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Zusammenfassung

Zusammenfassung

In der vorliegenden Arbeit wurde die Eignung des natilirlich vorkommenden,
radioaktiven Edelgas-Isotops Radon-222 (222Rn) zur qualitativen und quantitativen

Beschreibung von Grundwassereintrigen in Seen untersucht.

Als Grundlage fiir die Untersuchungen wurden zwei neuartige Techniken zur Vor-Ort
Bestimmung von Radon in Wissern entwickelt. Eine Methode erlaubt eine Detektion
von Radon aulBlerhalb (ex-situ), die andere eine Bestimmung von Radon innerhalb (in-
situ) des entsprechenden Wasserkdrpers. Bei der ex-situ Messung wird Wasser aus dem
Untersuchungsgewisser durch eine Austauschzelle geleitet. Innerhalb dieser Zelle wird
das im Wasser geloste Radon durch Diffusion in einen entgegengesetzt verlaufenden,
geschlossenen Luftstrom iiberfithrt und anschlieBend in einem Rade

detektiert. Bei der in-situ Radonbestimmung wird it aus ciucr scimipermeablen
Membran bestehendes Modul in die Wassersdule eingebracht. Ein angeschlossenes
Radonmessgerit erzeugt einen Luftstrom, der durch dieses Modul geleitet wird. Das in
der Wassersdule geloste Radon diffundiert anschlieend durch die Membran in den
entsprechenden, geschlossenen Luftstrom und wird durch diesen in das Radonmessgerit

geleitet und dort detektiert.

Beide Verfahren wurden zur Verifizierung mit herkdmmlichen Standardmethoden zur
Messung von Radon in Wissern verglichen. Alle Methoden zeigen in ihrer Effizienz
und zeitlichen Abhingigkeit in Bezug auf die Detektion von Radon-222 eine sehr gute

Ubereinstimmung.

Durch Kombination der neu entwickelten, mobilen Radonextraktionstechniken mit
einem geeigneten tragbaren Messgerit ist es moglich, das Radon-222 in Grund- sowie
Oberflichenwissern, d.h. innerhalb eines breiten Konzentrationsspektrums, mit

hinreichender Genauigkeit (2o-Fehler: <20 %) zu detektieren.

Radon-222 wurde anschlieBend eingesetzt, um die Grundwassereintrige in einen
meromiktischen und in einen dimiktischen See zu charakterisieren, d.h. es wurden zwei
Seentypen untersucht, die sich durch ihre jeweilige Wasserzirkulation grundsitzlich
voneinander unterscheiden. Grundlage fiir die Beschreibung von Grundwassereintrigen
in Seen mit Hilfe von Radon-222 als geochemischer Tracer bildet die Bilanzierung

simtlicher Quellen und Senken des Edelgases in Bezug auf eine reprisentative
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Wassersiule des entsprechenden Oberflichengewissers. An beiden
Untersuchungsstandorten konnte gezeigt werden, dass es basierend auf der Detektion
von Radon-222 méglich ist, sowohl eine qualitative Beeinflussung des
Seewasserkorpers durch Grundwasser nachzuweisen, als auch eine quantitative

Abschitzung der Grundwasserzuflussmengen durchzufiihren.

Zusammenfassend lédsst sich sagen, dass die Nutzung des Edelgas-Isotops Radon-222
als geochemischer Tracer die Anwendung von Vor-Ort Detektionstechniken mdglich
macht und somit eine schnelle, zuverldssige und kostengiinstige Beschreibung der

Grundwasseranbindung von Seen erlaubt.



Abstract

Abstract

In the presented work the suitability of the naturally occurring radioactive noble gas

(222

isotope radon-222 Rn) for qualitative and quantitative description of groundwater

discharge into lakes was studied.

Basis of these investigations was the development of two innovative techniques for the
on-site determination of radon in water. One method allows the detection of radon
outside the water body involved (ex-situ), the other within the said body (in-situ). In the
ex-situ radon measurement procedure, water from the source concerned is taken up in
an exchange cell used for this purpose. Inside this cell, the radon dissolved in water is
transferred via diffusion into a closed counter-flow of air and subsequently detected by
a radon-in-air monitor. Where the in-situ radon determination is concerned, a module
composed of a semipermeable membrane is introduced into a water column.
Subsequently, the radon dissolved in the water body diffuses through the membrane into
the corresponding air flow, by means of which it is transferred into a radon-in-air

monitor and is detected.

For verification purposes, both procedures were compared with conventional standard
methods for the measurement of radon in water. All methods used show very good
consistency in terms of their efficiency and the time required for the detection of radon-

222,

Combination of the developed mobile radon extraction techniques with a suitable and
portable radon monitor allow the detection of radon-222 with sufficient accuracy (2c-
error: < 20 %) in groundwater as well as in surface waters, i.e., within a broad range of

concentrations.

Radon-222 was subsequently used to characterize groundwater discharge into a
meromictic and a dimictic lake, i.e., two types of lake basically distinct from each other
with respect to their water circulation properties were investigated. Underlying basis of
the description of groundwater discharge into lakes using radon-222 as a geochemical
tracer is the balancing of all sources and sinks of the noble gas with reference to the
water column of the respective surface water body. It could be shown at both
investigation sites that it is possible to reveal a qualitative effect of groundwater on the

lake water as well as a quantitative estimation of the groundwater discharge rates based
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on the detection of radon-222.

In general, it can be stated that the use of the noble gas isotope radon-222 as a
geochemical tracer makes the application of on-site detection techniques possible and
that this in turn permits a rapid, reliable, and cost-effective assessment of groundwater

discharge rates into lake water bodies.
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] I Introduction

1 Introduction

Lakes are integral parts of the global hydrological system. Even though they just
represent a small part of the entire water volume on earth, lakes are of great importance
to humanity for water supply, as a source of power, for recreation, and for aesthetic
value, as well as to ecology for providing unique habitat for diverse communities of

flora and fauna.

Much interest in the hydrology of lakes is centred on water budgets. Water budgets are
needed in order to manage lake water volumes, to determine chemical budgets, and to
predict future development of the respective water resources. Water budgets are in
general defined by input and output terms. Potential sources of water to lakes are direct
precipitation, inflowing streams, diffusive surface run-off, and discharging
groundwater. Losses occur due to evaporation, streams, and subsurface outflow.
Although the relative importance of these input and output terms may vary greatly
according to physiographic and climatic settings, each term has the potential to

essentially influence the quality of the lake water.

However, historically groundwater discharge has been considered a minor component
of a lake’s overall water budget, and, as a result, it was often ignored (Harvey et al.
2000). In recent years the importance of groundwater discharge into surface waters has
been increasingly recognized because of its potential significance as a source of natural
and anthropogenically—derived dissolved chemical components. Since the
concentrations of dissolved species in groundwater are often higher than in surface
waters, even small amounts of groundwater input into surface waters may have
important effects. Furthermore, the exchange of water between aquifers and lakes
potentially provides a major pathway for chemical transfer between these hydraulically
connected water bodies. For instance, the migration of dissolved carbon, oxygen, and/or
nutrients coupled to such exchange processes must be considered a main driver for
biogeochemical processes on both sides of the groundwater/surface water interface
(Moore 2006, Swarzenski et al. 2006, Santos et al. 2008a, Santos et al. 2008b).
Nutrients, for example, if transported by discharging groundwater into a lake water
body can strongly influence the ecosystem of the lake (Shaw et al. 1990c, Gallagher et
al. 1996, Hayashi and Rosenberry 2002, Sebestyen and Schneider 2004) as well as the
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nitrogen/phosphorus ratio of the lake water (Hagerthey and Kerfoot 1998). While
nutrient input and the potentially resulting eutrophication are mainly an issue in heavily
fertilized areas, groundwater/lake water interactions are also important in other regions,
e.g. in former lignite mining areas. As shown by many authors, groundwater discharge
into open-pit lignite mining lakes is often associated with particular geochemical
reactions which are likely to have significant negative impact on the quality of the lake
water body (Evangelou and Zhang 1995, Géttlicher and Gasharova 2000, Knéller and
Strauch 2002, Knoéller et al. 2004, Blodau 2006). Lake water acidification due to
oxidation of sedimentary iron sulfides (pyrite, FeS;) can be exemplified as a
hydrochemical problem typically connected to such aquatic systems. Poor ecological
conditions of the lake and a resulting negative impact on the general economic value of
the entire post mining area are likely consequences. Furthermore, in the vicinity of
urban areas or industrial mega sites, dissolved contaminants such as pharmaceuticals
(Wiegel et al. 2004, Reinstorf et al. 2008) and heavy metals (Gandy et al. 2007) are not
only influential on the aquatic life and the biological properties of an affected water

body, but also on its overall water quality.

The relative impact of groundwater to a particular water body is controlled by the
underlying strata and the source of groundwater-derived constituents (Kishel and Gerla
2002, Swarzenski et al. 2007, Weinstein et al. 2007). The increase of groundwater
discharge into surface water is caused by natural, e.g. high precipitation rates, relief, and
hydraulic conductivity (Zektser and Loaiciga 1993) as well as anthropogenic factors,
e.g. pumping and irrigation (Santos et al. 2008b). These parameters can change the
pressure head, the most important single factor controlling groundwater flow and hence
groundwater discharge. Since alterations in either groundwater quantity or quality could
result in deterioration of lake (eco-)systems, knowledge of the complete water budget,
including groundwater contributions, is essential for the development of sustainable
water management strategies (Schneider et al. 2005). Thus, comprehensive
understanding of groundwater/lake water interaction and tracing of pathways between
these hydraulically connected systems are essential for the protection and the future
development of the respective water resources and are a significant contribution for

environmental protection.

Groundwater discharge is often patchy, diffuse, temporally-variable, and may respond
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to multiple driving forces (Shaw and Prepas 1990b, Sebestyen and Schneider 2001,
Burnett et al. 2003a, Schneider at al. 2005, Weinstein et al. 2007). Basically, there are
three approaches for measuring groundwater discharge: hydrologic modeling, direct
physical measurement with seepage meters, and use of geochemical tracers. Since
seepage meters only allow a spot measurement of the rate and the quality of discharging
groundwater (Lee 1977), many seepage meters are nceded in order to evaluate the
spatial and temporal variability of groundwater discharge (Shaw and Prepas 1990a,
Taniguchi et al. 2006). On the other hand, geochemical tracer signals, which are coming
into the surface water with the groundwater, are integrated by the water column.
Because smaller-scale variations are smoothed out that way, the tracer approach is a
very good way to deal with large spatial heterogeneity problems that are associated with
groundwater pathways (Cook et al. 2003, Burnett et al. 2006, Swarzenski 2007).
Therefore, naturally occurring substances, such as certain unstable (e.g. radium; Moore
1996, Kraemer 2005) or stable isotopes (e.g. ’H, "0, Yehdegho et al. 1997, Gibson et
al. 2002), dissolved noble gases (e.g. helium; McCoy et al. 2007), or anthropogenic
compounds such as SF¢ or CFC’s (Cook et al. 1995, Gooddy et al. 2006) are commonly
applied as geochemical tracers for the investigation of groundwater/surface water

interactions.

The naturally occurring radon-222 has also been applied successfully for assessment of
groundwater discharge into surface waters. For example, it has widely been used for the
study of groundwater interactions with coastal water (Cable et al. 1996, Burnett et al.
2003a, Chanton et al. 2003, Schliiter et al. 2004, Crusius et al. 2005, Burnett et al. 2008,
Cable and Martin 2008), as well as river water (Ellins et al. 1990, Cook et al. 2003, Wu
et al. 2004, Cook et al. 2006, Mullinger at al. 2007). However, just a few studies report
on using radon-222 as a tracer for the estimation of groundwater discharge into lake

water bodies (Corbett et al. 1997, Tuccimei et al. 2005, Kluge et al. 2007).

The research described in this dissertation aimed to assess the applicability of radon-222
as a geochemical tracer for the qualification and quantification of groundwater

discharge into lakes.

Radon is a radioactive noble gas. In Chapter 2 the processes of natural radioactivity,

statistics of radioactive decay as well as physical and chemical properties of radon are
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presented. Further on, the origin and the behavior of radon-222 in the (aquatic)
environment is reported and the applicability of the noble gas as a geochemical tracer is

discussed.

The usefulness of radon-222 as a tracer is limited by the time consuming nature of
collecting discrete water samples and conventional (laboratory) analysis procedures. In
Chapter 3 new approaches for the on-site determination of radon in water are presented.
Section 3.1 deals with continuous and discrete detection of radon in ground- and surface
waters by means of an ex-situ extraction cell. Section 3.2 reports a method for in-situ
determination of radon activity concentrations in surface waters by means of

hydrophobic membrane tubing.

Chapter 4 demonstrates the application of radon-222 as a geochemical tracer of
groundwater discharge into different lake environments. Section 4.1 reports on
groundwater discharge into an exemplary lignite mining lake. The lake is meromictic,
i.e., the water body is subdivided horizontally into two separate layers — the upper
mixolimnion (with seasonal mixing) and the lower monimolimnion (without seasonal
mixing). Section 4.2 presents a study on the assessment of groundwater discharge into a

dimictic lake, i.e., a water body with biannual mixing.
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2 Theoretical background
2.1 Physical and chemical background
2.1.1 Basics of radioactive decay

Radioactivity is a natural and spontaneous process by which unstable atomic nuclei emit
particles or radiate excess energy. These processes result in a transforming of an atom
(isotope, radionuclide) of one type, called the parent nucleus, to an atom of a different
type, called the daughter nucleus. The radioactive decay is a random process and is

subject to the laws of statistics.

Activity

The decay rate of an unstable nucleus is described by its activity, i.e., by the number of
atoms that decay per time unit. The unit of activity is the Becquerel (Bq), defined as one

€cay pcer secona: =18 umer A
decay p d: 1Bq=1s"(T 2007

The activity of a substance related to its mass is called specific activity (Bq kg™); the

activity related to its volume is called activity concentration (Bq 1" or Bq m™).

Decay law

The activity can be described by a linear differential equation, the so called decay law
(Eq. 2-1), where the number of atoms (dN) decaying in a given time interval (dt) is
proportional to the number of radioactive atoms present (N). The proportionality
constant is called the decay constant.

dN
A(t)=—-AN(t)=— -
(t) (t) 1t Eq. 2-1
A(t) activity [Bql
A decay constant [s™]

()
dt []
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The negative sign of the decay constant signifies a decreasing number of radionuclides
with time. The solution of Eq. 2-1 after integration with respect to time provides the

following relation.

N(t)=N,e™ Eq. 2-2
N(t) number of atoms at time t [-]
Ny number of atoms at time t = 0 [-]
A decay constant [s"]
t time [s]

The decay constant is dependent on the half-life of the respective radionuclide and can

be calculated by the transformation of Eq. 2-2 with respect to A.

In2
A=—o Eq. 2-3

tlﬂ'Z

A decay constant [s"]

s half-life [s]

The half-life is the time required for a quantity of atoms to decay to half of its initial
value, i.e., after one half-life 50 % of the initially present atoms will have decayed,
according to the statistic. The decay constant statistically refers to the probability of the
number of nuclei that will undergo radioactive transformation in a certain time interval.

Half-life and decay constant are characteristic properties of each radioactive isotope.

2.1.2  Modes of radioactive decay

In the following the three main types of radioactive transitions, i.e., alpha, and beta

decay, and gamma radiation are presented. A common feature in all described modes is
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the release of ionizing radiation, i.e., the energy of the released particles or radiation 1s
sufficiently high enough to remove electrons from atoms and molecules, respectively

(Turner 2007).

Alpha decay

Alpha decay is a process by which a so called alpha particle is emitted. The alpha
particle is structurally equivalent to the nucleus of a helium atom and consists of two
protons and two neutrons. It is emitted with discrete, element specific energies as a
decay product of many radionuclides; predominantly with an atomic number higher
than 82. For example, the radionuclide polonium-216 decays by alpha particle emission

to yield the daughter nuclide lead-212:

212

HePo—’Pb+iHe +6.78MeV Eq. 2-4

Beta decay

In beta decay a beta particle (an electron or a positron) is emitted. In the case of electron
emission, the process is referred to as "beta minus" (), while in the case of positron

emission it is referred to as "beta plus" (B") decay.

In B~ decay, a neutron (n”) is converted into a proton (p") while emitting an electron (&)

and an anti-neutrino (V). In B" decay, a proton is converted into a neutron while

emitting a positron (¢") and a neutrino ({v).

Gamma radiation

The daughter nuclides produced by alpha and beta decay are often obtained in an
excited energy state. The energy associated with this excited state is released when the
nucleus returns to its ground state by emitting a photon. The emitted electromagnetic
radiation is called gamma radiation. Thus, the emission of gamma radiation is not a
mode of radioactive decay (such as alpha and beta decay), it is rather a mechanism by

which excess energy is emitted from certain radionuclides, i.e., highly energetic
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electromagnetic radiation emitted from the nucleus of the atom.

2.1.3  Statistics of radioactive decay

Measurements always have errors, i.e., differences between the actually measured value
of a physical quantity and the true value of the same physical quantity cannot be
avoided. Therefore the estimation of measurement uncertainties is central to the concept
of measurement. In statistics two types of measurement errors are distinguished:

systematic and random errors.

A systematic error is any biasing effect in the environment, in the methods of
observation or in the instruments used, which introduces error into an experiment in a
way that it always shifts the results of an experiment in the same direction. All
measurements are prone to systematic error. Constant systematic errors are very
difficult to deal with, because their effects cannot be dealt with by just repeating
measurements or averaging large numbers of results. A common means to remove a

systematic error is the observation of a known process, i.e., through calibration.

Random errors, on the other hand, are mainly due to the statistical nature of processes
observed, as for instance in the case of radioactive decay. Thus, random errors can be
evaluated by methods of statistics, in contrast to systematical errors. In general, random
errors affect the precision of measurements while systematic errors influence the

accuracy of measurements (Menditto et al. 2007).

Radioactive decay as a random process is subject to the laws of statistics. Counting
statistics provides the means to describe the average behavior of nuclear decays in a
certain sample and is used to express the probability of obtaining a given count within a
certain confidence interval. If radioactive decay occurs within a certain time interval the
process can be described by a continuous probability distribution (Gaussian
distribution). This distribution is characterized by two independent parameters: the
arithmetic mean and the standard deviation. The arithmetic mean of all counts within a

certain time interval can be calculated by following equation (Turner 2007).
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>l

Xi

i:le‘ Eq.2-5

arithmetic mean
n-Measurements

measurement value

The standard deviation of values is a measure of the spread of its values compared to

the arithmetic mean and can be calculated applying Eq. 2-6 (Turner 2007).

Xj

=l

o= lZ:(xi -x) Eg. 2-6

standard deviation
n-Measurements
measurement value

arithmetic mean

By applying of these two parameters the Gaussian distribution can be written as the

probability density for the continuous random variable x (Eq. 2-7, Turner 2007). The

application of Gaussian distribution leads to confidence intervals (o), which are very

important for counting measurements. Confidence intervals are divided between +lo,

+26, and +30, i.e., lo covers 68 %, 26 95 %, and 3¢ 99 % of all values within the

Gaussian distribution (Figure 2-1).

p(x)= ng exp{— (xz_;)g } Eq.2-7
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68 % of values

95 % of values

99 % of values : ‘ g
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Figure 2-1: Gaussian distribution with specific confidence intervals (Turner 2007, modified).

2.1.4  Physical and chemical properties of radon

Radon (Rn) is an element of the noble gas group. It is monomolecular, colorless,
odorless, and savorless. With a density of 9.73 g I"" it is the heaviest and with 202.15
and 211.35 K it has the highest melting and boiling points, respectively, of all noble
gases (Weigel 1978). Some characteristic properties of radon are summarized in Table

2-1.

In spite of its noble gas properties and the resulting stable electron configuration, which
leads to a chemically inert behavior, some chemical compounds of radon are known. In
laboratory tests (unstable) compounds between radon and fluoride (RnF>, RnF4, RnFg;
Avrorin et al. 1981) and the solution of radon in different fluoride compounds as well as
a fixation of radon as clathrates were observed (Weigel 1978, Stein 1983). Likewise an
adsorptive fixation of radon on activated carbon (Cohen and Nason 1986, Bocanegra
and Hopke 1988, Gaul and Underhill 2005) and silica gel (De Jong et al. 2005) was

reported.



11

2 Theoretical background

Table 2-1:  Properties of radon-222 under standard state (T = 273.15 K, p = 101 325 Pa;
Weigel 1978, Stein 1983, Cothern 1987, Wilkening 1990).

Atomic mass (relative) 222 g mol”

Atomic radius (calculated) 120 pm

Atomic volume 50.5 cm® mol™
Density 9.73g1"

Electron configuration [Xe] 4f'* 5d"° 65 6p°
Electrons per energy level 2,8,18,32,18, 8
Electronegativity (absolute) 5.1eV

First ionization energy 1037 kJ mol”
Conductivity (thermal) 0.00364 W m™ K!
Molar volume 50.5 % 10 m* mol
Radius (covalent) 145 pm

Enthalpy of fusion 2.89 kJ mol”
Melting point 202.15 K

Boiling point 211.35K

Enthalpy of evaporation 16.40 kJ mol™
Specific heat capacity 94 I kg K

Besides the mentioned chemical and adsorptive compounds radon also dissolves in
aqueous and non-aqueous phase-liquids. For the description of the solution behavior of
radon in aqueous liquids and the resulting partition behavior of the noble gas between
the aqueous liquid and the surrounding air the “theory of regular solutions™ can be
applied (Hildebrand 1929, Scatchard 1931). This theory uses as parameters for the inter-
molecular forces in the liquid phase the so called “cohesive energy density”. This term
is defined as the ratio of the enthalpy of evaporation and the respective molar volume of
the liquid phase (Eq. 2-8).

The square root of the cohesive energy density is called the Hildebrand solubility
parameter (8) - named after the physicist Joel Hildebrand. If a liquid phase characterized
by a high Hildebrand parameter is mixed with a liquid phase characterized by a low
Hildebrand parameter (and vice versa), much more energy is required for mutual
dispersion than can be gained by the actual mixing process resulting in immiscibility.
On the other hand, two liquid phases with similar Hildebrand parameters gain sufficient

energy on mutual dispersion to result in an energy balance that allows miscibility.
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AH, —RT
S Eq. 2-8
¢ cohesive energy density i
AHy enthalpy of evaporation [kJ mol™]
R general gas constant [J mol' K
temperature [K]
Vo molar volume [1 mol™]

The Hildebrand solubility parameter is used for the thermodynamic description of liquid
phases. If gases, such as radon, are considered, i.e., if the Hildebrand parameters of
liquids are to be compared to those of gases, the gases have to be treated as
hypothetically liquid solutes at atmospheric pressure (Prausnitz et al. 1986). If a gas has
a Hildebrand parameter close to that of a liquid, gas and liquid show good mutual
solubility (Steinberg and Manowitz 1959).

By using Eq. 2-8 and the data given in Table 2-1 the Hildebrand parameter for radon

amounts to about 18.1 MPa'”

. Water, on the other hand, shows a Hildebrand parameter
of about 47.9 MPa'?. The resulting specific solubility of radon in water can be
expressed by the temperature dependent partition coefficient of radon (ki) between

water and the surrounding air (Eq. 2-9)

w
wiair — g%g Eq. 2-9

Ky/air radon partition coefficient between water and air [-]

Ch, radon activity concentration - water [Bqm™]

cr radon activity concentration - air [Bqm?]

Weigel (1978) developed an empirical regression equation (Eq. 2-10) for the estimation
of the radon partition coefficient between water and air by using Eq. 2-9. This

temperature dependent partition coefficient (kwuir) expresses the ratio of the equilibrium
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radon activity concentration between water and air. For instance, the partition

coefficient of radon in water for a temperature of 25°C is 0.25.

Kuwsair = 0.105 + 0.405 ¢ 02T Eq. 2-10
Kuair radon partition coefficient between water and air [-]
i} water temperature [°C]

Non-aqueous phase-liquids (NAPL’s), like toluene, benzene, or xylene have Hildebrand
parameters which are similar to radon (Table 2-2), i.e., the solubility of radon in NAPL
is much better than in water. The resulting radon retardation by NAPL allows the use of
radon activity concentration patterns for localizing and assessing residual NAPL
contamination of aquifers (Semprini et al. 2000, Hoehener and Surbeck 2004, Lau et al.
2004, Schubert et al. 2007a, Schubert et al. 2007b).

Table 2-2: Hildebrand parameter (3) of selected liquid phases and their partition coefficients
(ki) at 23°C (Barton 1991).

Liquid phase [leam] co:fag(tzligﬁtn [-]
Water 47.9 0.25
Hexane 14.9 16.56
Benzene 18.8 12.82
Toluene 18.2 13.24
Xylene 18.0 15.40
Methanol 29.6 371
Ethanol 26.0 6.17
[sopropanol 243 6.16
2-Butanol 22.1 7.58
Glycerol 33.7 0.21
Acetone 20.2 6.30
Diethyl ether 15.1 15.08
Formic acid 24.7 1.05
Acetic acid 20.7 4.43

Butyric acid 21.5 7.52
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2.2 Geological background

2.2.1 Radon as part of the natural decay chains

Radon occurs naturally in five different isotopes. The three most important are actinon
(radon-219), thoron (radon-220), and radon (radon-222). These isotopes are members of
the natural radioactive decay chain of uranium-235, thorium-232, and uranium-238,
respectively, in which radon is produced via a-decay from its parent nuclide radium

(Ra) and decays to polonium (Po). End members of each decay chain are stable isotopes

of lead (Table 2-3).

Table 2-3:

Selected members of the naturally decay chains of uranium-238, thorium-232 «
uranium-235, their respective half-lives, and decay modes. The short-lived radon

progeny is marked in grey (Schubert 2006, modified).

Uranium-238- Thorium-232- Uranium-235-

_ chain chain chain
Origin isotope U-238 Th-232 U-235
Half-lifet;,,  447x10°a  141x10%a  7.04x10%a
Decay o a a
Radium Ra-226 Ra-224 Ra-223
Half-life t,, 1600 a 3.66d 11.44d
Decay o a o
Radon Rn-222 Rn-220 Rn-219
Half-life t, 3.82d 55.6s 3.96s

Decay o a o

i Pélomum
Hal:E ife

L :
L il
-

i ‘ TR
Lead as stable

Pb-206 Pb-208 Pb-207
endmember
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The four daughter nuclides of radon-222 (polonium-218, lead-214, wismuth-214, and
polonium-214) are characterized by very short half-lives, i.e., they decay virtual
instantly in relation to radon. In a so called secular equilibrium the quantity of the four
daughter nuclides remains constant because its production rate (due to the decay of
radon) is equal to its decay rate. Hence, between the four daughter nuclides and radon a
radiogenic decay equilibrium is built up, which achieves 97 % after 150 min (cf. Eq.
2-2, Eq. 2-3), i.e. after five half-lives of lead-214 (t;,, = 26.8 min), as the longest-lived

of the four.

With respect to the very short half-lives of radon-219 (t;» = 3.96 s) and radon-220
(ti2=155.6 s), only radon-222 (t;2 = 3.82 d) is predestinated for the investigation of
(hydrological) processes which occur within a time scale of up to four half-lives, i.e.,
about 16 days (Hoehn and von Gunten 1989). Hence, all investigations described in this
thesis are concerned only with the isotope radon-222, which is from here on solely

referred to by the term “radon”.

2.2.2  Radon as an omnipresent component of groundwater

Radon is the daughter nuclide of radium-226, which, in turn, derives from the decay of
uranium-238. In all igneous, sedimentary, and metamorphic rocks uranium and radium
are ubiquitous elements. The quantity of radon produced within rocks and, hence, in the
grain framework of an aquifer depends directly on the specific activity of radium-226
(Aga) within the mineral matrix. A few examples for mean specific radium-226

activities of different rocks species are shown in Table 2-4.

Within the mineral matrix of an aquifer radon is produced continuously because of the
a-decay of radium within the ion grid. The liberated kinetic energy during this process
(~ 90 keV, Sun and Semkow 1998) leads to a vectored acceleration of the radon atom.
For minerals, the recoil range of radon atoms varies between 0.02 and 0.07 um (Tanner

1980, Sun and Semkow 1998, Cecil and Green 1999).

A diffusive emission of a radon atom from the mineral matrix into the surrounding pore
space is negligible (Cecil and Green 1999), because of the half-life of radon and its

small diffusion coefficient in crystal media of around 10* m?® s (Tanner 1980). Half-
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life and diffusion coefficient allow diffusion lengths' in crystal media of about 107 to

{2 pm (Nazaroff 1992).

Table 2-4:  Mean specific radium-226 activities of rock species (Nazaroff et al. 1988).

Rock classification Rock A-R EEZ;: l((zc!a]am) N;::;ﬁ;:f
Alkali-Feldspar-Pluton Syenite 692 75
Alkali-Feldspar-Volcanic rock Phonolite 368 138
Acid Pluton Granite 78 569
Acid Volcanic rock Rhyolite 71 131
Intermediate Pluton Diorite 40 271
Intermediate Volcanic rock Andesite 26 71
Alkaline Pluton Gabbro 10 119
Alkaline Volcanic rock Basalt 11 77
Metamorphic Igneous rock Gneiss 50 138
Metamorphic Sedimentary rock  Slate 37 207
Evaporite Limestone 25 141

Because of the insignificant diffusive part the only way for radon to leave the mineral
matrix is recoil by the decay of radium. Only radon atoms which are produced in close
vicinity to the grain surface area (within the recoil range), and which are accelerated
into the direction of the grain surface have a chance to reach the pore space (Figure 2-2:
A, B, E). In the pore space the radon atom is less braked than in the mineral, hence,
recoil lengths within the pore space are much larger. If the pore space is saturated with
water recoil distances are around 0.1 um (Tanner 1980), in the unsaturated pore space
recoil length can reach up to 63 pm (Tanner 1980, Sun and Semkow 1998, Cecil and
Green 1999).

The escape of radon from the mineral matrix into the pore space is called radon-

emanation. The ratio of the amount of radon, which leaves the mineral matrix, and the

total radon, which is produced within the mineral matrix, is described by the emanation

' Diffusion length is a distance on which the concentration of a radioactive material is reducing about the
factor ' by the diffusion through a non-radioactive media (Bonotto and Andrews 1997).
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coefficient (Eq. 2-11, Tanner 1980). Emanation coefficients of different mineral

materials are shown in Table 2-5.

g= Lo Eq. 2-11
NP
£ emanation coefficient [-]
N°  number of radon atoms which emanate into the pore space [-]

NP number of radon atoms which are produced in the mineral grain [-]

Table 2-5: Emanation coefficient (&) of mineral materials.

Material £ Reference
Bedrock (hackled)
Gneiss (4 % water saturation) 0.05-0.60  Przylibski 2000
Granite (4 % water saturation) 0.05-0.15  Przylibski 2000
Basalt (unknown moistness) 0.03-0.08  Barretto 1975
Conglomerate (unknown moistness) 0.02-0.10 Barretto 1975
Sandstone (unknown moistness) 0.03-0.12  Barretto 1975
Argillite (water saturated) 0.04-0.16  Ferry et al. 2002
Soil (unknown moistness)
Sand 0.06-0.18  Nazaroff et al. 1988
Loam 0.17-0.23  Nazaroff et al. 1988
Clay 0.18-0.40 Nazaroffetal. 1988
Different soils 0.06-0.32  Greeman and Rose 1996
Minerals (hackled, unknown moistness)
Plagioclase 0.02 Krishnaswami & Seidemann 1988
Hornblende 0.03 Krishnaswami & Seidemann 1988
Biotite 0.03-0.07 Barretto 1975
Monazite 0.002 Barretto 1975

Besides the radium content of the mineral matrix the spatial distribution of radium

within a mineral grain and the resulting radon emanation coefficient are responsible for

the radon activity concentration in the intra- and intergranular pore space.

In natural aquifers mineral grains are often characterized by an inhomogeneous radium

distribution, because radium can be preferential enriched in secondary mineral phases,
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e.g. in surface coatings (Andrews and Wood 1972, Tanner 1980, Ball et al. 1991,
Purtscheller et al. 1995). Especially iron- and manganese oxides as well as manganese
hydroxides are adapted to precipitate radium (and uranium) from a liquid solution and
enrich those on mineral grains in a form of coatings. Furthermore, reducing conditions
within an aquifer leads to precipitation and enrichment of uranium at mineral surfaces
(Michel 1987, Schumann and Gundersen 1996, Porcelli and Swarzenski 2003). On the
other hand, oxygen rich aquifers lead to a (re-)mobilization of uranium from the
secondary minerals. Hence, although secondary minerals enlarge the radon emanation,
other parameters, like redox- and temperature conditions and pH values influence the
radon emanation of the grains within an aquifer (Abdelouas et al. 1998, Almeida et al.

2004).

Additionally, size and shape as well as the resulting specific surface area are important
parameters for the emanation power of a mineral grain (Rama and Moore 1984,
Schumann and Gundersen 1996, Bonotto and Andrews 1997). In general, an increase in
the specific surface area of a grain leads to an increase of the emanation coefficient
(Figure 2-2: C; Bossus 1984, Semkow and Parekh 1990, Semkow 1991, Maraziotis
1996, Przylibski 2000, Porcelli and Swarzenski 2003).

Further on, a key parameter for the activity concentration of radon within a pore space
is the dry density of the matrix. The higher the porosity within an aquifer, i.e., the lower
the dry density of the mineral matrix, the lower the number of the emanating radon
atoms into the pore space. At the same time it has to be considered that at high packing
density emanated radon atoms can drive into adjacent grains and hence are lost for the

radon balance of the groundwater (Figure 2-2: D).



19 2 Theoretical background
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Figure 2-2: Schematic illustration of emanation processes (Tanner 1980, modified).

Two mineral grains are in contact with water. Radium-226 atoms decay yielding a radon-222
atom. r: maximal recoil range of radon atoms within the mineral grain. A, B: The radon atoms
lie at greater depth within the mineral grain than the recoil range. C: The radon atom escapes
Jrom the mineral grain into a saturated pore space and is free to diffuse through the pores. D:
The radon atom escapes from the grain and buries itself into an adjacent grain. E: The radon
atom escapes from the mineral grain and loses the remainder of its recoil energy in the water
and is free to diffuse through the pores.

Considering all mentioned parameters the radon activity concentration of groundwater
can be quantified using Eq. 2-12 (Andrews and Wood 1972).

co EA;__% Eq.2-12
[ radon activity concentration - groundwater [Bq m'3]
£ emanation coefficient [-]
Aga specific radium-226 activity [Bqkg']
pay  dry density ke m?]

0] porosity [-]
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2.2.3 Radon migration in groundwater

An aquifer is a multi-component system: unconsolidated rocks and bedrocks are the
spatial fixed subsystem; the pore space filling fluids (water: saturated; water and air:

unsaturated) are the corresponding mobile subsystem.

As it was shown in the last section radon is an omnipresent component of groundwater.
However, the radon activity concentration of groundwater depends on different specific
aquifer parameters, as described by Eq. 2-12. Hence, in geochemical and petrographical
homogeneous aquifers a homogeneous distribution of the radon activity concentration is
expected. In contrast, in geochemical and petrographical heterogeneous aquifers the
radon activity concentration is also non-uniform distributed. The build-up of lateral
radon distribution patterns are the result of different local changes within the aquifer
composition. Further on, in dependence on groundwater velocity abduction processes of
the radon activity concentration from one aquifer area to another petrographical
different are possible. The decay equilibrium of radon between the aquifer matrix and
contacting groundwater justifies after 20 days to 97 % (cf. Eq. 2-2, Eq. 2-3), i.e., the
distances over which a significant disequilibrium between radon activity concentration
of the groundwater and the specific radium activity of the aquifer material is preserved

is even in the case of high groundwater velocities only a few meters.

Changes in the hydrostatic potential field within an aquifer lead to an advective
transport of radon. This process can be described by Darcy’s law, which formulates the
flow of groundwater volume per time and drained cross sectional area as function of the
groundwater velocity. Hence, the advective radon transport is dependent on the

groundwater velocity and can be described as follows.
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The groundwater velocity is proportional to the attached pressure gradient (Eq. 2-14).

The proportionality constant is defined by the permeability of the aquifer material and

the dynamic viscosity of the groundwater. By the application of a one dimensional

approach the particle flow is orientated from the higher to the lower pressure, on the

other hand, the pressure gradient is vice versa. Hence, the proportionality constant

shown in Eq. 2-14 has a negative sign.

L K[
2 n\ oz

groundwater velocity
permeability - aquifer

dynamic viscosity - groundwater

pressure gradient

Eq. 2-14
[ms™]
[m’
kg m" 5]
[kg m's? m'l]

Concentration differences within an aquifer lead to a radon migration. This process is

based on Brownian motion and can be explained by molecular diffusion. Diffusion is

the movement of particles of a substance from an area of high concentration to an area

of low concentration, resulting in the uniform distribution of the substance. Hence, it is

a vectorial movement mechanism, which is independent from water movement. The
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diffusion process can be described mathematically by the diffusion equation. This
equation is derived from Fick's law, which states that the net movement of diffusing
particles per unit area of section (“flux”) is proportional to the concentration gradient,
and is towards lower concentration (Eq. 2-15). The constant of proportionality is the
molecular diffusion coefficient of radon (D, Dy = 1.14 x 107 m* s at 18°C, Rona

1917).

aC
T ==Dyy - Eq. 2-15
Jaier diffusive flux [Bgm™s']
D, molecular diffusion coefficient - radon [m2 5'1]
aC o
6_ concentration gradient [Bgm™ m]
z

The positive diffusive flux is directed from the higher to the lower concentrations. The
concentration gradient, on the other hand, shows vice versa. Hence, the proportionality

constant shown in Eq. 2-15 has a negative sign.

Diffusion is a flux through a medium, i.e., the material in which diffusion takes place is
an essential parameter for the characterization of the diffusion coefficient. Hence,
diffusion within a surface water body and diffusion within a saturated sediment matrix

are two different processes.

The diffusion coefficient within sediments (Dg) describes the limited diffusive
movement of material within the saturated sediment matrix because of the interaction
between aquatic and solid phases (e.g. physicochemical properties of the solid phase,
ionic strength of the liquid phase at the pore space). Dg is mainly characterized by the
geometry of the pores. The geometry of the pore network, on the other hand, is
described by the parameter tortuosity. Tortuosity is defined as the ratio of the distance
that an ion or molecule travels around particles (e.g. grains) and the direct path towards
lower concentration (Maerki et al. 2004). The relation between Ds and tortuosity is

given by Eq. 2-16 (Maerki et al. 2004).
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D, = = Eq.2-16
Ds diffusion coefficient - sediment [m’s™']
Dw diffusion coefficient - water [m®s™]
0 tortuosity [-]

The directly determination of tortuosity is difficult and time consuming (Van Rees et al.
1991, Iversen and Jargsen 1993, Maerki et al. 2004). Therefore, for the determination of
Ds a mathematical approach introduced by Ullman and Aller (1982) can be used (Eq.
2-17).

Ds =Dy @ Eq. 2-17
Ds diffusion coefficient - sediment [m®s™]
Dw diffusion coefficient - water m”s™]
0] sediment porosity [-]

The diffusion coefficient of radon in surface water (Dw) can be calculated using an

empirical temperature dependency expression developed by Peng et al. (1974).

-logD,, =[$)+1.59 Eq. 2-18
Dw diffusion coefficient - water [m2 s
T temperature [K]

By using Ds the non-steady-state, i.e., the spatial and temporal dependent diffusive
radon flux within a porous sediment matrix can be described by using Fick’s second

law.
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S, 5 608, T TC Eq.2-19
diff at S axz 5}'2 621 q. 2-
Jaise diffusive flux [Bqm?s]
Ds diffusion coefficient - sediment [m’s']

5

a(v)”

o . . L 3 -
[ ] concentration gradient in x-, y-, z-direction [Bqm~ m™]

Besides advection and diffusion, radon migration within an aquifer is also influenced by
dispersion. Dispersion describes the solute spreading about the mean motion caused by
local fluctuations in groundwater velocity (Freeze and Cherry 1979, Jensen at al. 1993).
Hence, this parameter is an additional flux dependent contribution to the radon
migration within an aquifer. The dispersion flux can be described mathematically by
Fick’s first law. In the according equation (Eq. 2-20) the constant of proportionality is

defined as the dispersion coefficient.

aC
J. =-D —— i
disp P 5z Eq. 2-20
-Idisp diSp@I’SiOn flux [Bq m?2 S‘]]
Dp dispersion coefficient - groundwater [m®s]
[Z—CJ concentration gradient [Bqm™m’]
A

The dispersion coefficient is directly related to groundwater velocity and can be

calculated with the term dispersivity (Eq. 2-21).

D,=1v,, Eq. 2-21

Dp dispersion coefficient - groundwater [m’s™]
T dispersivity [m]

Viw groundwater velocity [m s'l]
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Dispersivity is a property of the porous medium. It is connected to the heterogeneous of
the aquifer and to the scale on which the transport takes place. Dispersion is an
anisotropic process even if the medium in which the process takes place shows isotropic
properties. Thus, in a three dimensional room the dispersion coefficient can be
described mathematically by a tensor, which simplifies to identity matrix, if the flux is

one dimensional directed, e.g. in the case of groundwater movement.

Using the advection, diffusion, and dispersion terms (Eq. 2-13, Eq. 2-19, Eq. 2-20) and
in consideration of continuous radon decay and radon production the radon migration
within an aquifer can be described by a one dimensional advective-diffusive-transport
model. However, considering that within an aquifer, pressure- and concentration
gradients are one dimensional directed, dispersivity, porosity, specific radium-226
activity, and radon activity concentration are constant and the radon migration is not
influenced by the diffusion of other substances, the general radon transport model

simplifies to Eq. 2-22 (Craig 1969).

ocC 0* acC
—=Dy—+v,—+AC_ —-AC=0 . 2-
at 9z ™oz Eq. 2-22
Ds diffusion coefficient - sediment [m®s™]
8*C o . . g3
Py diffusive concentration gradient [Bgm™ m]
=
Vi groundwater velocity [ms”]
oC ; ; . 3
6_ advective concentration gradient [Bgm~ m]
z
L Cy radon production - aquifer [Bqm™s']
AC radon decay - aquifer [Bqm™s']

In general a diffusive migration of radon within an aquifer is negligible because of its
small diffusion coefficient. Thus, the transport of radon in groundwater is controlled by

the advective migration only, i.e. it is directly dependent on the groundwater velocity.
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2.3 Applicability of radon as a natural geochemical tracer for study of
groundwater discharge into lakes

The high potential of radon for being used as a naturally occurring geochemical tracer
for the study of groundwater discharge into surface water is generally due to three main

characteristics.

The first property to be named is the ubiquitous occurrence of radon in the environment.
As direct decay product of radium-226, being part of the natural uranium-238 decay
chain, radon is produced in and emanated by virtually all kinds of mineral material.
Radon that is emanated by an aquifer matrix enters the groundwater that occupies the
aquifer pore space. Depending on the specific radium-226 activity and other aquifer
material properties radon activity concentrations in groundwater generally vary between

about 1 and 50 Bq 1" (cf. section 2.2.2).

Surface waters contain radon as well. However, activity concentrations are typically two
to three magnitudes below the activity concentrations found in groundwater. The low
radon activity concentration that is characteristic for surface waters is due to (1) the
limited contact of surface water bodies to radon emanating mineral material, (2) the
usually low activity concentrations of dissolved radium-226 in the water, and (3) the
radon half-life of 3.8 days. This half-life causes a radon diffusion length in (ground-)
water of only about 2 cm (Tanner 1964), which normally results in a very sharp activity

concentration gradient at the groundwater/surface water interface.

The second property, which has to be named as advantageous for the use of radon as a
geochemical tracer, is its biologically and chemically inert behaviour. Due to its noble
gas configuration radon does neither interact with mineral material or microorganisms,
nor does its mobility depend on the chemical conditions preseht in the aquifer. Although
some chemical radon compounds have been observed in laboratory experiments (cf.
section 2.1.4), radon dissolved in groundwater is virtually not retarded while migrating
with the groundwater through the aquifer even in very reactive environments (Treutler
et al. 2007). The only exception here is the significant decrease of radon activity
concentration in the groundwater if residual non-aqueous phase-liquid (NAPL) is
present, a characteristic which is due to the in general very good solubility of radon in

NAPL (cf. section 2.1.4).
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The third reason predestining radon as a geochemical tracer is the fact that radon, in
contrast to other geochemical tracers such as stabile isotopes or SFg, does not merely
allow tracing of groundwater migration pathways; it can also be used for assessing
groundwater migration processes as a function of time. If surface water enters an
aquifer, radioactive equilibrium between the water and the aquifer matrix will not be
reached before about four radon half-lives have passed. Hence, the short half-life of
radon permits the investigation of hydrological processes occurring within a time scale

of up to 16 days (Hoehn and von Gunten 1989).
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3 On-site techniques for determination of radon in water

3.1 Continuous and discrete on-site ex-situ determination of radon in
ground- and surface waters

3.1.1 Introduction

Radon-in-water activity concentrations are conventionally detected by means of liquid
scintillation counting (LSC) applying either water soluble scintillators or organic
scintillation liquids after radon extraction into these organics (Pates and Mullinger
2007). A disadvantage of this conventional detection method is the fact that, if radon
activity concentrations are low, background noise, precision, and accuracy of mobile
LSC equipment is in most cases insufficient. Hence, laboratory measurements are
required, an approach that is rather time consuming. Since large surface waters bodies,
such as rivers or lakes, lack considerable contact to radon emanating mineral surfaces,
they show significantly lower radon activity concentrations than groundwater and
sediment pore waters. Hence, conventional LSC is not the method of choice if extensive
radon surveys or on-site measurements of radon in groundwater wells or along track

lines at surface waters are required.

Due to the limited on-site applicability of conventional LSC and the need of continuous
and discrete radon-in-water measurements several alternative detection methods have
been developed (Key et al. 1979, Mathieu et al. 1988, Stringer and Burnett 2004,
Schubert et al. 2006a). They are based on stripping of radon from the water into a
carrier gas and measuring the respective radon-in-gas activity concentration using a
Lucas scintillation cell or a mobile radon-in-gas monitor. For example, Burnett et al.
(2001) and Burnett and Dulaiova (2003) introduced a detection technique, in which the
water is sprayed through a nozzle into the head space of an air filled extraction chamber
("RADAqua", Durridge Company, Inc.) that is combined with a mobile radon-in-air
monitor. In the extraction chamber a part of the radon degasses from water sprayed into
the air volume. The radon activity concentration equilibration between water and air is
facilitated by the very fine droplets leaving the nozzle, i.e., by the large and

continuously renewed water/air interface.

In general radon activity concentration equilibrium between water and air is determined
by the respective partition coefficient. This coefficient depends on the temperature in

the system as it was given in Eq. 2-10 (Weigel 1978).

In the following chapter a robust and straightforward method for on-site ex-situ
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determination of radon activity concentrations in water is presenied. The methodical
approach is based on the principle of liquid-gas-membrane-extraction. The used
extraction cell, which consists of hollow polypropylene fibres, allows radon stripping
from the water of interest into a connected closed air loop. The resulting radon-in-air
activity concentration, which can easily be re-converted into the original radon-in-water
activity concentration is measured by means of a standard mobile radon-in-air monitor.
The experimental setup allows radon detection in discrete water samples as well as in

continuous water pump streams.
The study discussed in the following section has been published in a modified form as:

Schmidt, A., Schlueter, M., Melles, M., Schubert, M. (2008). Continuous and discrete
on-site detection of radon-222 in ground- and surface waters by means of an extraction

module. Applied Radiation and Isotopes, doi:10.1016/j.apradiso.2008.05.005.

3.1.2 Material

Equipment

The equipment applied for the measurement of radon activity concentrations in both,
pump streams of continuously running water and discrete samples, consists of two main
parts: a standard mobile radon-in-air monitor and a hollow fibre membrane extraction

cell applicable for radon membrane extraction.

Mobile radon-in-air monitor

For all experiments the RAD-7 (Durridge Company, Inc.) was used as mobile radon-in-
air monitor., The monitor consists of a one litre half-spherical detection chamber. It
allows determination of radon-in-air activity concentrations by detecting the short-lived
a-emitting radon progeny polonium-218 (t;» = 3.05 min; a-energy 6.00 MeV) and
polonium-214 (t;,; = 164 ms; a-energy 7.69 MeV) using a passivated implanted planar
silicon alpha detector (PIPS). The detection system allows energy discrimination and
hence distinguishing between polonium-218 and polonium-214 decays. Both polonium
nuclides can be used as proxy for the radon activity concentration in the air that is
pumped through the RAD-7 detection chamber. The air stream is maintained with an
internal air pump. Since an air moisture content of less than 10 % is mandatory for

operating the PIPS detector, an external air drying unit has to be implemented in the air
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stream. However, while radioactive equilibrium between radon and polonium-218 is
reached within about 15 min (i.e., after about five polonium-218 half-lives), nearly 3 h
are required for radioactive equilibration between radon and polonium-214. That longer
equilibration time is due to the half-life of lead-214 (t;2 =27 min), which precedes

polonium-214 in the decay chain.

Extraction cell

For radon extraction a Teflon hollow-fibre degassing cartridge (MiniModule®
Membrana) was employed. The cell consists of a fabric of knit hollow fibres, each of
which has a diameter of about 300 um, and consists of hydrophobic polypropylene. The
polypropylene itself shows a porous sponge-like structure with a nominal pore size of
0.04 pm. Gas transfer through the fibre hence takes place not by permeation through the

actual polypropylene material but solely by diffusion through the membrane pores.

The extraction cell has a length of about 18.1 cm and a diameter of about 4.25 cm. The
active surface within it, allowing water-gas extraction of radon, amounts to 0.58 m?’.
The lumenside and shellside volume is about 53 and 78 cm’, respectively. The maximal
allowed water pressure to be applied is about 410 kPa; the maximal water flow rate is

about 2.5 I min™.

Because of the fine porous structure of the membrane it is possible that the material gets
clogged with time when the sampled water is dirty. Hence, if clogging is to be expected

the water should pass a filter before it enters the extraction cell.

3.1.3 Laboratory and field experiments

Laboratory and field experiments were carried out in order to evaluate the applicability
of the experimental setup including the RAD-7 and the extraction cell for continuous
monitoring of radon-in-water activity concentrations as well as for analysis of discrete
water samples. Continuous measurements are required if spatial and temporal
differences of radon activity concentrations are of interest, e.g. for the localization
(Stieglitz 2005) or the quantification of groundwater discharge into surface water bodies
(Burnett and Dulaiova 2006). The measurement of discrete samples is the method of
choice if only a limited amount of water is available or if temporal and spatial radon

variations are of no relevance.
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3.1.3.1 Continuous measurements

For the determination of the 