actual deep Glatt Valley aquifer (GVA).
Afterwards, the valley was fi11ed with poorly
penneable lake sediments (maximum thickness of
140 m) that separate the deep aquifer from
shallower groundwater systems, e.g. the Aathal
aquifer (Fig. 1). The GVA is c. 15 km long, 3 km
wide and has an average thickness of 10 rn. The
hydraulic conductivi ty of the gravel and sand of the

aquifer is c. 10-5 rn s-I, The mean flow velocity
derived from recent conditions (porosity. 15%;
mean hydrau1ic gradient, 5%0) is in the range of
1-10 rn a-l, corresponding to water ages of up to
15 ka. The locations of the boreholes are shown in
Fig. 1: waters containing no 3H are indicated with
numbers; borehole C accesses only a sha1low
aquifer. The presumed recharge area ofthe GVA is
located near site A, at an elevation of c. 540 rn
above sea level (asl). Some wells in the south-
western part have artesian overflow (sites 1. 4 and

6).
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their chemical composition and by the isotopes 3H,
85Kr, 39Ar and 14C. In Figure I, different symbols
and labels indicate different components. The
fo))owing discussion concentrates only on the
climate signals recorded in the groundwater of the
Glatt Valley. Therefore, in Figures 3 and 4 only the
parameters of the oldest component are referred to:
the calibrated 14C ages, the NGRT and the stable
isotopes values given below are corrected for the
influence of a young component, identified using
39 Ar activities. In Figure 4 arrows indicate the

effect of the mixing correction on the NGRT and
14C ages.

Sampie collection, measurements and
calculations

Water and gas sampIes were collected from a total
of 13 wells during the summers of 1995 and 1996.
In order to avoid degassing, during sampling a11
sampIes were collected using a submersible
electrica1 pump. Hydrochemistry, noble gases,
radionuclides (3H, 85Kr, 37 Ar, 39 Ar and 14C) and

stable isotopes (~13C, ~2H and ~180) were
measured.

Hydrochemica1 and stable isotope measurements
were made using standard techniques. The sampIes
for noble gas measurements were stored in clamped
copper tubes and measured using a mass
spectrometer (Beyerle et al. 2000). For 37 Ar and
39 Ar measurements, c. 5000 1 of water was

degassed and the gases compressed into evacuated
cylinders. Krypton-85 ana1ysis required a water
sampIe of c. 200 1. Argon and Kr were separated
from extracted gases and activities were determined
in high-pressure gas proportional counters [as
described in Loosli (1983)].

CaIt>on-14 sampIes were obtained by direct
precipitation, as BaCO3' of the total inorganic
carbon (TlC) dissolved in several tens of litres of
water. For 14C ana1ysis the BaCO3 was converted to
CO2 by acidification and CH4 was synthesized for
low-level gas counting (Oeschger & Loosli 1975).
Separate sampIes (11) were collected for 13C
ana1ysis and measured by mass spectrometry.

Noble gas recharge temperatures (NGRT) were
calculated from noble gas concentrations by
relating these to their temperature-dependent
solubilities and by correcting for the common
excess-air component found in many groundwaters
(Heaton & VogeI1981). Assuming that the excess-
air component consists of unfractionated air, a set
of four equations, corresponding to the four
measured noble gas concentrations of Ne, Ar, Kr
and Xe, had to be solved with two unknowns -
temperature and the fraction of excess air. The
ca1culations were done using an error-weighted
non-linear x2-minimizing method (Aeschbach-
Hertig et al. 1999).

Groundwater ages were determined from the 14C
activities of the TIC. Conventional correction
models (Ingerson & Pearson 1964; Tamers 1967;
Fontes & Garnier 1979) using chemica1 and
isotopic ba1ances, were applied to convert activity
va1ues into 14C ages. Conversion into ca1ibrated
years BP is based on tree-ring chronologies and
radiocarbon measurements of corals (Linick et al.
1986; Pearson et al. 1993; Stuiver & Pearson 1992,
1993; Pearson & Stuiver 1993; Bard et al. 1990).

Numerica1 results are summarized in Beyerle et
al. (1998) and will be discussed in detail later.
Different water components can be identified by

Palaeoclimatic information

The isotopic composition of modern groundwaters
in the GVA (those containing significant 3H
concentrations) range from -10.1 to -9.3%0 for
Ö180, and -70 and -62%0 for 2H (Fig. 2), typica1
modem va1ues for the Swiss P1ain (pearson et al.
1991). All of the groundwaters have isotQpic
compositions which lie slightly below the globa1
meteoric water line (MWL) (Craig 1961) and the
local precipitation line (LPL) (pearson et al. 1991)
but very close to global regression line (GRL)
(Yurtsever & Gat 1981). The minor displacement
can be explained either by a sma11er 2H excess (d ,
where d = ö2H- 8ÖI80), caused by an enhanced
relative humidity over the moisture source
(Merlivat & Jouzel 1979) or, less likely, by an
enhanced surface evaporation in the infiltration
area. Also, a sma1l Öl80 enrichment due to isotope
exchange with carbonates and silicates in the
aquifer cannot be excluded but is rather un1ike1y for
the low-temperature environment in the GV A.
SampIes with 14C activities < 10 pmc (sampIes 3
and 5-7) are depIeted in ö2H and Öl80 (Fig. 2).
indicating a consistently Pleistocene origin for
these waters. Moreover, infiltration conditions
cooler than today are indicated. by NGRT. The
relatively large difference of isotopic composition
between neighbouring wells 6 and 7 cannot be
explained by mixing alone. Good hydraulic
connectivity (Wyssling 1988), as weIl as the
identica1 chemica1 compositions, suggest a similar
evolution of these waters. The relatively low ~180
va1ue and the high amount of excess air (50% ) at
site 7 could be explained by an enhanced portion of
meltwater from ice with trapped air bubbles.

RT calculated from dissolved noble gas
concentrations (Fig. 3) range from 9.7 (sampIe C)
to 2.4°C (sampIe 5) (Beyerle et al. 1998). The
NGRT of the modem waters scatter around the
recent mean annua1 air temperature in the recharge
area at c. 8.3°C (Schüepp 1981), demonstrating the
validity of the noble gas thermometer. At
increasing distances from the recharge area. and
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Fig. 2. Plot of Öl80 v. 02H composition in the Glatt Valley Aquifer. including the meteoric water linc (MWL), the

global regression line (GRL) and the local precipitation line (LPL).

therefore with increasing ages NGRT change
significantly. Figure 4 shows the relation between
NGRT and 14C ages of the old water component.
The composition of the old component was
calculated assuming that the water represents a
binary mixture of Pleistocene waters with a young
component having the same composition as the
sampIe from borehole A. (In Fig. 4, original data
are indicated by smaIl circles and arrows show the
effect of the mixing correction.)

The NGRT with 14C ages of between 15 and
28 ka BP reflect climate conditions that were at least
5°C colder than today. During the LGM (c.
18 ka BP) the temperature drop may have been
> 5°C but no sampies with ages of 25-17 ka HI>
have been found. It is unlikely thal insufficienl
spatial resolulion of lhe sampling boreholes is
responsible for the observed age gap. Boreholes 5
(25 ka BP) and 3 ( 17 ka HP) are separaled by < I km
along the direction of the Ilow. Adopling lhe mean
observed flow velocity of ().4 rn al between
boreholes A and 3, I km corresponds to an age
increase of only 2.5 ka. The gap is therefore
interpreted to be the result of an almost complete
interruption of groundwater recharge between 25
and 17 ka BP. In addition to the glaciohydrological
relevance, the observed age gap represents a time
marker and supports the radiocarbon ages. The

intermediate NGRT are most likely the results of
dispersive mixing within the aquifer under a
climatic transition to present-day conditions.

The curve in Figure 4 is the result of a model
(Beyerle et al. 1998) that assumes dispersive flow
in the aquifer with an interruption of recharge in the
period of25-17 ka BP, having a similartemperature
evolution to those recorded jn Greenland ice cores.
The good agreement between the corrected data
younger than 15 ka and the model supports the
adopted mixing corrections, providing confidence
in the 14C dating. For the older groundwaters, c.
28 ka BP, the observed NGRT exceed the model
predictions. NGRT reflect the mean soil tem-
perature near the groundwater table during time
periods when groundwater infiltration occurs.
Hence, if groundwater recharge was partly inter-
rupted because of permafrost during the coldest
periods, only temperature signals of the warmest
periods are recorded within the palaeogroundwater
(Beyerle et al. 1998).

For the reconstruction of past climate change, the
knowledge of the long-terlIl Öl80-RT relationship
is of great importance. Data for palaeoground-
waters such as the GVA provide an opportunity to
directly reconstruct past Öl80-RT relationships. In
order to derive only climatic contributions to
OI80-RT, all possible influences on the stable
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Fig. 3. Relationship between corrected ölXO values al1d l1oblc ga~ rcchargc tcmpcraturc~. For ~ample~ jnfluenced by
mixing (open symbols) the values refer to the old com~)l1cl1t al()nc. ÖIXO valucN :lrc dcrivcd from ö2H values
assuming that the isotopic composition of origin:ll prccipit:ltiol1 IjcN 011 thc mctcoric w:ltcr lil1c ( MWL), which
excludes any influence on ölXO values in the caNe of i~otopic exchangc duc to rock-watcr interactions. The ~Ixo shjft
in the ocean during the last glacial period (due to increased ice volume) is taken into account UNil1g data from Sowers
et al. (1993) (inset). The ÖIHO-RT long-terrn temporal relationship inferred from this corrected ölXO data is 0.49 :t
0.05%0 °C-I (solid line), which lies between the present-day seasonal (0.45%0 °C-I ) and spatial (0.56%() °C-I )
relationship, in agreement, within the limits of error, with the seasonal value. Site 7 was excluded because of the
probable presence of meltwater (see text).


