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Summary

This thesis focuses on the use of the short-lived radon isctdpa (half-life
55.6 s) as environmental tracer in groundwater and soil gas. Radon is a natural ra-
dioactive noble gas and its isotopes are produced by alpha decay of their precursor
radium isotopes. From radium bearing minerals in the subsurface, radon isotopes
are released to the environment, i.e. groundwater and soil gas.

The longer-lived???Rn (half-life 3.8 d) is used for decades as environmental
tracer in subsurface Ruids. The short liv&Rn, however, gained much less
interest in environmental sciences and was only in soil gas rarely applied as a
tracer. The initial motivation of this thesis, therefore, focused on the determination
and use of?°Rn as a tracer in aquatic systems. HéfeRn could be used to study
small scale processes and as a co-tracer for the long#f%ed in aquatic systems.

In order to enable the use 6°Rn as a tracer in aquatic systems, the sampling
and measurement technique8Rn-in-water concentrations had to be optimized.

As the used radon isotope detector is an radon-in-air detection system, the water
to be analyzed has to be degassed before analysis. By testing and modifying
di erentdegassing devices and by adding an additional air loop with an adjustable
air pump to the detection system, the travel time of water and air between sampling
and radon analysis was reduced. Consequently, the feasibilf&/rifi-in-water
detection was proven in laboratory experiments. When the system was applied to
the beld to sample natural groundwater, however, signibcant concentfafiens

were measured only in one special case, in which water was sampled directly from
a pipe with inner coatings f°Rn-producing material. In all other cases,?A&Rn

was detected in water.

To bPnd out, why??°Rn cannot be detected in natural groundwaters?itien
behavior in the gaseous phase in porous media was studied in the peld and lab-
oratory. As??°Rn is known to be ubiquitous in soil gas, a soil gas measurement
campaign in a vertical soil proble near a river was initiated. During this campaign,
the groundwater table at the peld site rose as a result of elevated river discharge.
From the moment when the groundwater table reached the lowermost sampling
point, the??°Rn concentration in this depth dropped to zero, whifRn was still
detectable. This result indicated that the water content of soils plays a major role
in the availability of?2°Rn in soil gas.

Laboratory experiments revealed that, due to the short half-lif&&h, water
acts as barrier in whick°Rn decays before passing it disively. Hence, under
partially saturated conditions, water bIms hinder the releas&’gh from the
grains and water menisci limit the migration‘@fRn through the pore space. Un-



der saturated condition®°Rn decays in immobile water layers around the grains
and therefore does not reach the moving water phase in natural groundwaters.
Consequently, in saturated porous medfékn can not be detected under com-
mon natural environmental conditions by common sampling techniques. How-
ever, targeted laboratory experiments, in which uncommonly high water 3ow-
velocities through saturated porous media were induced, show that the applied
shear stress of the fast RBowing water can disturb and reduce the thickness of the
constraining water layers. These extreme and unnatural conditions stimulate the
220Rn release from the grains to the Bowing water. Similar stimulation of the
220Rn-release due to advective gas movements was found under unsaturated con-
ditions, too.

Moreover, regarding gas transport processes, the results of the thesis show
that, due to its short half-life, th&°Rn concentrations in the gas phase of porous
media are much less acted by changes of the disive and advective transport
conditions compared to tifé°Rn concentrations. Hence, tFERn concentration
are less susceptible to movements or mixing of gas, which in the peld often make
the interpretation of?2Rn-in-soil gas concentrations dcult and its use as a tracer
ambiguous. The thesis therefore proposes and shows for the prst time, how by
the combined determination 3f°Rn and??°Rn the relevant soil gas transport
processes can be identibed.

In summary, this thesis addresses the question and yields insight£2%my
is ubiquitous in soil gas but not detectable under saturated conditions in common
natural settings and with common sampling techniques. Thereféfn com-
monly cannot be applied as an environmental tracer in aquatic systems. In soill
gas, however, it is concluded that the potentiad®8Rn as environmental tracer is
not fully developed and its exploration should be enforced in the future.



Zusammenfassung

Diese Arbeit beschreibt die Anwendung des kurzlebigen Radonisotéias
(Halbwertszeit 55.6 s) als natiehen Tracer in Grundwasser und Bodengas. Ra-
don ist ein naidiches radioaktives Edelgas. Radonisotope entstehen durch Alpha-
zerfall der jeweiligen Radiumvoemgerisotope. Aus radiumhaltigen Mineralien
werden die Radonisotope in das Grundwasser und Bodengas freigesetzt.

Schon seit Jahrzehnten wird das langlebige RadonisdféRe (Halbwerts-
zeit 3.8d) in Grundwasser und Bodengas als Tracer verwendet. Das kurzlebi-
ge ?°Rn dagegen fand viel weniger Beachtung in den Umweltwissenschaften
und wird nur selten und ausschliesslich im Bodengas als Tracer verwendet. Die
anfangliche Motivation @i diese Arbeit war deshalb die Bestimmung und An-
wendung vort?°Rn als Tracer in aquatischen Systemen. Um dies zogliohen,
musste zuerst die Probenahme und die Analysemethode verbessert werden. Da
der benutzte Radondetektor die Radonisotope in der Gasphase misst, muss das
zu analysierende Wasser zuerst entgast werden. Es wurden verschiedene Syste-
me zur Entgasung von Wasser getestet und modibziert. Unter anderem, indem
ein zusxtzlicher Luftkreislauf mit einer regelbaren Membranpumpe zwischen Ra-
dondetektor und Entgasungssystem installiert wurde, konnten die Verweilzeiten
von Wasser und Luft zwischen der Beprobung und der Analyse verringert wer-
den. So konnte letztendlich die Machbarkeit der Messung?#n in Wasser in
Laborversuchen gezeigt werden. Im Feld wurden mit dem entwickelten Messsy-
stem verschiedene Grundaser auf?’Rn-Konzentrationenen getestet. Allerdings
konnte, mit einer Ausnahme, in der das Wasser direkt aus einem RoFt°Rrit
produzierenden Ablagerungenatite, keirn’?°Rn gefunden werden konnte.

Um herauszubnden, warui#Rn in natwlichen Grundvassern nicht nachge-
wiesen werden kann, wurde das Auftreten ¥88Rn in der Gasphase von pmen
Medien im Feld und Labor untersucht. Aus der Literatur ist bekannt,d2Rs im
Bodengas allgegerartig ist. Daher wurdé?°Rn in einem Bodengasprobl in der
Nahe eines Flusses kontinuierlich bestimmt. Infolge eines Hochwasaérsmg
dieser Messkampagne stieg der Grundwasserspiegel so hoch, dass die unterste
Messtiefe geRutet wurde. Beasigung ging di¢?°Rn-Konzentration gegen Null,
wahrend sich dig??Rn-Konzentration nur geringfig anderte. Diese Resulta-
te zeigten, dass das Auftreten v&fiRn stark durch den Bodenwassergehalt be-
stimmt wird.

Entsprechende Laborexperimente zeigten, dass Wasser als Barriere wirkt, wel-
che??°Rn aufgrund seiner kurzen Halbwertszeit nicht passieren kann. Das heisst,
unter teilweise gestigten Bedinungen behindern WasserbIme die Freisetzung
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von ?2°Rn aus den krmern. Gleichzeitig schnken Wassermenisken zwischen
den Kefnern die Mobilit von?2°Rn im Porenraum ein. Unter gatsigten Bedin-
gungen zedht ?°Rn in immobilen Wasserschichten am Rande des durchRosse-
nen Porenraumes und erreicht daher nicht den beweglichen Teil des Grundwas-
sers. Daher kan®°Rn in natilichen Grundwassersystemen unter OnormalenO
Bedingungen nicht gemessen werden.

Zielgerichtete Laborexperimente, in denen Wasser aussehygett schnell
durch ein pooses Medium bewegt wurde, zeigen allerdings, dass die unbewegten
Wasserschichten durch Scheafte-gesbtt und in ihrer Dicke verringert werden
kennen. Dies bewirkt, dag€’Rn das advektiv bewegte Wasser erreicht und ent-
sprechend detektiert werden kann. Der gleichelg, das heisst edite 22°Rn-
Konzentrationen durch eohte advektive Gasfsse, tritt auch unter ungesigten
Bedingungen auf.

Die Arbeit zeigt ausserdem, dass éeRn-Konzentrationen im Bodengas we-
gen der kurzen Halbwertszeit viel weniger stark als df®&n-Konzentrationen
durch Transportprozesse beeinRusst werden. Daher sirfd’Rie-Konzentratio-
nen viel weniger arathig auf advektive Gasbewegungen oder Mischungsamogg;
welche die Interpretation voii?Rn-Konzentrationen im Bodengaalizg erschwe-
ren und uneindeutig machen. Die vorliegende Arbeit zeigt erstmalig, wie durch
die gemeinsame Bestimmung vé#Rn und??°Rn in der Gasphase eines Boden-
probPls die relevanten Transportprozesse identibziert werol@mek-

Zusammenfassend liefert diese Arbeit eine gshige konzeptionelle Vorstel-
lung, warum??°Rn, im Gegensatz z€F’Rn, ausschliesslich im Bodengas, aber
nicht unter natdichen Bedingungen und mit heikmlichen Probenahmetechni-
ken im Grundwasser zu bnden ist. Daher k&iRn nicht als Tracer in aquatische
Systemen verwendet werden. Im Bodengas ist die Anwenduné?en als Tra-
cer jedoch noch kaum entwickelt, weshalb die Forschung in diesem Bereich in
Zukunft versarkt werden sollte und sich deshalb als aokiges Forschungsfeld
anbietet.
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Chapter 1

Introduction

1.1 Introduction and scope of work

Radon is a natural radioactive noble gas. Its isotopes are generated in the subsur-
face by radioactive decay of radium isotopes. As a noble gas, radon isotope con-

centrations in subsurface Ruids have become a powerful tool to analyze transport

processes in groundwater and soil gas. Corresponding to theiretit half-lives,

the radon isotopes are used in the environmental systems at vengdt scales.

In aquatic systems, concentrations of the long-lit&&n (half-life 3.82d) in
groundwater are used to study groundwater inf3ow into surface water bodies as
oceans (Cable et al., 1996; Santos et al., 2009), lakes (Kluge et al., 2007; Dimova
and Burnett, 2011a) or rivers (Mullinger et al., 2007; Peterson et al., 2010). Also
the inbltration of surface water into groundwater bodies is studied. By analyzing
the ingrowth of?2Rn concentrations along a groundwater Bow path, the ground-
water age of freshly inpltrated surface water can be determined (Hoehn and von
Gunten, 1989; Hoehn and Cirpka, 2006).

The exchange of soil gas with the atmosphere was studied by analyzing ex-
halations o?2Rn on the regional scale (Schmidt et al., 1996; Hirsch, 2007). On
the local scale, the structure of the lower atmosphere was studied by analyzing
222Rn concentrations (Sesana et al., 1998; Fujiyoshi et al., 2010). Atmospheric
concentrations of the short-lived isotop€Rn (half-life 55.6 sec) near the soil
surface were used to study small scale micrometeorical Ruxes (Lehmann et al.,
1999, 2001).

The aim of this thesis was to evaluate the use?8Rn concentrations in
groundwater as a small scale tracer. Being able to deterfdR& in ground-
water, 22°Rn concentrations could be used to study small scale processes or to
act as a co-tracer with the well-establisiééRn, e.g. to enhance the ground-
water age dating with??Rn. However, in the light of its very short half-life, the
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measurement o¥°Rn from groundwater samples is experimentally challenging.
Therefore, the brst target of this thesis was to optimize the sampling procedure
and to develop a robust and reliable measurement protocol that allows to deter-
mine the??°Rn-in-water concentrations.

In addition,???Rn and??°Rn have di erent half-lives and are part of cérent
decay series. Therefore, the release of thedint radon isotopes from solid soil
grains to the surrounding Ruids (OemanationO) is expected todverdi While
for 222Rn the emanation process and the factors that inBuence the emanation are
principally known (Bossus, 1984; Rama and Moore, 1984; Nazal892), for
220Rn the emanation behavior still has to be characterized.

Having the knowledge about the emanation and the measurement technique
for 22°Rn-in-water at hanc??°Rn concentrations in groundwater are a promising
tool to trace small scale and short time processes as e.g. upwelling and down-
welling in riverbeds. Moreover, the groundwater age-dating method3#@mn is
susceptible to changes of th&Rn emanation along the groundwater Bow path,
and to mixing with water of dierent age. Thé?°Rn concentrations, however,
due to the short half-life of?°Rn, reRect only the local conditions. Therefore, the
220Rn concentrations are not acted by mixing with water of dierent age, but
only by changes in the emanation. Hence, by the combined determination of the
220Rn and???Rn concentration in groundwater, mixing processes or changes in the
emanation could be identibPed and the reliability of the groundwater age-dating
method would be greatly enhanced.

This thesis provides the fundamental research for the u$€Rh as a tracer
in subsurface Ruids as groundwater and soil gas. This includes the development
of detection systems to analyze and statfrn in the subsurface. Results of the
application of these systems are presented and the limitations and benebts of the
use of?2°Rn as a tracer in subsurface Ruids are discussed. The following section
describes the structure of this thesis.

1.2 Outline

Scientibc background (Chapter 2): A general overview about the radioactive
noble gas radon and its natural occurring isotopes is given. The emanation process
is described and general factors that infBuence the emanation of radon isotopes
from the solid grains to the environment are discussed. The chapter also provides
some background information about the elient geochemical and geophysical
histories 0#?°Rn and???Rn as consequence of belonging toelient decay series.
Finally, the functionality and advantages of the used radon detector system are
described shortly and the us&dRn sources are introduced.
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On the fate of °Rn in dependence of water content: Implications from

Peld and laboratory experiments (Chapter 3): With a detection system that
was proven to detec?°Rn in water under laboratory conditions, 10 dient
groundwater systems from all over Switzerland where studied whether they con-
tain 22°Rn. But only in one speciPc ca$®Rn could be found. A beld campaign
targeting the’?®Rn concentrations in soil gas revealed the soil water content as a
major driving factor on thé2°Rn concentrations. A conceptual model was devel-
oped that explains the absence?®#Rn under saturated conditions. Hereby the
slow di usion of??°Rn through water layers around and water menisci between
the soil grains limits the emanation and mobility 3PRn. The model is tested
and validated with laboratory experiments using monazite pebbles and manganese
sand as sources ét°Rn. This chapter has been published in Chemical Geology
(Huxol et al., 2012).

Processes controlling??°Rn concentrations in the gas and water phases of
porous media (Chapter 4): The results of laboratory experiments with a sand-
box which allows to simulate water table Ructuations, and with a tank plled with
saturated sand to simulate groundwater 3ow are presented. The results of the
sandbox revealed that a changing water content causes the development of water
menisci between the sand grains. These water menisci strongly delimit the mi-
gration range of?°Rn trough the porous media and therefore reduce’4en
concentration in the gas phase. Under saturated conditions, however, immobile
water PIms around the grains strongly inhibit #3€Rn release. High water Row
velocities can disturb these water layers by the induced shear stress. High wa-
ter Row velocities therefore increase the releas&®n from the grains. This
chapter has been published in Chemical Geology (Huxol et al., 2013).

The di erent behavior of?2°Rn and ?2?Rn in soil gas transport processes and

its application (Chapter 5): The behavior of?°Rn and®?’Rn in the gas phase
was studied in the sandbox by changing the conditions fangive and advective

gas transport. The results show that, in contrast to’tfen concentrations, the
220Rn concentrations in the gas phase do not change when ever (1) the connection
to the atmosphere is blocked, or (2) fresh air is introduced advectively through the
sandbox. Hence, thé°Rn concentrations are much less inBuenced by changes of
gas transport than tié°Rn concentrations. By adapting the gained insights from
the laboratory experiments to the Peld, it is shown that the combined analysis
of 22°Rn and???Rn in soil gas strengthens the interpretation of measurements of
reactive soil gases. This chapter is in preparation for publication in Environmental
Science and Technology.



Conclusions and outlook (Chapter 6): This chapter summarizes the most im-
portant Pndings of the thesis and gives an outlook for possible future research and
applications 0f?°Rn in environmental studies.



Chapter 2

Scientibc background

2.1 History and health aspects

2.1.1 The discovery of radon isotopes

The turn to the 20) century was an exiting time for scientibPc discoveries and tech-
nical inventions. After the discovery of the radioactivity by Antoine Becquerel in
1896, and the detection of the brst radioactive elements by Pierre and Marie Curie,
radon was discovered as the pbfth radioactive element contemporaneously by Ernst
Dorn, Ernest Rutherford and Anehicouis Debierne in 1900. Dorn discovered that

the Oinduced radioactivityO, which was generated by the decay of radium, was re-
lated to a radioactive gas that Dorn called OEmanationO (Dorn, 1900). Later in
1900, Rutherford discovered that also thorium generates such gaseous OEmana-
tionO (Rutherford, 1900), while also Debierne discovered a gas, generated from
actinium (Debierne, 1900). Depending on the source substance, the gases were
called Oradium-emanationO, Othorium-emanationO and Oactinium-emanationO. As
the existence of isotopes was unknown, they were all referred as individual ele-
ments.

In 1904, the discoverer of the noble gases Sir William Ramsay suggested
that also the OemanationsO might be noble gases (Ramsay and Collie, 1904). In
1910, Sir William Ramsay and Robert Whytlaw-Gray isolated radon, determined
its density and found it to be the heaviest known gas (Ramsay and Gray, 1910).
Since 1923, after the discovery of the isotopes, all emanations were identibed as
isotopes of the radioactive noble gas radon. However, the historic trivial names
Oradon@%Rn), Othoron®?fRn) and Oactinon&%Rn) are sometimes still in use.



2.1.2 Radon as health hazard

Radon gas is responsible for the majority of the public exposure to ionizing ra-
diation and is therefore considered to be a health hazard when being inhaled
(Committee on the Biological Eects of lonizing Radiations, National Research
Council, 1988). Initial concerns focused on the health risk of underground min-
ers exploiting uranium and other ores. Already in thé" b@ntury, Paracelsus
reported about the high incidence of fatal respiratory diseases among eastern Eu-
rope miners. Later, in the ¥9century, Harting and Hesse (1879) identibed the
OBergkrankheitO (mountain disease) as lung cancer. In the brst half of'the 20
century, studies in Germany and the United States gradually revealed that the in-
halation of radon and the radon decay products caused this health risk. Hence,
it was found that the daughter products of radon are solid and can adsorb to the
airways and the lung, increasing the risk of lung cancer (Committee on the Bio-
logical E ects of lonizing Radiations, National Research Council, 1988).

In the second half of the $0century, concerns of health risk due to Oindoor
radonO emerged. Depending on the underlying geology, radon that originates from
the soils and rocks was found in increased concentration in the cellars and brst
Boors of houses. Also smoking cigarettes exposes the smokers lung to radon
isotopes (Nazarg, 1992).

However, radon is also suggested to ease auto-immune diseases such as arthri-
tis, but also asthma and dermatitis. People seeking relief from such health prob-
lems expose themselves therefore for limited periods of time to radon containing
air and water in so-called Ohealth-minesO and Oradon water bathsO. The health ef-
fect on people inhaling radon in low doses and taking baths in water enriched with
radon is believed to invigorate and energize the cells. The benebcial of this prac-
tices, however, is only indicated, but not statistically proven by scientibc studies
(Franke et al., 2000; Nagy et al., 2009).

2.2 The natural radioactive noble gas radon

Like the other noble gases (helium, neon, argon, krypton and xenon), the outer
shell of valence electrons of radon is considered to be OcompleteO. Therefore,
radon has only little tendency to participate in chemical reactions and is not me-
tabolized by microorganisms. This makes radon an ideal trace gas to study physi-
cal processes. Being radioactive, radon can be used as a dating tool, too.

The decay of a numbeX of radioactive atoms is a stochastic process, de-
scribed by )

N(t) = Noe® ! (2.1)

whereasl, is the initial number of radioactive atoms,is the isotope specibc
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Figure 2.1:2%8U, 2%2Th and®*°U decay-series. Half-lives are noted in the isotopes box. Horizon-

tal arrows indicate alpha decay, diagonal arrows indicate beta decay, numbers above arrows the
specibc alpha decay energy (reproduced from Bkstird Firestone, 2004, and Magill and Galy,
2005).



decay constant, andis the time. The half-life of radioactive isotopég, de-
scribes the time, after which half of the initial number of atdass decayed, i.e.
N(t)/No = 0.5. After equation 2.1, the half-life is related to the isotope specibc
decay constant by ty;, = In(2)/ .

Radioactive isotopes disintegrate by alpha, beta or gamma decay. In alpha de-
cay, an alpha particle, consisting of two neutrons and two protons bound together
as a He nucleus, is ejected. The decaying isotope is transformed into a daugh-
ter isotope with mass number reduction of 4 and atomic number reduction of 2.
The energies of alpha decay are specibc for each decaying isotope (lvanovich and
Harmon, 1982). In beta decay, a negative or positive beta particle, i.e. an elec-
tron or positron, is emitted from the decaying isotope. Hence, the atomic number
changes by1, whereas the mass number remains the same. Unlike alpha parti-
cles, emitted beta particles do not have a discrete energy, but are distributed over
a range from zero to an isotope-characteristic maximal value (Ivanovich and Har-
mon, 1982). Daughter isotopes, which are generated from alpha or beta decay
are often in an excited state and emit electromagnetic radiation, namely gamma
rays. In gamma decay, a photon is emitted. Therefore, only the energy of the
isotope changes, but neither the mass number nor the atomic number. (lvanovich
and Harmon, 1982).

Radon has three natural occurring isotopes. The longest lived isoté{3Ris
with a half-life of 3.82d, followed by??°Rn with a half-life of 55.6s. With a
half-life of only 3.96 s21°Rn is the shortest lived natural radon isotope.

The three natural radon isotopes are part of threer@int natural decay series:
222Rn is part of the?*®U-series,??°Rn of the?*?Th-series and!°Rn of the?3U-
series (Figure 2.1). All radon isotopes are generated by alpha decay of their re-
spective radium precursor and decay to their respective polonium daughter. How-
ever, as radon is the only gaseous element in the decay series, it has an enhanced
mobility. Hence, in comparison to the other elements, radon isotopes can get re-
leased from the solid material where they were generated and have the tendency
to move by di usion and convection.

Due to the low abundance of its parent isotdp&J (only 0.7 % of earthOs
total uranium; Binder, 1999) and due to its very short half-#&Rn plays only a
minor role in the environment and is therefore not discussed further in this thesis.

2.2.1 Emanation

In the subsurface, radon is continuously produced by the alpha decay of radium.
At the disintegration of a radium isotope, simultaneously radon is generated and
an alpha particle is emitted. Due to recoil, the alpha particle and the newly gen-
erated radon isotope move away from their place of formation. The recoil length
of the radon isotope hereby depends on the isotope specibc recoil energy and the
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density of the matter that the newly generated radon isotope has to cross (for typ-
ical values see Table 3.2). However, if the decaying radium isotopes are located
near a grainOs surface, i.e. the grainOs border is in the range of the recoil length,
and the generated radon is recoiled into the direction of the grainOs border, a part
of the radon isotopes have chance to get released from the solid grains and reach
the pore space.

The process of getting released from the solid material to the air or water
blled pore space by recoil and dision is called OemanationO. Depending on the
detailed emanation mechanistics, distinction is made between OdirectO, OindirectO
and OdiusiveO emanation (Tanner, 1980).

e radium-isotope

#» radon-isotope

\ S recoil

di usion

Figure 2.2: Concept of emanation from minerals towards soil gas and water. OAO describes di-
rect emanation into pore space, OBO: direct emanation to water meniscus, OCO: recoil in to intra-
granular pore with subsequent dision into pore space, ODO: indirect emanation with implanting

into adjacent grain with subsequent dsion back to the pore space, OEO: emanation bgidn

out of the grain, OFO describes the generation of radon without emanation. Dashed line indicates
the boundary for radon isotopes to escape from the solid. Symbols greatly exceed atomic dimen-
sions (Reproduced from Tanner, 1980).

Direct emanation The recoil length and direction of directly emanated radon iso-
topes is such that the generated radon isotopes are ejected from the solid
material to the pore space. In the pore space, the radon isotopes are stopped
and terminate their recoil path (Figure 2.2 A, B, C).
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Indirect emanation The recoil length of indirectly emanated radon isotopes ex-
ceed the width of the pore space. The generated radon isotopes are therefore
implanted into the wall of adjacent grains where they form OpocketsO. From
these pockets, radon isotopes canudie back into the pore space, as the
solid material is structurally weakened by the collision energy (Figure 2.2
D).

Di usive emanation If the recoil energy is not large enough or the recoil direc-
tion is not directed to the grains border, radon isotopes are not released from
the solid grain. However, the radon isotopes still have the chance to leave
the grain by di usion through the mineral lattice. But, due to the very slow
di usion of radon in solid material and the relative short half-lives, the por-
tion of di usive emanation to total emanation is very small (Tanner (1980),
Figure 2.2 E).

The ratio of the number of emanated atoNs)(to the number of all produced
atoms of an isotope\,) is called the emanation coeient E (also: emanation
power, escape ratio, escape-to-production ratio, percent emanation, emanation
fraction; Tanner, 1980):

E = (2.2)

2.2.2 Dependence of the emanation co&ient on parameters
specibc to the solid material

The emanation coecient is not constant. It depends on specibc parameters of
the emanating solid material. The three main parameters are guotive inner
surface of the grainsthe water contentand thedistribution of radium in the
grains

E ective inner surface The recoil range of radon isotopes in minerals is limited.
Hence, it is obvious that smaller grains will have higher emanation eoe
cients compared to grains with larger diameters. Hence, if a porous media
consists of small grains and therefore has a large specibc surface, more sur-
face area is available and more radon isotopes can escape from the grains. In
theory, the specibc surface area of spherical grains increases proportional to
the inverse of the diameter of the grains, Ee. d°'. Andrews and Wood
(1972), however, found in experiments with sand ofefent grain sizes
that the emanation coecient of?2?Rn increases proportional t¥%°, This
stronger dependence is related to the fact that grains in natural soils are not
just smooth spheres, but resemble more spherically shaped bodies, being
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traversed by cracks and small pores (as shown by Rama and Moore, 1984).
These OnanoporesO within the soil grains further increase the specibc sur-
face of soils. Radon isotopes that emanate into the nanopores asedo

the inter-granular pore space and therefore the emanationcoert of the

grains is fostered by the presence of nanopores.

Water content The second important factor inf3uencing the radon isotope ema-
nation is the water content of the porous media. In dry porous media, the
proportion of indirectly emanated radon isotopes is increased as the recoil
length in air often exceed the width of the pores. As not all implanted radon
nuclei di use back from the pockets to the pore space, the overall emana-
tion coe cientis small. In water, however, the recoil length is considerably
reduced. The occurrence of water in form of water PIms around the grains
therefore slows the recoiled radon isotopes down and reduces their recoll
range. Hence, the probability that recoiled radon isotopes stop in the pore
is increased (Tanner, 1980). Sun and Furbish (1995) and Adler and Perrier
(2009) theoretically showed the rapid increase of the emanationaest
of radon isotopes as soon as water blms are present.

Distribution of radium in the grains Measured radon isotope concentrations in
soil gas and groundwater, but especially #i8Rn concentration, can be
larger than expected from the radium content of the soil grains, the grain-
size distribution, and the soil water content (Tanner, 1980). The reason for
this Oradon isotope excessO are radium-enriched coatings around the grains.
Hence, the radium is concentrated in the outer areas of the grains and there-
fore more radon isotopes can escape from the grains to the pore space. The
formation of radium-enriched coatings is related to the geochemical and
geophysical history of the precursors of both radon isotopes.
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2.3 Geophysical and geochemical behavior of the
radon isotope precursors

Being part of di erent decay serie$?°Rn and???Rn have a dierent number of
precursors with dierent half-lives. In addition, not all preceding elements are the
same. The precursors &PRn and???Rn therefore behave dérently in response
to di erent environmental conditions, e.g. to the oxygen content of groundwater.

The?38U-series, as host 3f?Rn, has two uranium isotopes. Under oxic con-
ditions, uranium is soluble, forming aqueous complexes (Porcelli and Swarzenski,
2003). Hence, uranium is leached from the solid grains during weathering. The
daughter products of uranium, however, are insoluble and therefore precipitate
shortly after their production on the grains surfaces (Krishnaswami et al., 1982).
Therefore, under oxic conditions, the leaching of uranium and the following de-
cay leads to re-deposition of uranium daughters on grains. This process forms
coatings of?®Ra-enriched grain surfaces, fostering tF#&n emanation.

In contrast, in the’*?Th-series, no uranium exists and thorium is almost in-
soluble (Langmuir and Herman, 1980), as are its daughter products under oxic
conditions. Therefore?®?Th and its daughter isotopes will remain located at al-
most the same position in the crystal lattice. HerfééRkn precursors can only
get relocated to the grains surfaces by recoil into the pore water, from where they
precipitate to the grainOs surfaces shortly after production (Krishnaswami et al.,
1982).

Under anoxic conditions uranium s insoluble (Porcelli and Swarzenski, 2003).
In contrast, radium, the direct precursor of both radon isotopes, is slightly soluble
(Langmuir and Riese, 1985). Also, because of their redox-chemical behavior,
iron and manganese are found dissolved in most anoxic waters. When the anoxic
water gets into contact with oxygen, the dissolved radium tends to co-precipitate
with iron and manganese oxidbgdroxides on the grains surfaces (Gainon et al.,
2007). Thus, iron and manganese covered soil grains are host of radium isotopes.
Therefore, iron and manganese coatings foster the emanatfé?Rof and*??Rn
to soil gas and groundwater (Greeman and Rose, 1996; Gainon et al., 2007).

However, also the dierent half-lives of the parent radium isotopes have to
be considered??®Ra, the precursor d??Rn with a half-life of 1600y can have
accumulated over the last several thousand years. In contrast, the longest-lived
radium isotope in thé*?Th-series i?®Ra with a half-life of 5.7y. Hence®Ra
isotopes must have been deposited within the last 2-3 decades to form OactiveO
220Rn emanating surfaces. Therefore, tFRn emanation is more susceptible to
changes of the geochemical conditions thag@ the solubility of radium than the
emanation of??Rn.

12



2.4 Thedi erenthalf-lives of the radon isotopes and
the potential resulting application of 2°Rn as a
natural tracer

Besides the dierences of the geochemical history of their precurs8f&n and
222Rn di er signibcantly in their half-lives (55.6 s versus 3.82d). Theesdént
half-lives of the respective radon isotopesat their respective migration ranges
in the subsurface. Hence, due to the longer half-AféRn isotopes are trans-
ported by di usion and advection over larger distances before decay. Therefore,
measured?’Rn concentrations in subsurface media integrate the subsurface char-
acteristics, i.e. emanation behavior and transport properties, over larger ranges. In
practice, it is not unambiguous to identify if changes of tf&n concentrations,
measured from subsurface [3uids such as groundwater and soil gas, are inBuenced
by mixing with Ruids of other ages or by changes of th&n source strength
(Hoehn and von Gunten, 1989; Bertin and Bourg, 1994).

In contrast, the migration length 6f°Rn is much shorter due to its short half-
life. Hence, the’?°Rn concentrations of a subsurface media relRect only the very
local conditions. Thereforé?°Rn is ideally suited to trace small scale processes
that do not aect the dynamics d?Rn. In addition, ag?°Rn is quasi immediately
( 4min) in secular equilibrium between radioactive production and decay, the
220Rn concentration is only little aected by transport processes.

Figure 2.3 shows the potential application8fRn as a tracer to study the
dynamics between surface waters and groundwaters.

222Rn
220RNn

\ -
M v < >

« °

\¥ 1 \. —_— »
<-—/<—/ ‘S’/ v . \ —_—
'v-ﬁ
—
\» - . .
—_
- '..

-

Figure 2.3: Possible applications@fRn as a tracer in subsurface Ruids, as an example in ground-
water. A: undisturbed run of?°Rn and???Rn concentrations; B?°Rn as tracer of short term
processes; C: identify changing radon isotope source strengths; D: identify the inffuence of water
of other age.
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. describes the temporal and spatial evolution of¥&n and???Rn concen-
trations in a undisturbed and homogeneous aquifer. Due to its short half-
life, ?°Rn reaches its secular equilibrium concentration quasi immediately
(approx. 4 min), whil&??Rn needs about 16 d.

. describes the use 6f°Rn as a tracer to study very short term processes,
for instance upwelling and downwelling of river water in the river bed. In

contrast ta???Rn,?2°Rn can be found in the water after a short underground
passage because of its short half-life.

. describes changes of the emanatiof?éRn and???Rn in the aquifer mate-
rial, which can be detected as the concentrations of both radon isotopes are
a ected.

. describes mixing, in this case with younger water. As only#3Bn con-
centration is aected by transport processes, f#i€Rn concentration re-
mains constant.

2.5 The radon monitor ORAD70

All radon isotope measurements in this thesis were carried out with the commer-
cially available radon monitor ORAD70 (Durridge Company Inc.). The RAD7
contains a hemispherical measuring chamber of about 0.7 L volume (Figure 2.4).
The wall of the chamber is coated with an electrical conductor that lies on positive
high voltage (2000-2500 V). By the internal pump of the RAD7, radon containing
air is transported into the measuring chamber. To avoid contaminations with solid
radon decay products or dust, the air is bltered before the inlet.

Air outlet Air inlet

N7

— Filter
7

Readout
Pump

Detector

)

RNn—— P&

High voltage,
positively charged

J

\_

Figure 2.4: Schematic drawing of the RAD7 radon monitor.
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Radon, which decays in the measuring chamber, generates positively charged
polonium nuclides. By the electrical beld in the measuring chamber, the polonium
nuclides are directed to and deposited on the planar solid state silicon detector, lo-
cated at the top-center of the hemisphere. The subsequent decays of the polonium
nuclides to lead are registered by the detector. Because of its planar geometry,

50 % of the polonium decays are registered, hence, if the decay is directed to
the detectors surface. By combining the counting rate produced by the decay of
polonium, the volume of the measuring chamber, and the pumping rate, the RAD7
yields the actual radon concentration of the introduced air.

The build-in solid-state silicon detector is able to distinguish betweeardi
ent decay energies. Therefore, the RAD7 can distinguish exactly between the
di erent polonium isotopes®Po ancf*®Po, and consequently, between the radon
isotopes’?°Rn and???Rn, too. The advantage of the simultaneous determination
of both radon isotopes makes the RAD7 to the analyzer of choice to determine
220Rn and???Rn in the environment.

2.6 The natural 22°Rn sources used in the labora-
tory experiments

In laboratory experiments to study the behaviof®¥Rn in water and in soil gas
under controlled conditions, two deérent??°Rn sources were used. The used
material is purely natural. As it was shown that the annual dose by handling
this material will not exceed 1 mSy, both used substances are not subject to any
radiological regulation.

For any reliable measurement #Rn in water, a?°Rn standard is an ut-
terly needed prerequisite. Unfortunately, up to now, there is no absolute standard
available for the?°Rn-in-water analysis. To overcome this limitation and after a
rigorous literature search and many experimental tests ardnt substances, it
was Pnally decided to use natural monazite pebbles as an inté#Ratin-water
standard to calibrate tlfé°Rn-in-water analysis protocol.

To simulate the?°Rn production from soil grains and to study the behavior of
220Rn in soil gas in laboratory experiments, a sand was used that had been coated
industrially with manganese.

Monazite pebbles

Twelve pebbles of monazite, varying in size between 5mm and 15 mm, were used
as an internat?’Rn-in-water standard. Monazite is a rare-earth phosphate with a
typical 22Th content of 10 % (Anthony et al., 2003). The used pebbles have a
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Figure 2.5: Monazite pebbles used as intef38Rn-in-water standard.

reddish-brown color and are conchoidaly to uneven fractured (Figure 2.5). Scan-
ning electron microscope (SEM) pictures of the monazite pebbles indicate a par-
tially weathered mineral surface (Figure 2.6, left). In some areas, the pebbleOs
surface seems to be damaged by the radioactive decay of the isotope$®éf the

decay series. This damage is indicated by small OholesO (Opleochroitic haloesO) in
the mineral surface (Figure 2.6, right).

Figure 2.6: SEM pictures of the monazite pebbles. On the left, an example of the partially weath-
ered surface. On the right, OholesO in the surface, suggested to be originated by radioactive decay.

Manganese sand

The manganese sand is a common silicate sand, industrially coated with man-
ganese. The grain size of the sand is mainly between 0.5mm to 1.0mm. The
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color of the sand is dark-gray to black. The sand was used before as blter material
of a bottled mineral water factory to scavenge manganese and radium from the
produced mineral water. Therefore, the radium is located with the manganese on
the surfaces of the sand grains, producing high amounts of radon isotopes. SEM
pictures of the sand (Figure 2.7) show the manganese coatings as an amorphous
structure.

Figure 2.7: SEM pictures of a manganese sand grain. On the left, the manganese coating is shown.
On the right, the amorphous structure of the coating is shown in more detail (x 20).

17






Chapter 3

On the fate of22%9Rn in dependence
of water content: Implications from
Peld and laboratory experiments

This chapter has been published in collaboration with Matthias S. Brennwald, Eduard Hoehn and
Rolf Kipfer in Chemical Geology (Huxol et al., 2012). The supplementary information given in
Annex 2 and 3 at the end of this chapter were not included in the Chemical Geology paper.

Abstract To study the potential of?°Rn as a groundwater tracer, we analyzed
di erent groundwater systems with a laboratory-proven radon-in-water detection
system. However, with one single exception Rn was detected in the ground-
water, althoughf?’Rn was always present at high concentrations. Field observa-
tions of 22°Rn and???Rn in soil gas revealed soil water content to be the crucial
control for?2°Rn release from soil grains to soil pores. We identibed water bPIms
around and water menisci between the soil grains to impede thusigie transport

of 22°Rn. This Pnding was conbPrmed by the results of laboratory experiments with
monazite pebbles and manganese sand, which botii%e sources. Beside the
water content, the laboratory experiments also identibed the water 3ow (turbulent
in the experimen