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/222TSUMMARY. Radon-222 ( Rn) can be used as a tracer to investigate exchange processes between
surface water and groundwater. A reliable method for the representative collection of groundwater
samples and the determination of 222Rn in water samples using liquid scintillation spectrometry was
developed for this purpose. The total error of the method is < ± 10 %. Groundwater measuring
profiles near a waterworks extracting bank-filtered water near Torgau on the Elbe were used to study
processes of exfiltration and infiltration. The passage of a flood wave across the bank was observed.
The infiltration velocity of river water was determined.

1. INTRODUCTION

The noble gas radon-222 (hereafter simply
referred to as radon) occurs naturally in all
groundwater. With a half-life of 3.8 days, it
makes an ideal tracer for tackling a whole
range of problems in environmental research
and hydrology. One important issue is
describing the exchange processes taking place
between surface waters and aquifers. For
example, studies of how rivers are fed by
groundwater have been performed by Ellins et
al (1), Genereux and Hemond (2), Yoneda et al
(3), and Hamada and Komae (4).
In 1989 Hoehn and von Gunten (5) proposed
using the increase in radon activity
concentration of infiltrating river water as it
passes through the river bank to determine
flow time. Similar studies have also been
described by authors such as Bertin and Bourg
(6), and Wilme et al (7).
The speed of infiltration is required in order to
determine infiltration rates - which in turn are
needed to size drinking water catchment
facilities with artificial groundwater
recharging and to study the alluvial meadow
ecosystem. When dimensioning well intakes
for the extraction of bank-filtered water, the
infiltration speed is important because water

quality must also be taken into account. A
significant share of the pollutant degradation
process takes place in the silting zone - a
biologically highly active area which is just a
few centimetres deep, and whose efficiency
also depends on the infiltration speed.
In all cases, the radon activity concentration in
the water must be determined using a suitable
method. Radon's low activity concentrations
in Pleistocene aquifers require high measuring
accuracy. Owing to radon's high mobility,
sampling itself must also be carried out
carefully.
This paper describes a reliable sampling and
measuring technique which uses liquid
scintillation spectrometry for the fast,
reproducible determination of the radon
activity concentration in groundwater. The
method also includes using radon to optimise
the pumping times of groundwater gauging
stations as described by Dehnert et al (8). The
technique developed was used to study the
infiltration of a river into the aquifer in the
catchment area of a water works extracting
bank-filtered water.
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2. SAMPLING AND RADON-
MEASURING TECHNOLOGY

2.1 Sampling
Sampling techniques depend on the kind and
origin of the water sample. The representative
collection of a groundwater sample in the field
and its transportation to the laboratory are
particularly difficult as radon escapes very
easily. Suitable groundwater observation wells
must be used. Although the best approach is to
use "nests of observation wells", "bundles of
observation wells" represent a good
compromise between sample quality and
construction costs.
Different water sampling devices (submersible
pump, membrane pump, bailer) were
compared to check their applicability.
Assessed in terms of radon concentration, the
fluctuations registered were below 1%.
Furthermore it was found that a pumping rate
of a submersible pump in the range between
0.15 and 1.92 m3/h does not exercise any
significant impact.
The sample vessel and the filling technique
must take into account radon's tendency to
escape. Consequently, the sampling device
chosen was a glass mensure calibrated to one
litre featuring a narrow neck sealed with a
polyethylene stopper and a teflon gasket. First
of all, 20 ml toluene scintillation cocktail is

turbulence and air bubbles. The filling
technique used was tried out in several series
of measurements. Radon loss after sampling
and transport was below 2%.

2.2 Radon measurement
In view of the advanced state of liquid
scintillation spectrometry, this measuring
technique was selected as being the most
suitable of the wide range of different options
for determining radon activity as described for
instance by Volkle and Borchardt (9).
The method detailed by Horiuchi and
Murakami (10) was adapted and modified to
determine activity concentration in water
samples. The radon dissolved in the water is
extracted by a toluene-based liquid scintillator
cocktail. After extraction the toluene phase is
separated from the water and the 222Rn activity
of this 20 ml cocktail is determined by liquid
scintillation spectrometry using a TRI-CARB
2550 TR/AB (Packard), which works in low-
level mode and has a special hardware and
software option for oc/p separation. The
optimum measuring time is 60 minutes. The
measuring error is < 3% for counting rates
between 40 and 8,000 cpm. Using comparison
measurement with gamma spectrometry, a
calibration factor of (8.3 ± 0.7) 10"3 Bq/cpm
was determined.
In order to check the correctness of the
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poured into the mensure. The water is then
poured in through a glass tube specially made
for radon measurement by underlying the
scintillation cocktail without air contact.
Sampling must be carried out free of

measurements, the TRI-CARB 2550 TR/AB
also allows the alpha spectra measured to be
evaluated by means of SPECTRAGRAPH
software (Fig. 1). oc/p separation can be used
to calculate the oc/p ratio - which in the case of
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222Rn ought to be 60:40. The radon activity at
the time of sampling is calculated by
regression following multiple measurements
taken over a period of 6 days. The detection
limit, calculated as 3 standard deviations often
background measurements, is 0.05 Bq/1. The
total error of the measuring method is < ±10%.

3. INFILTRATION STUDIES

3.1 Method
The technique put forward by Hoehn and von
Gunten (5) is based on the fact that river water
only contains a small amount of radon because
a turbulent current causes the mobile noble gas
to escape. Radon is constantly emanated by the
aquifer's grain structure in different
concentrations (due to geogenous factors),
entering the liquid phase of the water either via
reaction effects during alpha decay or
diffusion from the grain surface (Wilkening
(11)). As infiltrating, low-radon river water
flows through the aquifer, it continuously
absorbs radon, so that an equilibrium between
radon uptake and radioactive decay is
established. If the equation for the increase of
activity of a daughter nuclide until the state of
equilibrium is reached is resolved in terms of
time, the retention time of the infiltrate in the
aquifer can be determined. Radon's half-life of
3.8 d enables this for a time window of up to
15 days after infiltration, but also requires
ascertaining the radon activity concentration at
the gauging stations once a state of equilibrium
has been reached.

3.2 Study area
Work was carried out at a battery of wells at
East Torgau Waterworks Ltd., where bank-
filtered water is extracted as part of the long-
distance water supply system covering the
Elbe water meadows and the eastern Harz. The
Pleistocene aquifer consists of fluviatile-
glacifluviatile sediments and Holocene Elbe
gravel, and is up to 55 m deep. The
meandering Elbe is in direct hydraulic contact
with the aquifer. In 1991/1992 two ground-
water observation measuring profiles were set
up for research purposes. The profiles, each of
which is 2 km long, cross the Elbe and run
along the central well of a battery of wells up
to the hinterland. They enable depth-dependent
sampling in up to 5 horizons using ground-
water gauging stations and sunken membrane

pumps. Moreover, three silting gauging
stations enable sampling below the submerged
river bed.

3.3 Optimising the pumping times of
groundwater gauging stations
When measuring radon activity concentration
in an aquifer, the optimum pumping time of
the groundwater gauging station before
sampling is of key importance. Owing to its
short half-life of 3.8 days, the radon in the still
water of the gauging station decays over 26
days to 1% of its original level. Incorrect
pumping times lead to much more inaccurate
results with radon than with other parameters.
To eliminate this problem, a new and generally
applicable technique for determining the
optimum pumping times of groundwater
gauging stations based on reaching constant
radon activity concentration during pumping
was developed and used (Dehnert et al (12)).

3.4 Results and discussion
The groundwater of the individual layers of the
aquifer have characteristic radon activity
concentrations of between 5 and 70 Bq/1. The
petrographic structure of the aquifer and radon
activity concentration in the groundwater
largely correlate with each other. Although
according to Hoehn and von Gunten (5), radon
emanation needs to be macroscopically
constant in order to determine durations of
stay, this is not the case underground.
Therefore the technique was modified such
that the radon equilibrium concentration was
determined for each gauging station by
sampling the entire measuring profile during
the slow exfiltration of the groundwater into
the Elbe. This took place during the passage of
a flood wave (Fig. 2). Further the passage of a
flood wave across the bank could be observed
by means of radon activity concentration.
Fig. 3 depicts the situation at the crest of the
flood. The sharp drop in radon activity
concentration at all gauging stations indicates
water infiltrated from the Elbe. Areas with
activity concentrations < 8 Bq/1 are shaded by
way of illustration.
The durations of stay and the velocities of
infiltration and flow can be calculated from the
change in radon activity concentrations at the
individual gauging stations over time
compared to the equilibrium concentration.
For example, an infiltrate retention time in the

3



masl

85
Mean water

13.6.96

Water evel: 77.80 m asl

75

70

Coarse sand, fine gravel
13 9.0 8 - 1 79

+

13
+

16
+

14
+

14
+

14
+

16
+

23
+

+
15

11
+

. Medium sand, coarse sand < 8 Bq/I

10 20 30 40 50 m

Figure 2: Radon activity concentrations in Bq/1 in the measuring profile during exfiltration
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Figure 3: Radon activity concentration in Bq/1 in the measuring profile during infiltration

aquifer during the passage of a flood wave of
0.5 d was determined for the silting gauging
stations under the Elbe bed at an infiltration

speed of 1.7 m/d. This value corresponds
closely to estimates of quality parameters and
geohydraulic calculations.
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4. SUMMARY AND CONCLUSIONS

If 222Rn is to be used as a tracer in water, a
reliable technique for measuring radon must be
used in view of its frequently low activity
concentrations. The method chosen must also
include a representative sampling technique,
especially in the case of groundwater. The
accuracy of the method described here with
radon determination by liquid scintillation
spectrometry has been proved and found to
have a total error of < ±10%. The precision of
radon measurement is further improved by
spectral analysis and a/(3 separation.
Extensive correlation was detected between
the radon activity concentration of the ground-
water and the petrographic structure of the
aquifer at the Torgau aquifer studied here.
Nevertheless, the existence of a radon activity
concentration in the groundwater sufficiently
representative of the flow path, which is
required to determine the retention times of
bank-filtered water, can probably not be
counted on. The representative radon activity
concentration in the equilibrium needed to
ascertain the retention time of the infiltrate
was determined separately for each gauging
station by sampling the entire infiltration
measuring profile during a phase of slow
groundwater flow. The passage of a flood
wave through the bank zone of an aquifer was
observed. The infiltration speed of the Elbe
could at first only be calculated for a silting
gauging station beneath the bed of the Elbe.
The results indicate that naturally occurring
radon can provide under critical consideration
of the boundary conditions a suitable para-
meter for describing infiltration by a river.
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