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Abstract
We describe ®eld observations and numerical simulations of the environmental tracers 3H, 85Kr, CFC-113 (C2Cl3F3), SF6 and
Ne in groundwater. The ®eld site is a well-characterised shallow aquifer in central Germany, consisting of basalts of Miocene
age, overlain by up to 15 m of loess deposits. A two-dimensional numerical model was used to simulate tracer transport at the
study site. Simulated and observed tracer concentrations show acceptable agreement for most wells and tracers. Due to the
variable thickness of the loess cover, residence times of 3H in the unsaturated zone are highly variable with values ranging from
1 to more than 30 years. This effect explains the observed variability of 3H in the saturated zone. Excess air in groundwater
requires correction of measured concentrations of the dissolved gas tracers. A maximum excess of the SF6 content in water
compared to the theoretical solubility equilibrium concentration of 28% was observed. A novel iterative method is used to
correct for excess air. CFC-113 transport seems to be retarded. On the basis of the effective porosity for SF6, 85Kr and 3H
transport, a retardation factor of R  1.5 for CFC-113 with respect to SF6, 3H and 85Kr can be derived. Together with nonadsorbing tracers, such as 85Kr or SF6, CFC-113 can therefore serve as a reactive retardation tracer exploring mean sorption
characteristics of the aquifer material. Extrapolation of CFC-113 sorption characteristics to organic contaminants with comparable physicochemical properties (e.g. chlorinated hydrocarbons) offers an opportunity for improved assessment of the behaviour of this important group of contaminants in groundwater. q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
Observations of piezometric heads together with
information on hydraulic properties, such as aquifer
thickness and hydraulic conductivity, allow characterisation of the ¯ow system of a given aquifer in terms
of speci®c ¯ux and ¯ow pattern. Frequently, ground* Corresponding author.
E-mail address: sebastian.bauer@uni-tuebingen.de (S. Bauer).

water ¯ow models are used in such studies to obtain
quantitative results. However, ¯ow modelling does
not directly provide information on ¯ow velocity,
because ¯ow velocity is connected to speci®c ¯ux
via the effective porosity. The effective porosity, i.e.
the porosity in which tracer transport takes place, is
usually smaller than the total geometric porosity of
the medium. Whereas the value of the effective
porosity is not used in a steady state ¯ow model, it
has a signi®cant impact on species transport in
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groundwater, because it determines ¯ow velocities
and thus residence times of dissolved species in
groundwater. The effective velocity of sorbing
substances is further affected by interactions with
the aquifer material.
Information on the effective porosity and on
sorptive mechanisms in aquifers is an important prerequisite for assessment of groundwater contamination or for selection of remediation strategies. To
determine the ¯ow velocity in an aquifer on a regional
scale, transient tracers can be used. These are trace
substances with a well-known time dependent input
into groundwater and well known sinks or sources in
the subsurface. Linking observed groundwater
concentrations to the known input function might
allow the reproduction of the transport history of the
tracer and the age dating of a groundwater sample.
Examples of global transient tracers are tritium ( 3H),
chloro¯uorocarbons (CFCs), krypton-85 ( 85Kr) and
sulfurhexa¯uoride (SF6). They all are predominantly
of anthropogenic origin and were released into the
atmosphere and hydrosphere during the past few
decades.
Successful groundwater studies using global transient tracers were conducted, e.g. by Eriksson (1963)
( 3H), Ekwurzel et al. (1994), Dunkle-Shapiro et al.
(1998) ( 3H/ 3He), RoÂzanski and Florkowski (1979),
Smethie et al. (1992) ( 85Kr), Busenberg and Plummer
(1992), Oster et al. (1996) (CFCs) and Cook et al.
(1995), Katz et al. (1995), Szabo et al. (1996) (CFC113). An overview of recent transient tracer studies
can be found in Cook and Solomon (1997).
Simultaneous measurement of various tracers
within multi-tracer studies can signi®cantly enhance
the information gained. Differences in water ages
determined from different tracers point to either insuf®cient understanding of the transport processes
involved or to missing or inaccurate data on aquifer
properties or tracer characteristics (i.e. local input
function, recharge rates, degradation or sorption of
the tracers). Multi-tracer studies in shallow porous
aquifers conducted by Ekwurzel et al. (1994), Cook
et al. (1995), Szabo et al. (1996) and Plummer et al.
(1998 a,b) have resulted in similar groundwater ages
derived from various tracers. In addition, CFC degradation and retardation could be deduced from the
combined results from different tracers.
In the study presented here, the transient tracers 3H,
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Kr, CFC-113 and SF6 were used to study transport
mechanisms in a shallow fractured rock aquifer. In
addition, concentrations of Ne-isotopes were
measured to determine excess air in groundwater.
The multi-tracer study was part of an interdisciplinary project on nitrate reduction in catchment areas of
water supply wells initiated by the state of Hessia,
Germany. The objective of the tracer study was to
determine the characteristic time scale of the shallow
aquifer, i.e. the mean residence time of water in the
aquifer. The knowledge of this mean residence time is
necessary for the prediction of nitrate transport and the
response time of the aquifer with regard to nitrate input,
i.e. the time that expires before reduced nitrate losses
from the top soil will lead to decreased nitrate concentrations in the wells. This contribution is focused on
selected aspects of the multi-tracer study while results
of the nitrate project are described elsewhere (HMUG,
1996; Zoellmann and Kinzelbach, 1996; Zoellmann et
al., 2001).
2. Methods
3

H and 85Kr are well-known groundwater age
dating tracers, whereas literature about the use of
CFC-113 and especially SF6 as groundwater tracers
is still scarce. Therefore, they will be described in
more detail.
2.1. Input functions and transport mechanisms of the
tracers
3

H is the radioactive isotope of hydrogen with a
half-life of 12.43 years (Unterweger et al., 1980).
There is a low natural 3H background in precipitation
of 5±10 TU (Craig and Lal, 1961; Dreisigacker and
Roether, 1978; TU denotes Tritium Unit, which
equals one atom of 3H per 10 18 atoms of 1H). Surface
and near-surface nuclear weapon testing in the early
60s resulted in very high 3H concentrations in precipitation of up to 8000 TU. Monthly mean winter
values of 3H concentrations in precipitation from a
representative site at Hof, Germany, approximately
240 km from the ®eld site (monthly measurements,
G. Bader, pers. communication), were used to de®ne
the input function (Fig. 1). Taking mean winter values
assumes that summer recharge, which has higher 3H
concentrations, rarely reaches the water table, and
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Fig. 1. Mean winter values of 3H (left axis. Multiply by 10 for original values) in precipitation at Hof (Germany). Also shown are the activities
of 85Kr in precipitation (left axis) and the atmospheric background concentrations of CFC-113 (left axis) and SF6 (right axis).

therefore the 3H input function thus de®ned may
slightly underestimate the 3H input. Measurements
at Hof reach back to 1962. Before 1962 the atmospheric background concentration is estimated, since
there are no continuous measurements available for
Central Europe. This means that in our approach we
neglect some of the 3H from the late 1950s, but 3H
concentrations were much lower than in the early
1960s. The 3H input function is the same as the one
used by Zoellmann et al., (2001).
85
Kr is a radioactive isotope of the noble gas krypton with a half-life of 10.76 years (Seelmann-Eggebert et al., 1981). A low natural background
concentration of 85Kr is produced by spallation and
(n, g) reactions of cosmic neutrons with the stable
isotope 84Kr. Almost all 85Kr in the environment is
of anthropogenic origin, mainly produced during
nuclear weapon testing, in nuclear reactors and in
nuclear reprocessing plants. It is a ®ssion product of
uranium and plutonium and 85Kr emission is directly
related to plutonium production (SchroÈder and
Roether, 1975). The atmospheric concentration of

85

Kr has been documented by Sittkus and Stockburger
(1976), RoÂzanski and Florkowski (1979), Rath (1988)
and Weiss et al. (1992). As 85Kr concentrations are
recorded in terms of speci®c activity, i.e. the ratio of
85
Kr to stable Kr of a sample (in disintegrations per
minute of 85Kr per normal millilitre of Kr, dpm cm 23
STP), groundwater age evaluation by this tracer is not
affected by solubility or recharge temperature
(Smethie et al., 1992). For the same reason excess
air (discussion of excess air see below) does not affect
the age evaluation (Cook and Solomon, 1997). The
speci®c activity of 85Kr in the atmosphere used in this
study (Fig. 1) is taken from DVWK (1995) and is
consistent with other published values for the mid
latitudes of the northern hemisphere (e.g. Weiss et
al., 1992).
CFC-113 (CCl2FCClF2) is an anthropogenic
compound with no known natural sources. It is mainly
used as cooling and cleaning agent, especially in the
electronics industry, from where it is released to the
atmosphere. Its atmospheric lifetime is about 85 a
(Fraser et al., 1996). CFC-113 acts as a greenhouse

S. Bauer et al. / Journal of Hydrology 248 (2001) 14±34

gas (Dickinson and Cicerone, 1986) and contributes to
ozone depletion by photolytic processes in the stratosphere (Molina and Rowland, 1974). Therefore,
release of CFC-113 to the atmosphere was restricted
by the Montreal Protocol (WMO, 1988) and emission
of CFC-113 is prohibited in the industrialised countries since January 1996.
Measurements of atmospheric CFC-113 concentrations were reported by Singh et al. (1977, 1983),
Tominaga (1992) and Simmonds et al. (1992). Fraser
et al. (1996) provide an extensive summary of tropospheric CFC-113 measurements in clean air. In this
study the atmospheric background concentrations
from Mace Head, Ireland and Cape Meares, Oregon,
USA, were used to reconstruct the atmospheric
concentration of CFC-113 over time for maritime
clean air at mid latitudes of the northern hemisphere
(data from Fraser et al., 1996; Montzka et al., 1996;
see Fig. 1). Prior to 1978 no measurements are available and the atmospheric concentration of CFC-113
had to be extrapolated backward in time. It is assumed
that CFC-113 emissions increased exponentially from
1960 to 1980 (AFEAS, 1996). Therefore, an exponential function was used to reconstruct the temporal
evolution of atmospheric CFC-113 concentration
prior to 1978. Due to the restrictions in the Montreal
Treaties, atmospheric concentrations of CFC-113
reached their maximum in 1993 and have been nearly
constant since then (Montzka et al., 1996; Hurst et al.,
1997). This trend is corroborated by own unpublished
air measurements performed at Heidelberg during
spring 1997, which provided a mean atmospheric
CFC-113 concentration of 86 ^ 1.6 pptv (1 pptv is 1
part per trillion of volume  10 212 (cm 3 STP CFC113)(cm 3 STP air) 21). Due to the long atmospheric
lifetime, atmospheric concentrations of CFC-113 are
expected to decrease only slowly.
Solubility of CFC-113 in fresh water and seawater for
different temperatures was measured by Bu and Warner
(1995). The Bunsen coef®cient of CFC-113 for freshwater at a temperature of 108C is 148 cm 3 STP kg21. The
CFC-113 concentration in maritime air in 1995 (Fig. 1)
results thus in a CFC-113 equilibrium concentration in
freshwater at 108C of about 563 fmol l 21.
Transport of CFC-113 in groundwater can be
affected by adsorption to the aquifer material. Under
the assumption of linear, reversible and instantaneous
adsorption, CFC-113 retardation compared to water
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movement can be described by a constant retardation
factor R (e.g. Kinzelbach, 1992)
R  1 1 rKD

1 2 n
;
ne

1

where r is the density of the solid phase, n the total
porosity of the medium, ne the effective porosity and
KD is the solid±liquid partitioning coef®cient. R can
also be interpreted as the ratio of conservative tracer
velocity ( 3H, 85Kr) to retarded tracer velocity (CFC113). Under certain conditions KD may be derived
from the organic-carbon±water partitioning coef®cient of the compound, KOC, or the octanol±water
partitioning coef®cient of the compound, KOW, and
the fractional organic carbon content of the aquifer
material, fOC, using empirical relationships. For
trichloroethene Schwarzenbach and Westall (1981)
found
0:72
KD  fOC KOC  3:09 fOC KOW
:

2

Eq. (2) is valid only for fOC . 0.1%, since adsorption
on mineral surfaces may become dominant at smaller
values of fOC and Eq. (2) may then signi®cantly underestimate partitioning to the solid phase. Adsorption
can also be observed in rocks without organic carbon
(Haderlein and Schwarzenbach, 1993; Ciccioli et al.,
1980).
Experimental evidence of the adsorption of CFC113 results from column and ®eld experiments.
Ciccioli et al. (1980) found no retardation of CFC113 in columns ®lled with Ottawa sand, but measured
a retardation factor of R  1.5 in columns ®lled with
ground limestone. From their data a partitioning coef®cient of KD  0.07 can be estimated. Jackson et al.
(1992) measured a retardation factor of R  12
(KD  1.45) during passage of CFC-113 through a
column ®lled with Glouster aquifer sediment. This
high retardation is probably due to adsorption to
mineral surfaces and organic substrates (Jackson et
al., 1992). In the aquifer itself Lesage et al. (1990)
found the distribution of CFC-113 to be similar to
the distribution of PCE, which has a KOW value of
log KOW  2.66(KD  0.18, using fOC  0.1%). Cook
et al. (1995) measured depth pro®les of CFC-113,
3
H and CFC-12 and determined retardation factors
for CFC-113 relative to 3H and CFC-12 of R  1.7
and 1.3, respectively (KD  0.14 and 0.09).
KOW values of CFC-113 may be estimated using
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empirical relationships. Relationships from Schwarzenbach et al. (1993) and the Handbook of Physical
and Chemical Parameter Estimation (Lyman et al.,
1982) lead to log KOC  2.7 and 2.8, respectively. A
correlation by Sontheimer et al. (1983) gives
log KOC  2.65. Using the solubility of CFC-113
from Bu and Warner (1995) and a relationship from
Roy and Grif®n (1985) log KOC  2.02 is obtained.
These ®ndings derived from thermodynamic considerations show that adsorption of CFC-113 is likely.
However, estimated organic carbon distribution coef®cients may only be accurate to within an order of
magnitude (Roy and Grif®n, 1985).
SF6 is a gaseous compound under environmental
conditions. It is primarily used as an insulating gas
in switchgear from which it escapes mainly by leaks
(Ko et al., 1993). Further applications are in aluminium and magnesium production (MacNeal et al.,
1990; Stordal et al., 1993), in insulating glass and as
working gas in leak detectors (Solvay, 1994). SF6 is
mainly of anthropogenic origin (Ko et al., 1993).
Recently, a natural production leading to a background concentration of about 0.3% of the atmospheric signal of maritime air in 1995 has been
suggested (Harnisch and Eisenhauer, 1998). Because
of its infrared adsorption bands (Hertzberg, 1966) and
its long atmospheric lifetime (on the order of thousands of years; Ravishankara et al., 1993), SF6 has an
extremely high global warming potential per
molecule. However, because atmospheric concentrations are in the range of a few pptv only, the greenhouse effect due to SF6 is still negligible (Ko et al.,
1993; Albritton et al., 1994).
Clean air atmospheric background concentrations
of SF6 are shown in Fig. 1. Measured data from ®ve
maritime air stations, covering the period from 1978
to 1995, were used to derive the SF6 concentration in
maritime air in the northern hemisphere (Maiss et al.,
1996). These results are in good agreement with
results by Geller et al. (1997), who used latitudinal
pro®les, hourly measurements and archived air to
reconstruct the atmospheric SF6 concentrations as a
function of time. The relative deviation from the
data of Maiss et al. (1996) is less then 3%.
Solubility measurements of SF6 in water are
reported by Friedman (1954), Morrison and Johnstone
(1955) and Ashton et al. (1968). Wilhelm et al. (1977)
have used the data from Ashton et al. (1968) to derive

an equation based on thermodynamic laws that
describes the temperature dependence of the SF6
solubility in water. The solubility inferred from this
equation is in good agreement with the abovementioned measurements and further data from
Gerrard (1980), Watson and Liddicoat (1985) and
Wanninkhof et al. (1991). The Bunsen coef®cient of
SF6 for freshwater at 108C is about 10 cm 3 STP kg 21,
which means that SF6 concentration in maritime air in
1995 (Fig. 1) results in a SF6 equilibrium concentration in water of about 1.5 fmol l 21. This value is low
compared to the other trace gases used in this study.
2.2. Continental excess
Long-term records of atmospheric concentrations
of SF6 and CFC-113 are available for clean air monitoring sites only, mainly maritime locations. The
stations are usually far away from the source locations
of these gases. This implies that concentrations of
these two gases are elevated, relative to maritime
values, in regions with higher industrial activity.
Determination of local excess of anthropogenic trace
gases have been published by several groups (Geller
et al., 1997 for SF6; Singh et al., 1977, 1992;
Simmonds et al., 1987 for CFC-113). In the present
study a simple approach similar to that presented in
Oster (1994) is used to estimate local CFC-113 and
SF6 concentrations. It is assumed that the local excess
relative to clean air concentration (d ) is proportional
to the emission rate E(t) of the trace gas, i.e. that the
time dependence of the local excess is the same as of
the emission rate. The local air concentration CA of
the trace gas is then given by
CA t  CA0 t 1 1 d t  CA0 t 1 1 aE t;

3

where CA0(t) is the concentration in maritime clean air
and a is a factor relating emission rate E(t) and relative local excess d (t) of the trace gas. If the relative
local excess for a certain time t0 is known, for example
through measurement of local air concentration or
surface water in solubility equilibrium with the
atmosphere, d (t) can be expressed as

d t  aE t 

d t0 
E t:
E t0 

4

Measurement of SF6 and CFC-113 concentrations in
air and surface water at the study site suggested a
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relative excess of 30% for SF6 in 1995 and of 5% for
CFC-113 in 1990, and the input functions were
corrected according to Eqs. (3) and 4).
2.3. Excess air in water
Supersaturation of air in water may occur due to
dissolution of air bubbles, resulting in `excess air'
(Mazor, 1972; Herzberg and Mazor, 1979; Heaton
and Vogel, 1981; Rudolph et al., 1983; Andrews
and Hussain, 1988; Stute, 1989). Air bubbles are
trapped when the water table is rising and are completely dissolved by the rising hydrostatic pressure
(Stute, 1989). Since SF6 and CFC-113 are components
of the entrapped air, excess air will lead to enhanced
concentrations of these tracers in groundwater. In the
presence of excess air, measured dissolved concentrations of the atmospheric trace gases have to be
corrected (see below). Otherwise the inferred groundwater ages would be too young. Because 3H is part of
the water molecule itself, it is not affected by excess
air. As mentioned above, 85Kr values are also not
affected, because they are normalised to the total
amount of Kr in the water sample (speci®c activity;
Cook and Solomon, 1997).
To quantify excess air in groundwater the Ne
isotope 20Ne was used, because atmospheric Ne
concentrations are constant over time and the atmosphere is the only Ne source for shallow groundwater.
The equilibrium concentration of 20Ne in a groundwater sample can be calculated using the known solubility of 20Ne, (the Bunsen coef®cient of 20Ne is
10 cm 3 STP kg 21 for freshwater at 108C; Weiss,
1971), the constant 20Ne concentration in the atmosphere (16.45 ppm; Ozima and Podosek, 1983) and
the groundwater temperature. The amount of excess
air can then be determined from the difference
between calculated equilibrium concentration and
actually observed 20Ne concentration.
2.4. Sampling and measurement techniques
Four observation points and two drinking water
supply wells were used for determination of hydraulic
heads and for groundwater sampling (Fig. 2). Observation points are fully screened wells with a diameter
of 150 mm except for GWM AB which has an
diameter of 125 mm. At the supply wells groundwater
was sampled by using two existing submerged pumps.
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At the observation points a portable submersible
pump (Grundfoss MP1) was used. Prior to sampling,
the borehole and all ®ttings were ¯ushed with groundwater until at least three times the borehole volume
was extracted. Oxygen concentration, water temperature, electrical conductivity and pH were monitored
until measured values were stable. Finally, the
groundwater samples for tracer measurements were
collected as described below.
Most 3H samples were collected and analysed by
the National Research Center for Environment and
Health (GSF) at Neuherberg, Germany (Graf, 1995).
Additional groundwater samples for 3H measurements were taken by the Institute of Environmental
Physics, Heidelberg and measured by low-level
counting with a standard deviation of ^5±10% and
a detection limit of 1±2 TU (G. Bader, pers. communication).
All 85Kr samples were collected by and measured at
GSF (Graf, 1995). 200 l of groundwater were taken in
stainless steel or polyethylene tanks. Extraction of
dissolved krypton was performed by stripping the
water with helium and subsequent adsorption of Kr
in a cooled charcoal trap. Krypton was enriched in the
gas mixture by adsorption and repeated desorption
caused by slowly increasing the temperature of the
charcoal trap. Finally, krypton was separated by gas
chromatography with a charcoal column held at
approximately 458C. The amount of krypton in the
gas mixture was determined with a thermal conductivity detector whereas the amount of 85Kr was
measured with a proportional counter. Detection
limit is about 25 mBq (cm 3 STP Kr) 21. The sampling
and analytical methods for measurements of 85Kr are
described in detail by Held et al. (1992).
Samples for CFC measurement were collected in
500 ml glass bottles preventing contact of the sample
water with atmospheric air. The sample bottles were
®lled submerged in a container ®lled with groundwater. The bottles were closed and transported
submerged in sample water (Oster et al., 1996).
Prior to sampling, the bottles as well as all ®ttings
were ¯ushed with 10 l of sample water (i.e. 20 times
the sample volume). Measurements were carried out
as soon as possible after sampling, usually within
24 h. After extracting the CFCs from 20 ml of the
water sample by gas stripping with carrier gas, the
concentrations of CFCs were determined by gas
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Fig. 2. Map of Gambach ®eld site with delineation of model area, cross-sections AA 0 and BB 0 , and location of sampling sites. Areas of basalt
outcrop are shaded.
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chromatography, using an electron capture detector
(ECD) and a ultrapure mixture of argon (95%) and
methane (5%) as carrier gas. After pre-concentration
(2258C) and desorption (908C) in an adsorption trap,
the CFCs were separated in two Porasil C columns
(15 cm and 3 m of length, respectively). Calibration
was performed by using a gravimetric standard from
the National Oceanic and Atmospheric Administration (NOAA; Montzka et al. (1992)). Detection limit
is about 0.1 fmol. The system and measurement
procedures are described in more detail by Oster et
al. (1996).
In order to quantify the total sampling and measurement error, 20 replicate samples were analysed for
CFC-113, with concentrations ranging from 60 to
2850 fmol l 21. Mean concentrations and standard
deviations were calculated for each sample. Reproducibility, expressed as the mean of all relative standard
deviations of the replicate samples, is ^5.2%.
For sampling of SF6, 550 ml glass bottles with PVC
®ttings were used, similar to that used by Wanninkhof
et al. (1991). The bottles were ¯ushed with approximately 6 l of sample water and ®lled preventing
contact of the water with the atmosphere. Preliminary
studies have shown that this type of bottle is air tight
and that samples can be stored for several weeks. SF6
is extracted from the groundwater sample by injecting
a headspace of approximately 50 ml of nitrogen into
the sample bottle. Because of the low solubility of
SF6, 99% of SF6 in the sample water enters the headspace when shaking the bottle for 20 min. The
headspace is then injected into the sample loop of
the gas chromatograph.
SF6 was measured using the gas chromatographic
system described in detail by Maiss et al. (1996).
Ultrapure nitrogen was used as carrier gas and SF6
was separated from other components in columns
Ê ). Column and ECD
®lled with molecular sieve (5 A
temperature were held at 65 and 3308C, respectively.
A purge-and-trap technique was used to pre-concentrate SF6 (temperatures of 277 and 1008C for trapping
and releasing, respectively). Detection limit is
0.015 fmol (Maiss et al., 1996). Calibration was
performed using a gravimetrically produced standard
containing a mixture of ultrapure nitrogen and SF6
(Maiss, 1992). Sampling and measurement techniques
are described in more detail by Fulda and Kinzelbach
(1998).
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Mean values and standard deviations were determined for 70 replicate samples, with concentrations
ranging from 0.1 to 50 fmol l 21. Reproducibility,
expressed as the average of the relative standard
deviations of all replicates, is ^3.1%.
Samples for Ne were taken in 40 ml copper tubes.
The tubes were ¯ushed with approximately 10 l of
sample water. Ne was vacuum extracted and measurement of Ne isotopes was performed using quadrupole
mass spectrometry. Detection limit is about
2 £ 10 210 cm 3 STP (Rupp, 1993). Replicate groundwater samples show a reproducibility of Ne measurements of about ^2%.
3. Site characterisation
The ®eld site is located near the village of Gambach
in the state of Hessen, approximately 50 km north of
Frankfurt/Main, Germany (Figs. 2 and 3). It belongs
to the agricultural area of the Wetterau region, a
geological depression surrounded by the Vogelsberg
and Taunus Mountains. The aquifer consists of basalt
rocks of Miocene age and is underlain by silty
Miocene and Oligocene sediments (Rockenberger
Schichten). It is mainly overlain by loess deposits of
variable thicknesses stretching a range between 3.5 m
and a maximum of 15 m. Aquifer thickness varies
from 2 to 25 m with a mean value of 20 m (Fig. 3).
The basalt rock of the aquifer is fractured and highly
permeable. Transmissivity, as determined by several
pumping tests, varies from 0.8 m 2 d 21 at GWM II to
280 m 2 d 21 at TB 1 and TB 2. The underlying silty
Miocene and Oligocene sediments are much less
permeable than the fractured basalt rock of the aquifer
and can be considered as aquitards. The aquifer is
drained by the Wetter river, with ¯ow mainly from
the north to the south. The groundwater ¯ow system
has been described in detail by Vassolo (1995) and
Vassolo et al. (1998), and more information on the site
can as well be found in Zoellmann et al. (2001).
4. Results
Four observation wells and two water supply wells
were used as sampling sites for this study. All were
sampled for 3H and the trace gases CFC-11, CFC-12,
CFC-113, 20Ne and SF6. 85Kr samples were taken at
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Fig. 3. Cross-sections of the Gambach ®eld site along AA 0 and BB 0 . For location of cross-sections see Fig. 2.

four of the six sampling sites. Measured values,
except for CFC-11 and CFC-12, are listed in Tables
1±3 and are graphically shown in Figs. 5 and 6. In all
wells CFC-11 and CFC-12 concentrations were up to
10 times higher than solubility equilibrium with ambient air. This large discrepancy cannot be explained by
excess air. Instead a contamination of the groundwater
with these two CFCs has to be assumed. They could
not be interpreted with regard to groundwater residence times. Similar enhanced concentrations of
chloro¯uorocarbons excluding their use as age dating
tracers were reported for a number of other ®eld
studies (e.g. Thompson and Hayes, 1979; Busenberg
and Plummer, 1992; Jackson et al., 1992).
3
H concentrations show large variations from 4.5
TU at well GWM III to 59 TU at well GWM IV (Table
1). Concentrations at wells GWM AB, TB 1 and TB 2
show a slight decrease with time whereas concentrations at wells GWM II and GWM III are nearly
constant. 3H concentrations at well GWM IV are
very high and variable in time (32±59 TU).
Speci®c activities of 85Kr vary from 21 dpm (cm 3
STP) 21 at well GWM III to 52 dpm (cm 3 STP) 21 at
TB 1 (Table 2). The measurement error is relatively
large (cf. Table 2). The speci®c 85Kr activity
measured at well TB 1 is higher than 85Kr activities
observed in the other wells. This result was surprising
since well TB 1 is located downstream of the other
wells (Figs. 2 and 4) and should therefore receive
water that has already passed the other wells. The

expected longer residence time should result in
lower speci®c activities in TB 1 as compared to the
upstream wells. The high value cannot be explained
by a very young water component in TB 1, as this
should also lead to high concentrations of the other
tracers in TB1 that is not observed. A contamination
of the 85Kr sample with atmospheric air could have
caused this high value.
Observed concentrations of CFC-113 cover the
range from 318 fmol l 21 at GWM III to 538 fmol l 21
at GWM AB (Table 3). The lowest CFC-113 concentrations were found at GWM III. The values at TB 1,
TB 2 and GWM AB are strongly variable in time.
Dissolved oxygen concentrations between 7 and
10 mg l 21 have been found at all sampling points
except for well GWM II (1.4 mg l 21). These values
con®rm that the aquifer is generally oxic and therefore
degradation of CFC-113 is not expected (Cook and
Solomon, 1997).
Measured concentrations of SF6 vary from
1.08 fmol l 21 at TB 2 to 6.25 fmol l 21 at GWM IV
(Table 3). Wells TB 1, TB 2 and GWM IV show SF6
concentrations clearly above the solubility equilibrium.
The SF6 concentration of groundwater in solubility equilibrium with 1995 atmospheric air is 1.92 fmol l 21
(local SF6-excess: 30%, groundwater temperature:
108C). Maximum observed concentrations at wells
TB 1 and TB 2 were 2.31 and 2.38 fmol l 21, respectively, and were reached in 1994 and 1995. The maximum concentration at GWM IV was 6.25 fmol l 21 in
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Table 1
3
H measurements at the Gambach ®eld site. Values denoted with p were measured at IUP, Heidelberg. All other values at GSF, Neuherberg
Sampling date

TB 1 (TU)

TB 2 (TU)

GWM AB (TU)

GWM II (TU)

20/03/91
19/11/91
28/04/92
16/03/93
30/03/93
14/04/93
28/04/93
05/05/93
11/05/93
23/06/93
13/12/93
19/01/94
20/01/94
24/04/94
27/04/94
05/11/94
24/05/95
29/08/95
25/09/95
04/12/95

24.2
34.3
24.7
24.5
23.7
21.7
22.8

25.5
24.2
26.0
24.8
23.3
21.6
21.0

29.1
27.2

18.8
17.7
15.7
17.7

6.5
4.5
5.5
7.2

33.9
46.6
43.6
46.4

23.5
27.7

24.9
24.7

30.0
29.2

19.9
17.5

4.8
5.6

49.7
59.2
48.0

23.7

GWM III (TU)

7.6

18.9
p

22.9 p
20.9 p

20.9 p
19.9 p

22.8
25.6 p
21.5 p
22.6 p

20.4 p

20.9 p

23.2 p

17.6

p

10.8

19.3 p

1994. The increased concentrations cannot be explained
by excess air and are possibly caused by a local SF6
contamination event which was located downstream
(south) of GWM III (which was not affected by the
enhanced concentrations) and near GWM IV. The
assumed spill time is 1992 or 1993.
Concentrations of the noble gas isotope 20Ne were
determined for all wells and most of the sampling
dates (Table 2). Values reach from 1.95 £ 10 27 cm 3
STP g 21 at TB 1 to 2.4 £ 10 27 cm 3 STP g 21 at
GWM II. Values are nearly constant with time for
each of the sampling points.

GWM IV (TU)

50.3 p
54.2 p
48.2 p
32.6 p

p

8.8 p

41 p

where a i  a i(T ) denotes the solubility of gas i for
freshwater, T the recharge temperature, D the amount
of excess air relative to the equilibrium concentration
of air in groundwater and CAi is the atmospheric
concentration of gas i. The ®rst term on the right
hand side represents the concentration of gas i in a
water sample which results from solubility equilibrium with the ambient soil air at the groundwater
table at temperature T. The second term represents
the effect of excess air on dissolved concentration of
a gas i in groundwater. Excess air increases the
concentration of gas i in groundwater by D CAi. The
total concentration of gas i in a water sample is
increased relative to equilibrium solubility by a factor

5. Discussion
5.1. Excess air
As already discussed before, groundwater concentrations of 3H and 85Kr are not affected by excess air.
However, total groundwater concentrations of CFC113 and especially of SF6 may become enhanced by
excess air. For a chemically inert gas of species i the
concentration in water CWi is given by
CWi  ai CAi 1 DCAi  ai 1 DCAi ;

5

Table 2
85
Kr measurements at the Gambach ®eld site. Error is one standard
deviation
Well name

Sampling date

85

Kr dpm cm 23

Error dpm cm 23

TB 1
GWM II
GWM III
GWM IV

14/12/93
20/01/94
19/01/94
13/12/93

51
33
24.5
42

5
4
6
7

29/04/93
07/07/94
07/07/94
18/11/94
28/05/95
30/08/95
30/08/95
07/12/95

30/04/93
07/07/94
07/07/94
18/11/94
28/05/95
07/12/95

27/04/94
07/07/94
07/07/94
28/09/95

14/07/92
05/08/92
30/04/93
18/11/94
18/11/94
28/05/95
28/05/95
07/12/95

14/07/92
05/08/92
30/04/93
18/11/94
18/11/94
28/05/95
07/12/95

27/04/94
30/08/95

GWM AB
GWM AB
GWM AB
GWM AB
GWM AB
GWM AB
GWM AB
GWM AB

GWM IV
GWM IV
GWM IV
GWM IV
GWM IV
GWM IV

GWM III
GWM III
GWM III
GWM III

TB 1
TB 1
TB 1
TB 1
TB 1
TB 1
TB 1
TB 1

TB 2
TB 2
TB 2
TB 2
TB 2
TB 2
TB 2

GWM II
GWM II
1.66

408.8
524.6

399.1

2.38
2.16

399.0

1.30
1.40
1.93
2.31
2.28
2.22
2.16
1.89

1.14
1.14
1.20

10.7
10.5

10.9
10.5

10.7

10.5

10.9

10.6

0.97
1.16
1.21
1.32
3.75
3.66

1.952 £ 10 27
1.983 £ 10 27
1.987 £ 10 27
2.002 £ 10 27
2.422 £ 10 27
2.390 £ 10 27

0.95
0.84
1.07

3.29

2.336 £ 10 27

10.8

1.951 £ 10 27
1.930 £ 10 27
1.961 £ 10 27

2.78

2.242 £ 10 27

10.9
10.9

11.2
11.5
11.3

3.30
3.41
3.36

1.92
1.49
1.50

387.8

405.3
520.8

396.1

373.5
337.9
472.8
380.1
481.3

312.1
362.0
311.3

432.0
426.0
470.5
442.4
447.7

408.3
451.9
489.6
449.9
532.7

514.9

1.19

1.30
1.40
0.97
2.14
2.13
2.24
2.01

1.22
1.32
1.84
2.21
2.18
2.10
2.03
1.78

0.89
0.89
0.91

1.33
5.80
4.95
2.76
1.48
2.40

1.54

1.53
1.40
1.43
1.42
1.39
1.47

Ne (Nml gH2O 21) Excess air (cm 3 kgH2O 21) CFC-113corr (fmol l 21) SF6 corr (fmol l 21)

2.096 £ 10 27
2.016 £ 10 27
2.019 £ 10 27

20

2.326 £ 10 27
2.341 £ 10 27
2.336 £ 10 27

11.7

11.0

1.78
1.73
6.25
5.40
3.20
1.98
2.90

10.8
11.6
11.7

11.3

1.73
1.62
1.65
1.68
1.61
1.69

1.40
1.50
1.08
2.25

376.1
340.3
475.9
383.2
484.0

318.4
368.3
318.6

443.4
437.4
481.7
454.5
489.5

414.7
457.0
494.7
455.4
538.3

520.3

Sampling well Sampling date CFC-113 (fmol l 21) SF6 (fmol l 21) Temperature (8C)

Table 3
CFC-113, SF6 and 20Ne measurements from the Gambach ®eld site. Included are excess air and the concentrations of CFC-113 and SF6 corrected for excess air, CFC-113corr and
SF6corr
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Fig. 4. Model area with boundaries, simulated piezometric heads (June 1994), location of water supply wells (TB 1, TB 2) and observation
wells (GWM II, GWM III, GWM IV, GWM AB).

Fea:
Fea 

CWi
D
11
:
ai
ai CAi

6

Therefore, the lower the solubility a i of a gas i, the
more pronounced is the relative effect of excess air on
the total gas concentration.
Measured Ne data and groundwater temperatures
were used to calculate the excess air for each well
and sampling date separately (see Table 3). Because
groundwater temperatures in all wells and at all times
agree within ^18C, the observed temperature was
assumed to correspond to the temperature in the
recharge area, and was used to calculate the excess
air. A groundwater temperature variation of ^18C
would lead to a variation of the calculated excess air
of approximately ^0.1 cm 3 kg 21. Excess air values
vary from 0.84 cm 3 kg 21 at TB 1 to 3.75 cm 3 kg 21
at GWM II, with a mean of 2.1 cm 3 kg 21. These

values are within the range reported for other sites
in Germany (Rudolph et al., 1983). The amount of
excess air differs between individual wells, but varies
only little in time for the individual wells (within 3%).
Solubility of CFC-113 is 148 cm 3 kg 21 at 108C
which is much larger than the maximum value of
excess air measured at this ®eld site of
3.75 cm 3 kg 21. The solubility of SF6 is only
10 cm 3 kg 21 which is of the same order of magnitude
as excess air. Eq. (6) shows that up to 30% of the
measured SF6 in our groundwater samples may
originate from excess air. Therefore, the measured
SF6-concentration must be corrected for excess air.
Whereas atmospheric 20Ne concentrations are
constant in time, atmospheric concentrations of
CFC-113 and SF6 show a strong increase over the
past decades (Fig. 1). Entrapment of excess air will
presumably occur during seasonal groundwater table
¯uctuations. Therefore, a water sample may contain

26

S. Bauer et al. / Journal of Hydrology 248 (2001) 14±34

excess air from more than one recharge event.
Accordingly the atmospheric concentrations of the
tracer gases that are contained in excess air may represent a mixture of concentrations over a certain time
interval. An ideal mixing model (Kaufman and Libby,
1954) and an iterative predictor-corrector scheme
were used to estimate the effective mean atmospheric
concentrations of the tracer gases for excess air
correction of the water samples. The original tracer
gas concentration in the water sample c0 is corrected
by using the excess air value D of the well determined
from Ne concentrations and an atmospheric tracer gas
concentration cA1, corresponding to an arbitrarily
chosen model age t 1. The corrected tracer gas concentration in the water sample c1 is then used to determine
the related new model age t 2. Based on the new model
age t 2 a new atmospheric trace gas concentration cA2
is calculated. Correcting c0 with DcA2 yields a new
concentration c2 of the tracer in the water sample.
This iterative correction is repeated until the
difference between two subsequent corrected concentrations cn21 and cn is less than a given threshold value
cn  c0 2 DcAn tn ;

7

tn  MA cn21 ;
ucn 2 cn21 u
, 1023 ;
cn21
where MA(cn21) denotes the model age determined
from the tracer concentration cn21 in the water sample.
This correction scheme is not limited to the speci®c
model assumption underlying the determination of the
model age t . In other cases a piston ¯ow model or a
general transfer function approach (Amin and
Campana, 1996) may be used. In case of complex
aquifer geometries or boundary conditions, the
model age t may be obtained by determining the
transfer function from the numerical ¯ow model.
If Ne data were available for the actual sampling
date and sampling well, CFC-113 and SF6 concentrations were corrected using these data (see Table 3).
Concentrations for other sampling dates were
corrected by the average excess air value for the corresponding well. The error introduced by averaging is
small since excess air values were nearly constant in
time for all wells of the study site. Mean excess air
correction of CFC-113 reduced the measured concen-

trations by only 1.5%, the maximum correction is
2.8% at GWM II. This correction is less than the
measured reproducibility for CFC-113 and can therefore be neglected. However, mean excess air correction for SF6 reduced the measured SF6 concentrations
of the water samples by 12%. At GWM II, where
highest values for excess air have been measured,
the correction amounts to 28%. Whereas excess air
correction is not important for CFC-113, it is essential
for SF6, making determination of excess air a necessity for groundwater age dating using SF6.
5.2. Modelling
The regional ¯ow and transport model of the study
site from Vassolo et al. (1998) and Zoellmann et al.
(2001) was used to simulate 85Kr, 3H, SF6 and CFC113 transport in the subsurface (see Fig. 4). A
con®ned and isotropic aquifer was assumed (Vassolo
et al., 1998). A two-dimensional approach was chosen
using the USGS ®nite difference model MODFLOW
(McDonald and Harbaugh, 1988). Transport modelling was performed using the MT3D code (Zheng,
1990) on a monthly basis. The northern model boundary is given by a ¯ow divide. The impervious western
and eastern boundaries of the model follow the
courses of geological faults. To the south a prescribed
head boundary is formed by the river Wetter that
receives most of the water recharged in the model
area. Groundwater ¯ow is mainly directed from
north to south. Mean groundwater recharge amounts
to 100 mm a 21. The major part of the aquifer is
covered by loess deposits of variable thickness.
Since the loess deposits with maximum thicknesses
of up to 15 m (MLU, 1980) are characterised by a
very high speci®c water retention capacity, long
residence times of the water-bound tracer 3H in the
unsaturated zone can be expected.
Explicit consideration of the unsaturated zone and
the spatial variability of its thickness is essential for
modelling of 3H concentrations at this ®eld site as
total 3H residence time and its spatial distribution in
the system are strongly in¯uenced by the transport
through the unsaturated zone. In this study a simple
model is used to account for the spatially varying residence times of 3H in the unsaturated zone (Zoellmann et
al., 2001). Transport of 3H through the unsaturated zone
is assumed to be piston-¯ow like, i.e. the amount of
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water added at the top of the unsaturated zone by
in®ltration in a given time increment is equal to the
amount of water recharged to the aquifer. The 3H
concentrations are corrected for radioactive decay
during transport through the unsaturated zone. Calculations show that the mean residence time of 3H in the
loess deposits may be considerably larger than in the
basalt rock aquifer itself. Residence times of 3H in the
unsaturated zone calculated with the piston-¯ow type
model can be as large as 30 years in areas of thick
loess cover (Zoellmann et al., 2001) while mean residence time in the saturated aquifer varies between 4
and 6 years, as determined from modelling of the
gaseous tracers (see below). It should be noted that
the concentrations of the gaseous tracers at the water
table are only slightly affected by the loess deposits, as
molecular diffusion in soil air allows for a rather rapid
transport of atmospheric gases through the unsaturated zone. Calculations show that the loess cover
may result in a maximum delay of 1 year for the
atmospheric gaseous tracers (Cook and Solomon,
1995).
An important parameter for tracer transport in the
aquifer is the effective porosity ne of the medium. It
comprises that fraction of the porous medium that is
water-®lled and contributes to species transport. Its
value affects both the tracer residence time and the
depth averaged tracer concentrations. A certain
amount of tracer reaching the groundwater surface
at a certain time will overlie a body of older water
with a different mean concentration. The relative
contribution of a given amount of freshly recharged
tracer to the depth averaged concentration will be
larger for low values of ne, as `dilution' of the recharging water is small in this case. Depth averaged
concentrations were obtained from the fully screened
observation and pumping wells at the study site and
were the basis for calibration of the transport model.
The effective porosity was the only parameter used to
calibrate the transport model of the saturated zone by
means of the measured tracer concentrations, and is
constant within the whole model area.
Using the known input functions for 3H and 85Kr
(Fig. 1), the best match between observed and
modelled concentrations of these tracers is obtained
using an effective porosity of ne  0.07. Simulated
concentrations of 85Kr match the observed concentrations at wells GWM II, GWM III and GWM IV (Figs.
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5a and 6a). However, the database is sparse as there is
only one 85Kr measurement for each site. The exceptionally large 85Kr concentration measured at well
TB 1 cannot be reproduced by the model. As
mentioned before this is presumably due to a sample
contamination because a much smaller 85Kr concentration is anticipated for this well from ¯ow pattern
and concentration of the other tracers.
Modelled concentrations of 3H using an effective
porosity of ne  0.07 (Figs. 5b and 6b) agree well with
observed 3H at TB 1, TB 2 and GWM II. At GWM AB
agreement of calculated and measured 3H concentrations is satisfying although simulated concentrations
are somewhat too low in spring 1993. At GWM IV,
the trend of the observed peak-like 3H concentration
course can be reproduced with the model. Also, the
maximum concentration of about 50 TU was
con®rmed by the calculations. However, the modelled
3
H peak at GWM IV arrives approximately 1 year too
early. This is probably caused by a slight underestimation of the unsaturated zone thickness at this
location. The enhanced concentrations in GWM IV
are caused by relatively old, 3H-rich water recharged
in an area with very long residence times in the loess
deposits reaching the sampling location between 1993
and 1996. An even better correspondence between
observed and simulated 3H data at GWM IV and
GWM AB would have been achieved by decreasing
the effective porosity ne to about 0.03, as this would
lead to larger (less diluted) depth averaged concentrations. However, a lower effective porosity would in
turn lead to high simulated 85Kr concentrations. At
GWM III a large discrepancy between measured and
simulated 3H values is observed. The 3H values are
exceptionally low and cannot be explained by the
model. This may be a limitation of the two-dimensional modelling approach, as e.g. interaction with
the underlying aquifer may be erroneously neglected
in this case.
For simulation of SF6 transport, the atmospheric
SF6 input function was modi®ed in the way described
in Section 2.1 (Eqs. (3) and (4)) to account for the
continental SF6 excess of 30%. The enhanced SF6
concentrations in GWM IV, TB 1 and TB 2 were
not considered during model calibration. Best model
results for SF6 are obtained using an effective porosity
of 0.07 (Figs. 5d and 6d). This corresponds well with
the effective porosity obtained from 85Kr modelling.
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Fig. 5. Measured and simulated concentrations of 85Kr (a), 3H (b), CFC-113 (c) (corrected for excess air) and SF6 (d) (corrected for excess air) at
Gambach ®eld site for GWM II, GWM III and GWM AB. Transport simulation was performed with an effective porosity ne  0.07 for all
tracers, input function for SF6 and CFC-113 which are corrected for continental excess, a retardation factor of R  1.5 for CFC-113 and explicit
consideration of advective 3H transport through the unsaturated zone.

Simulated and measured concentrations of SF6 agree
within reproducibility at wells GWM AB, GWM II
and GWM III (Fig. 5d) except for the ®rst measurement in GWM AB in 1993. Fig. 6d suggests that water
with enhanced SF6 concentrations reached the wells
TB 1, TB 2 and GWM IV between 1992 and 1994. In
1995 concentrations seem to decrease again in wells
TB 1 and TB 2 while no clear trend can be observed
for GWM IV. The simulated results for SF6 at the
observation wells GWM II, GWM III and GWM AB
con®rm the effective porosity of 0.07 already obtained
from 85Kr and 3H modelling.
For modelling of CFC-113 concentrations a slight

atmospheric excess of 5% in 1990 was assumed and
the input function modi®ed according to Eqs. (3) and
(4). Best results were achieved using an effective
porosity ne of 0.13. However, this value is not very
likely for a fractured basalt aquifer and it con¯icts
with the results from 85Kr, 3H and SF6 modelling
which suggest an effective porosity of 0.07. Modelling
exercises showed that it was not possible to reproduce
measured SF6, 85Kr and especially 3H data using a
porosity value of 0.13. Using this large porosity the
simulated concentrations of these tracers reached only
about half of the observed values.
As the simulated CFC-113 concentrations in the
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Fig. 6. Measured and simulated concentrations of 85Kr (a), 3H (b), CFC-113 (c) (corrected for excess air) and SF6 (d) (corrected for excess air) at
Gambach ®eld site for TB 1, TB 2 and GWM IV. Transport simulation was performed with an effective porosity ne  0.07 for all tracers, input
function for SF6 and CFC-113 which are corrected for continental excess, a retardation factor of R  1.5 for CFC-113 and explicit consideration
of advective 3H transport through the unsaturated zone. Note the large variance in 3H concentrations caused by the storage effect of the
unsaturated zone.

aquifer were too large when using an effective porosity of 0.07, we also considered the effect of a reduced
atmospheric excess for CFC-113. The continental
excess of 5% was already a moderate value, but
even if no continental excess at all was assumed
(which is not realistic), simulated concentrations are
still appreciably higher than the measured values. A
higher continental excess for CFC-113 would even
further increase the model concentrations and could
thus not explain the CFC-113 values. Also, all possible atmospheric contamination of CFC-113 would
lead to higher atmospheric concentrations and thus

to higher concentration values in the aquifer, which
would con¯ict with the measured values of CFC-113.
Longer residence time of CFC-113 in the unsaturated zone could lead to a reduced input signal at the
aquifer top and thus to lower concentrations in
groundwater. To reproduce the observed CFC-113
concentrations in groundwater with an effective
porosity of 0.07, a mean residence time in the unsaturated zone of 2.5 years is needed, which corresponds
to a mean thickness of the unsaturated zone of about
20 m (using an effective diffusion coef®cient in the
unsaturated zone of 5 £ 10 26 m 2 s 21, (GoÈlthenboth,

30

S. Bauer et al. / Journal of Hydrology 248 (2001) 14±34

1997). However, maximum thickness of the unsaturated zone in the model area is about 15 m and mean
thickness is about 8 m which corresponds to a mean
residence time of less than 1 year. In addition, a
thicker unsaturated zone would also affect the results
for the other gaseous tracers, which have similar diffusion coef®cients, and leads to reduced concentrations
in groundwater. Therefore an increased residence
time of CFC-113 in the unsaturated zone is not likely
the explanation for the relatively low observed CFC-113
concentrations.
Since CFC-113 transport in groundwater may be
affected by adsorption to the aquifer material (see
Section 2.1), a linear, instantaneous and reversible
adsorption term was included in the modelling of
CFC-113 transport. Using the effective porosity of
0.07, con®rmed by modelling of the 85Kr, SF6 and
3
H, a retardation factor of R  1.5 allowed for best
correspondence between observed and simulated
CFC-113 concentrations (Figs. 5c and 6c). Simulated concentrations are in agreement with
measured concentrations except for well GWM
IV, where simulated values are too high by
about 10%. The strong variability of measured

CFC-113 concentrations with time is also not
reproduced by the model.
Continental excess and adsorption have an opposite
effect on CFC-113 concentrations in groundwater. In
general, a higher continental excess could be compensated by a larger retardation factor. Additional model
runs using a higher continental excess in combination
with larger retardation factors revealed that the discrepancies between observed and simulated concentrations at well GWM IV are further increased. The
reason for this is that the water entering GWM IV
had experienced a shorter mean travel path in the
aquifer than the water at the other sampling points.
Therefore, increased input concentrations caused by
increased continental excess is not suf®ciently
compensated by a larger retardation factor in well
GWM IV. These ®ndings support the small continental excess of 5% and the retardation factor of R  1.5
chosen for CFC-113.
Fig. 7 shows simulated concentrations of CFC-113
with R  1 and 1.5 versus measured concentrations.
With no retardation of CFC-113 and an effective
porosity of 0.07, modelled concentrations are
generally higher than the observed values. Using a

Fig. 7. Simulated concentrations of CFC-113 without retardation (R  1, crosses) and with retardation (R  1.5, diamonds) versus measured
concentrations.
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retardation factor of R  1.5 improves the correspondence between measured and simulated data. Clearly,
there is still appreciable scatter in Fig. 7. It is the result
of the relatively low spatial and temporal resolution in
our model, which was in turn dictated by our limited
knowledge on spatial distribution of aquifer
parameters and on the temporal distribution of the
local tracer input functions. So we did not expect to
exactly mach the concentrations in every single
sampling point, but rather aimed at reproducing the
general trends of the different tracers.
The retardation factor of R  1.5 found here is in
good agreement with other experimental and model
®ndings, which give a range for CFC-113 from
R  1.3±1.7 (see Section 2.1 above; Ciccioli et al.,
1980; Cook et al., 1995).
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Using CFC-113 as a retardation tracer could be
helpful for the prediction of organic contaminant
transport or for the evaluation of possible hydraulic
aquifer remediation measures. This is especially true
as direct determination of regional mean adsorption
characteristics through laboratory studies with aquifer
material is generally not feasible due to the enormous
amount of samples required to arrive at representative
values. Moreover, results from laboratory studies
cannot directly be applied to a certain ®eld case but
have to undergo a usually only vaguely known upscaling procedure. Although further investigations
concerning the adsorptive behaviour of CFC-113 are
necessary, i.e. further column studies or ®eld evidence
from other test sites, it becomes apparent that reactive
tracers such as CFC-113 can signi®cantly contribute
to our understanding of regional transport processes in
shallow aquifers.

6. Conclusions
The ®ndings described in the previous chapter
suggest that a multi-tracer approach can signi®cantly
enhance the information gained when modelling a
study site, because uncertainties are reduced by
every additional tracer. Thus the approach of a
multi-tracer study combined with numerical modelling seems promising. A multi-tracer study involving
CFC-113 and one or more non-adsorbing tracers such
as 3H and 85Kr may provide insight in effective
adsorption processes for organic compounds on a
regional scale. Sorption characteristics may be transferred from CFC-113 to comparable organic molecules, such as chlorinated aliphatic hydrocarbon
contaminants, by ®rst deriving the partition coef®cient
KD for CFC-113 from the retardation factor according
to Eq. (1). In the next step the KD of any comparable
organic compound could be estimated from the KD for
CFC-113 using physicochemical properties of the
compounds, like for example solubilities in water or
octanol±water partitioning coef®cients. With this
procedure one would arrive at a semi-quantitative
estimate of the regional mean transport behaviour of
certain organic contaminants. Estimates of the adsorption coef®cients of these contaminants are not only
important for the assessment of their residence times
in the aquifer but also for the quanti®cation of the total
contaminant load of the aquifer, as even slight adsorption increases the total contaminant load considerably.
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