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Abstract

Abstract

Indoor radon concentrations in Luxembourg are strongly correlated with the
geological age of the bedrock. Houses in the Eisléck, the northern part of the country, with a
basement of Palaeozoic rocks, were found to have a median indoor radon activity of 128
Bg/m3, while for houses built on Mesozoic rocks in the south (Gutland) the median was 75
Bag/m3. The objective of this study was to investigate the distribution and bondings of natural
radionuclides in rocks and soils and to determine the parameters influencing the observed
differences in indoor radon concentrations.

Representative rock samples were collected, together with their accompanying
weathering products, from representative geological units throughout the country. The
samples were analysed for their content of natural radionuclides (***Th, ?*®U, #°Th, and
226Ra) by y-spectrometry and for their radon emanation by a newly developed method.
Additionally, a series of Gedinnian samples from Hatrival (Belgium) with increased
radionuclide activities were selected to determine the speciation of 2?Th, *®U, and #*°Ra in
rocks and their weathering products by sequential extraction.

The activities of Th, U, and Ra are higher in Palaeozoic rocks (medians: ??Th: 47
Ba/kg, 2*U: 32 Bqg/kg, **Ra: 32 Bq/kg) than in Mesozoic rocks (medians: 2*?Th: 25 Bq/kg,
2381 25 Bg/kg, **Ra: 22 Bq/kg). In weathering products, all radionuclides are enriched
compared to the parent rocks, especially in Palaeozoic samples (medians: 2*2Th: 55 Bq/kg,
238: 44 Bg/kg, *°Ra: 44 Bq/kg). The Gedinnian samples from Belgium exhibit especially
high radionuclide activities in their weathering products (medians: ?**Th: 83 Bq/kg, *U: 223
Ba/kg, **°Ra: 425 Bq/kg), where ?*°Ra is always in secular equilibrium with #°Th.

The emanation coefficients of weathering products are usually higher than those of
rocks. They are especially high for weathered materials with more than 10% Fe,O;. There is
a significant positive correlation of indoor radon concentrations to emanation coefficients of
weathering products, but not to rocks of the geological units on which the houses were built.

Thorium is distributed relatively uniformly in the fractions of the sequential extraction
of rocks and weathering products. Uranium in rocks is most abundant in the extraction
residual, followed by the iron oxide fractions. In weathering products, the most uranium is
found in the iron oxide fractions and less than 10 % in the extraction residual. Radium
compounds differ considerably from those of uranium. In rocks and weathering products,
most radium appears in the extraction residual, followed by the mobile exchangeable fraction
or the fraction of the crystalline iron oxides, and for weathering products also in the Mn oxide
fraction.

The high indoor radon activities in the Eisléck can be explained by an enrichment of

radium in crystalline iron oxides, located as weathering products in fissures and fractures of



Abstract

the Palaeozoic bedrock, which provide many pathways for passive advective and

thermodiffusive upward radon transport.

Xi



Kurzfassung

Kurzfassung

In Luxemburg korreliert die Radonkonzentration in der Raumluft von Gebduden stark
mit dem geologischen Alter des Untergrundes. Der Norden des Landes (Eisléck) besteht aus
variskisch gefalteten Unterdevonschichten und weisst in der Raumluft einen Median-Wert
von 128 Bg/m?® auf. Die Radonkonzentrationen in den Hausern, die auf mesozoischem
Untergrund im stdlichen Gutland gebaut wurden, sind mit einem Median-Wert von 75 Bg/m?
signifikant geringer.

In dieser Studie werden die Ursachen fir die Unterschiede der Raumluft-Belastungen
durch die Bestimmung der Konzentration, Verteilung und Bindungsformen der Mutternuklide
des ??Rn (**®U, #°Th und #°Ra) und des ?**Th in Gesteinen und Béden untersucht.

Von reprasentativen geologischen Einheiten Luxemburgs wurden Gesteinsproben
zusammen mit deren Verwitterungsprodukten genommen. Die Aktivitdtskonzentrationen der
natirlichen Radionuklide ?**Th, °8U, #°Th und ?*Ra wurden mit einem y-Spektrometer
gemessen. Zur Bestimmung der Radonemanation wurde eine neue Methode entwickelt.

Zusatzlich wurden in Belgien (Hatrival), in einem Gebiet mit erhéhter Radon-
Belastung in Innenrdumen, Gesteinsproben und deren Verwitterungsprodukte (Gedinne)
genommen. Diese Proben mit erhéhter Radionuklidaktivitdt wurden ausgewahlt, um durch
sequentielle Extraktion die Bindungsformen von #*2Th, ?**U und ?*°Ra zu bestimmen.

Die Aktivitaten von Th, U und Ra sind in paldozoischen Gesteinen (Median-Werte:
232Th: 47 Bq/kg, *®U: 32 Bq/kg, *°Ra: 32 Bq/kg) hoher, als in mesozoischen Gesteinen
(Median-Werte: #2Th: 25 Bq/kg, 2**U: 25 Bg/kg, *Ra: 22 Bq/kg). Die natiirlichen
Radionulkide sind in den Verwitterungsprodukten im Vergleich zu den Ausgangsgesteinen
angereichert; dies gilt insbesondere fiir die Proben des Paldozoikums (Median-Werte: *?Th:
55 Bq/kg, 2**U: 44 Bq/kg, > Ra: 44 Bq/kg). Die Verwitterungsprodukte des belgischen
Gedinne zeigen besonders hohe Aktivitaten (Median-Werte: ?**Th: 83 Bq/kg, **U: 223 Bq/kg,
22°Ra: 425 Bqg/kg). ?°Ra ist immer in sékularem Gleichgewicht mit >°Th.

Die Emanationkoeffizienten der Verwitterungprodukte sind héher als die der Gestei-
ne, insbesondere bei Proben mit mehr als 10% Fe,Os. Die Radonaktivitdtskonzentrationen
der Hauser korrelieren signifikant mit den Emanationskoeffizienten der Verwitterungs-
produkte, aber nicht mit denen der Gesteine.

Thorium ist fur Gesteine und Verwitterungsprodukte relativ gleichmassig in den
Fraktionen der sequentiellen Extraktion verteilt. Uran in Gesteinen verbleibt zum grdssten
Teil im Residuat und erscheint am zweith&ufigsten in den Fraktionen der Eisenoxide. In den
Verwitterungsprodukten tritt Uran dagegen in der héchsten Konzentration in den Eisenoxid-
Fraktionen auf und weniger als 10% des gesamten Urans im Residuat. Die Bindungsformen
des Radium weichen stark von denen des Uran ab. Sowohl in den Gesteinen, als auch in

den Verwitterungsprodukten findet sich das meiste Radium im Residuat, gefolgt von den
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Kurzfassung

Anteilen in der mobilen, austauschbaren Fraktion bzw. der Fraktion der gut kristallinen
Eisenoxide. In den Verwitterungsprodukten ist ausserdem eine hohe Konzentration in der
Fraktion der Manganoxide zu finden.

Die hohen Radon-Belastungen im Eisléck sind bedingt durch die Anreicherung von
Radium in gut kristallinen Eisenoxiden, welche in den zahlreichen Kliften, Verwerfungen und
Spalten des Unterdevons als Verwitterunsprodukte vorkommen, in Verbindung mit den guten
Wegsamkeiten fiir passive Advektion und thermodiffusen Transport von Radon an die
Oberflache.
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Introduction

1 Introduction

Significant differences between indoor radon concentrations in the northern Eisléck
and the southern Gutland have been reported by KIES et al. (1994). The regional distribution
has been proven beyond doubt to be correlated with the geological age of the bedrock (KIES
et al. 1996a, KIES & FEIDER 1996), but the reasons were not quite clear, as no evident
relation could be established between radium activities of rocks, soil gas radon
concentrations, and indoor radon concentrations (KIES & FEIDER 1996).

More than 40% of the dwellings in the north exceed the action level of Luxembourg
(150 Bg/m®), therefore it was essential to find an explanation for the high indoor radon
concentrations and, furthermore, to provide a more detailed basis for assessing the geogenic
radon exposure of the population in Luxembourg.

Since TANNER (1980) many efforts have been made to understand and quantify the
influence of radon in soil gas on radon in dwellings. Most previous work has focussed on
radon activity concentrations in soil gas in relation to the geological bedrock and the impact
of the permeability of soils on the transfer of radon into dwellings (e.g. DUVAL & OTTON
1990; KEMSKI et al. 1992; GUNBY et al. 1993; KIES et al. 1994; KIES & FEIDER 1996;
VON GUNTEN et al. 1996; KEMSKI et al. 1998, 1999, 2001, 2002). Many studies have dealt
with special parameters affecting the migration of radon from soil into a dwelling, especially
the physical soil parameters (e.g. MEGUMI & MAMURO 1974; BARRETTO et al. 1975;
STRANDEN et al. 1984a; STRANDEN et al. 1984b; LINDMARK & ROSEN 1985; BARTON
& ZIEMER 1986; KELLER & SCHUTZ 1988; STRONG & LEWINS 1991; HOWARD et al.
1995). So far, there has been a lack of detailed investigations into the geochemistry of the
parent radionuclides of radon and the influence of their speciation on radon emanation. Only
two substantial surveys have been published, focusing on the geochemistry of natural
radionuclides and the radon emanation in selected soil profiles (VON GUNTEN et al. 1996;
EDSFELDT 2001).

An area-wide analysis of rocks with their accompanying weathering products was
chosen for this survey, in preference to the analysis of few selected soil profiles, to achieve
meaningful results for the distribution of natural radionuclides and radon emanation in
different stratigraphic units and distinct lithologies throughout the country. Detailed
geochemical analysis of selected samples was performed to reveal the differences in
speciation of radionuclides of rocks and weathering products and to test, whether there is a
connection between the speciation of radionuclides - especially radium - and radon

emanation.
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This study attempts to disclose the relations between geology, lithology, activities,
and speciation of Th, U and Ra and radon emanation in order to understand the determining

factors for radon transport into dwellings.

1.1 Radon risk in dwellings

In the past thirty years, radon has been recognised as a health hazard. Radon is
considered to be the major source of natural radiation, together with its daughters (Table 1).
The WHO (World Health Organisation) has therefore recommended that surveys of radon in
buildings should be conducted (WHO 1987).

Two different radon isotopes are significant: ??Rn, a decay product of the ***U decay
series, with a half-life of 3.8 days, and ?*°Rn, a decay product of the ?**Th decay series, with
a half-life of 56 s. Due to the short half-life of °Rn, the radiation exposure to this radon
isotope is usually much lower than is the case for ?’Rn (0.07 vs. 1.2 mSv a™', UNSCEAR
1993). ?Rn is only of importance under special conditions, e.g. when people are sleeping
close to the soil surface, especially in the case of Th-rich bedrock (WIEGAND & FEIGE
2002).

In this study, only **Rn is analysed. The use of the term radon, unless otherwise

indicated, always refers to “?Rn.

Table 1: Average natural radiation exposure in Germany and worldwide

Average annual effective dose (mSv)
Source
Germany* Worldwide**
Cosmic/ Cosmogenic 0.3 0.4
Terrestrial
External 0.4 0.5
Internal
Inhaled (mainly radon) 1.1 1.2
Ingestion 0.3 0.3
Total 2.1 2.4
* Bundesministerium fiir Umwelt, Naturschutz und Reaktorsicherheit 2002
** UNSCEAR Report 2000

Based on numerous studies of lung cancer in radon-exposed underground miners
(IARC 1988), radon was classified as a human carcinogen. Many epidemiological studies
have been carried out with the aim of quantifying the risk of lung cancer due to increased
radon levels in dwellings, (WICHMANN et al.1998; WICHMANN et al.1999; FIELD et al.
2000; GERKEN et al. 2000 cum lit). An overview of the earlier studies including
documentation of the regions investigated, the design of the studies and their main findings,
is given in WICHMANN (1996).
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Only a few of these studies have proven a significant lung cancer risk as a result of
exposure to residential radon, notably the Swedish case-control study of PERSHAGEN et al.
(1994) and the German (East and West) case-control study of WICHMANN et al. (2002). For
the latter, a significant influence of exposure to radon on the lung cancer risk was only
observed for so-called “radon-prone areas” (Table 2). It is anticipated that the significance of
the entire German study will rise when the German data (6,500 cases) is pooled with the
data of the Eifel-Ardennes study (3,000 cases) (KREIENBROCK et al. 1993).

The Swedish case-control study documents a significant relationship between
residential radon and lung cancer risk for the whole region covered by the study: OR" = 1.3
for 140-400 Bg/m® and 1.8 for > 400 Bg/m® vs. < 50 Bg/m®. In Sweden, radon is considered
the second largest cause of lung cancer after smoking. Of the total of about 3,000 cases of
lung cancer in 1994, the annual incidence due to radon was estimated to be of the order of
400 to 900 (Ministry of Health and Social Affairs, Sweden 1996; National Board of Health and
Welfare, Sweden 1997). It is estimated that 7% of all lung cancer deaths in Germany are
caused by indoor radon (STEINDORF et al. 1995).

Table 2: Lung cancer risk due to radon in present dwellings in East and West Germany (after
WICHMANN et al. 2002, KREIENBROCK et al. 2001)

[ngrg?] Adjusted odds ratio (OR)
East Germany West Germany
Entire study area | Radon-prone area | Entire study area Radon-prone area
0-49 1.00 1.00 1.00 1.00
50 -79 0.97 1.07 0.98 1.57
80 -139 1.05 1.07 1.09 1.93
> 140 1.37 1.62 0.99 1.93

The inconsistencies of the results of epidemiological studies have many causes.
LUBIN et al. (1995) and MUIRHEAD (2002) discussed the uncertainties and sources of error
that can arise for such studies. GERKEN et al. (2000) developed an improved method of
assessing individual radon exposure histories, which is one of the major elements of
uncertainty.

Due to the latent radon risk, many countries started indoor radon survey programmes

with the aim of reducing the exposure of the population to radon.

" OR = odds ratio
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1.2 Indoor radon measurements

Luxembourg, just as many other countries, has a national radon programme. Indoor
radon concentrations are monitored in order to obtain information about the regional variation
of radon in dwellings and at workplaces. Indoor radon measurements, which are free of
charge, were started in Luxembourg with etch track detectors of the original Karlsruhe design
with Makrofol film in 1989 by the Ministry of Health (Radiation Protection Department) and
are still being conducted (KIES & FEIDER 1996). The detectors were placed in dwellings,
schools and at workplaces.

Measurements were conducted over a three-month period, generally starting in the
autumn or late winter. The detectors were distributed randomly throughout the country with
the help of local fire brigades. A small percentage (< 5%) of houses investigated in the
national survey were measured on request of the house owners. The building characteristics
of each house were recorded by questionnaire during the survey (KIES et al. 1994).

The distribution of indoor radon activities in Luxembourg, including unpublished data
provided by the Ministry of Health (Radiation Protection Department), is presented in Figure
1. In contrast to data published previously by KIES & FEIDER (1996) and KIES et al. (1996

a, b), only data from the ground floor are shown.
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Figure 1: Normal probability distribution of indoor radon activities on the ground floor (living
room, bedroom and kitchen) in about 3000 houses in Luxembourg (median: 71 Bq/m®).
Measurements conducted between 1989 and June 1998; data provided by the Ministry of Health
(Radiation Protection Department).

While the median indoor radon activity in Luxembourg is 71 Bg/m®, a clear distinction
between radon levels of the northern Eisléck (median: 128 Bq/m?) and the southern Gutland
(median: 75.4 Bg/m®) is evident (KIES & FEIDER 1996; KIES et al. 1996 a, b; unpublished
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data, Radiation Protection Department of Luxembourg). About 11% of the houses in the
Eisléck have radon concentrations exceeding 400 Bg/m® (proposed European action level),
but less than 1% of the houses measured in the Gutland are affected. Only 6.3% of the
dwellings in the south, but more than 40% of the dwellings in the north were found to have
indoor radon concentrations exceeding the action level of Luxembourg of 150 Bg/m?, with
maximum values up to 2000 Bg/m® (FEIDER & KIES 1996). The north of the country can be
considered to be a radon prone area in accordance with the recommendations of the ICRP65
(ICRP 1993), because radon concentrations in more than 1% of the dwellings exceed ten
times the national average value (KIES et al. 1994).

Apparently, indoor radon concentrations increase with the geological age of
underlying bedrock (Figure 2) as well as with the age of houses. This effect is most relevant
for houses that are older than 70 years (KIES & FEIDER 1996). While houses that were built
after 1945 show a median radon level of 56 Bq/m?®, the median radon activity for houses built
between 1900 and 1945 is 71 Bg/m® and for houses built before 1900 it is 109 Bg/m®

(unpublished data, Radiation Protection Department of Luxembourg).

median ?Rn activity [Bqlms]
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Figure 2: Median radon activities on the ground floor (living room, bedroom and kitchen) in
about 2,700 houses in Luxembourg in relation to geological age of bedrock. Measurements
conducted between 1989 and June 1998. The number of houses investigated is stated for each
geological age. Data provided by the Ministry of Health of Luxembourg (Radiation Protection
Department).
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1.3 Source of radon

The main sources of radon in dwellings are the bedrock and soil. Many attempts have
been made to predict the radon risk for certain areas by measuring the activity of naturally
occurring *®U and #*°Ra - as the parent radionuclides - in rocks and soils, the radon activity
concentrations in soil gas, the permeability of soils as well as the emanation and exhalation
rates of soils (KELLER & SCHUTZ 1988; DUVAL & OTTON 1990; KEMSKI et al. 1992, 1996
c, 1998; ZHU et al. 1998; KEMSKI et al. 1999; STEGEMANN et al. 1999; KEMSKI et al.
2001, 2002, 2003). The parameters affecting indoor radon concentrations are very complex.
Many factors influence the migration of a radon atom from its place of origin into a dwelling.
The knowledge of the bulk activity of ?*®U and ?*°Ra in rocks and soils alone is not sufficient
for indoor radon prediction, since the spatial distribution of the radionuclides in minerals and
soil particles is one of the most important factors for the release of radon (radon emanation).
Emanation is defined as the fraction of total radon, formed in a solid by radium decay, that
escapes e.g. from a soil particle into the pore or fracture space. Besides the distribution of
the parent isotopes, the internal structure of a material, the particle size distribution within a
material, the moisture content, and the temperature have an influence (BARRETTO et al.
1975; BARTON & ZIEMER 1986; BOSSUS 1984; FLEXSER et al. 1993; HEINRICH 1994;
HOWARD et al. 1995; MEGUMI & MAMURO 1974; MORAWSKA & PHILLIPS 1993;
SEMKOW & PAREKH 1990; STRONG & LEWINS 1991).

Once radon gas is released into the pore space, it migrates by diffusion in inter-
granular spaces and soil pores in response to a gradient of radon concentration and/or by
advection, carried by soil gas or water. The rate of diffusion (effective diffusion coefficient)
depends primarily on the degree of liquid saturation of the soil and secondly on the porosity,
pore sizes, adsorptive properties of the soil grains and of the liquid phase (TANNER 1991).
The transport of radon by advection is dependent on the presence and nature of carrier
media such as circulating sub-surface waters and soil gas. Increased radon activities are
usually caused by advection along faults, shear zones, caverns, or fractures (HAKL et al.
1992), which may transport radon over a distance of more than a hundred metres (KEMSKI
et al. 1992; VON GUNTEN et al. 1996).

The structurally controlled advective flow of radon is strongly influenced by the
weathering history of an area. Highly weathered areas usually show higher permeabilities
and may provide more pathways at discontinuities (APPLETON & BALL 1995). Besides,
highly weathered soils often contain higher radionuclide activities, as uranium, radium and
thorium can be retained in soils (LATHAM & SCHWARCZ 1987, IVANOVICH et al. 1992,
VON GUNTEN 1996). The enrichment of radionuclides in soils and weathering products is
dependent on the type of bedrock, because the various types of rocks differ in their content

of radionuclides, and on the intensity of the weathering. While granites and pegmatites
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contain high uranium and radium activities, sediments usually have low activities, except
phosphates, black shales, and bauxites (KEMSKI et al. 1996 a cum lit). In most cases, rocks
with high uranium and radium concentrations develop soils with high radionuclide activities,
whereas rocks with low uranium and radium concentrations lead to soils with low
radionuclide activities. Exceptions are described by SURBECK (1991), SCHUMANN &
GUNDERSEN (1996) and KEMSKI et al. (1996 a).

The formation of distinct types of rocks during the history of the Earth tends to be
typical for geological ages. Considering sediments, which are the only rock types in
Luxembourg, the variety of deposited rocks reflects the palaeogeographical and
environmental changes of sedimentary conditions over time. A connection between
geological age and indoor radon levels is reported not only for Luxembourg but also for other
countries e.g. the United Kingdom (GUNBY et al. 1993, APPLETON & BALL 1995),
Germany (e.g. KREIENBROCK & SIEHL 1996, KEMSKI et al. 1999), Belgium (TONDEUR et
al. 1996), and Switzerland (BOHM 2003).

The distinct difference in indoor radon concentrations between the northern Eisléck
and the southern Gutland can be explained by the different nature of outcropping rocks. The
Eisléck consists of strongly faulted and folded Palaeozoic siliciclastic rocks, while the
Mesozoic rocks of the Gutland are generally flat-lying and often carbonatic. Not only does the
type of the rock have an effect, but also different structural environments. The Palaeozoic
rocks of the Eisléck, as part of the Ardennes, have been strongly deformed during the
variscian orogenesis, resulting in intense folding, faulting, and fracturing. In contrast, the
Mesozoic deposits of the Gutland were affected only by the uplifting of the southern Eifel
during the Tertiary and Quaternary, leading to block faulting with displacements up to some
tens of metres (LUCIUS 1948, BERG 1965, DITTRICH 1989). An important factor is also the
weathering grade, which is much higher for Palaeozoic rocks, because two phases of intense
weathering had affected the Ardennes. The first one during Permotriassic times under arid
climate conditions and the second phase during Late Cenozoic to Early Tertiary under
tropical to subtropical conditions (MEYER 1998). The weathering of the Ardennes is
assumed to be as intense as for the Rheinisches Schiefergebirge, leading to deep
weathering zones of several hundred metres (MUCKENHAUSEN 1958, KNAPP 1978,
FELIX-HENNINGSEN 1990 cum lit, MEYER 1998).

1.4 Results of previous research in Luxembourg
Investigations of the origin of different indoor radon levels in the northern and
southern part of Luxembourg (KIES et al. 1994) started in 1994. Rock and soil samples were

taken mainly from excavated building sites, usually at a depth of one meter to determine
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radium activity concentrations. In addition, samples were taken outside villages with a soil
auger at a depth of one meter (ROWLINSON 1998). At the same sites, radon soil gas
measurements with “Czech rods” (NEZNAL et al. 1991) and soil permeability measurements

with a special device called a “Radon JOK™

were undertaken, to estimate the radon
availability (ROWLINSON 1998). Both parameters were measured because the radon
availability is dependent on radon activity concentration in soil gas (production) and
permeability of soils (migration) (TANNER 1988).

The radium activity measurements reveal a range of 4.2 to 116 Bg/kg and did not
show distinct differences either between Palaeozoic and Mesozoic samples, or between rock
and soil samples (KIES et al. 1996a). If soil samples included rock particles, they were not
removed and weathered materials were not cleaned off the rock samples (KIES,
ROWLINSON, ROBINET oral communications). Differences between rock and soil samples
were therefore most probably blurred.

The soil gas radon measurements showed higher radon activities for the Eisléck (10
- 200 kBg/m®) than for the Gutland (10 - 120 kBg/m®) (ROWLINSON 1998). Nevertheless, the
median soil gas radon activites are about equal (Eisléck: 35.5 kBg/m®; Gutland: 34.5
kBg/m®) and a correlation of radon activities in soil gas to geological age could not be
established because of the small number of measurements (KIES & FEIDER 1996). Even
soil gas radon measurements near houses in selected villages of the Eisléck (Asselborn,
Bigonville), where extensive indoor radon measurements had also been conducted, did not
show a significant positive correlation between radon levels in soil gas and in dwellings
(ROWLINSON 1998).

The permeability of soils in the Eisléck varies between 2 x 10" m? and 6 x 107" m?,
but is sometimes even lower than the detection limit of 10 m?. The permeability of soils in
the Gutland is variable for the stratigraphic units of the substratum, but dependent on their
lithology. Several siliciclastic stratigraphic units have elevated median or third quartile
permeability values. Soils with marl or argillitic lithology show characteristic low permeability.
Considering the third quartile of the measurements, the values for the Eisléck are
consistently higher when compared to those of the Gutland (ROWLINSON 1998).

2 Radon V.0.S., Praha
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Figure 3: Results from radon in soil gas and permeability measurements in Germany on the
border to Luxembourg (redrawn after SIEHL 2004)

Measurements of radon in soil gas and permeability of soils in Germany on the border
to Luxembourg showed no general differences of radon activities in soil gas between the
Devonian of the Eifel, which corresponds to the Devonian of the Ardennes and the Mesozoic
of the Trier-Luxembourg Embayment. The permeability of the soils above Devonian rocks is
clearly elevated (SIEHL 2004). Although variations of permeability of soils for this region
occur, KEMSKI et al. (2001, 2003) regard the radon activity concentration in soil gas as the
determining factor for the radon potential in Germany. Because more than 95% of all soils in
Germany have revealed highest permeability (> 10" m?2), they take highest soil permeability

for the whole country as a “worst case assumption”.

In 1994, an airborne gamma-ray survey was conducted in Luxembourg. The data of
the flight lines of a south-north traverse with a spacing of only 0.5 km were analysed
(ROBINET 1996, KIES et al. 1996b). Aerial radiometric data, without radon correction, were
discussed in relation with radionuclide concentrations in upper soil layers (ROBINET 1996,
KIES et al. 1996b). Soil samples for the ground check were taken with a soil auger from

three different depths down to 40 cm from grass covered, relatively flat-lying fields
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(ROBINET 1996) but the radionuclide activities did not show any noticeable depth-induced
difference. Though the airborne gamma-ray survey yielded higher equivalent uranium (eU)
counting rates for the Eisléck, the soil samples did not show any significant difference
between the Gutland and the Eisléck.

Radon measurements in soil gas and permeability measurements using the same
methods are still in progress in Luxembourg (KIES & FEIDER 1996; KIES, oral
communication). In 1996, radon measurements in ground and drinking water were started
(SCHMITZ 1997, KLOSEN 1998). A strong positive correlation between radon
concentrations in groundwater and geology, as observed in southern Belgium (CHARLET et

al. 1995), is expected.

1.5 Aim of this study

One of the main objectives of the current study is to draw attention to the relevance of
weathering products of different bedrocks for the prediction of the radon potential. The radon
potential is defined as the radon activity concentration in soil gas independent of the
permeability of soils, following the argumentation of KEMSKI et al. (2001). Nevertheless, the
results of this study will be discussed with regard to the permeability of soils, because soll
permeability measurements in Germany (Figure 3) and Luxembourg showed clear variations
between the Mesozoic and the Devonian.

Representative rock samples are collected together with their accompanying
weathering products from representative geological units. After carefully separation of the
weathering products from the rocks, the samples are analysed for their content of natural
radionuclides (U, Ra, and Th) by y-spectrometry, and for their radon emanation. It is
expected that strong differences in radium activities and radon emanation occur not only
between rock samples and their weathering products, but also between weathering products
of rocks of different geological age. Thorium and uranium activities are measured for
completeness. It may be shown that uranium cannot be used as an analogue for radium, as
some authors do (e.g. FLEXSER et al. 1993), because the geochemical behaviour of radium
and uranium diverges considerably. Furthermore, it is assumed that emanation is not only
dependent on the emanation coefficient and the total radium activity concentration, but also
on specific speciations of radium.

A newly developed method for measuring radon emanation allows the comparison of
samples with different grain size and varying initial water contents. Not only emanation
coefficients are discussed, but also radon activity concentrations, which refer to the released
radon in sample pore gas related to the weight of the emanating material under equilibrium

conditions. Elevated radon activity concentrations are expected for the weathering products.
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Some attempts have been made to determine the distribution of radium in rocks and
soils over the past thirty years (e.g. DUVAL & OTTO 1990, GREEMAN 1992, FLEXSER et
al. 1993, VON GUNTEN 1996, ROTH 1997, EDSFELDT & FERNLUND 1998, EDSFELDT
2001). One method to determine radium distribution is to analyse the bonding of radium by
sequential extraction, but many contradictory results are documented in the literature, mainly
because of the use of insufficiently selective extraction methods (GREEMAN 1992, ROTH
1997, EDSFELDT & FERNLUND 1998).

For the current work, an appropriate sequential extraction scheme (ZEIEN 1995) with
good selectivity was used. Due to the lack of samples with elevated radionuclide activities in
Luxembourg, samples of similar rock types, geological age, comparable structural
environment and the same weathering grade as the Palaeozoic rocks in the Eisléck were

taken from the Gedinnian in the Belgian part of the Ardennes.
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2 The Geology of Luxembourg

Luxembourg can be divided into two main geological and morphological areas. The
Eisléck in the north, belonging to the Ardennes, consists of highly deformed schists and
quartzites of Lower Devonian age.

The Mesozoic sediments of southern Luxembourg, mainly of Triassic and Jurassic
age, overlay unconformably the Palaeozoic basement and are part of the north-eastern Paris
Basin (Figure 4 and Map A6 (Appendix 6)).

2.1 Devonian Basement

The Devonian stratigraphy in Luxembourg was established by LUCIUS (1950 a) and
is based mainly on lithological characteristics of the rock sequence (MAQUIL, MOSAR &
THEIN 1984, KONRAD & WACHSMUT 1973). Exceptions are the Schist of Wiltz and the
Quartzite of Berlé, which are rich in fauna and can be correlated with the corresponding
strata of the Rheinisches Schiefergebirge. The Lower Devonian sequence in Luxembourg
includes Early Siegenian (Sg1) up to earlier Upper Emsian (E3) (Figure 5).

During Early Devonian times the Ardennes were affected by the subsidence of the
Rhenohercynian Basin under an extensional regime. Marine transgressions commenced in
the Gedinnian (ZIEGLER 1988), but the oldest outcropping sediments in Luxembourg are of
Early Siegenian (Sg1) age, corresponding in general to the Tonschiefergruppe in the
Rheinisches Schiefergebirge after MITTMEYER (1974). The eroded landmass of the Old
Red Continent was situated only 50 km further north, so that intertidal shallow sea
sediments, predominantly dark schists, siltstones and sandstones, were deposited. In the
West of the Eisléck (Schimpach), the Sg7 occurs in roof slate (Dachschiefer) facies (LUCIUS
1937).

The ongoing subsidence during Middle Siegenian (Sg2) led to the deposition of
coarser clastic sediments, such as sandstones and sandy schists, in a shallow sea
environment, which corresponds to the Rauhflaserschichten in the Eifel (ASSELBERGHS
1926). Occasional fossil-bearing horizons in the Sg2 give evidence of marine conditions
(LUCIUS 1950 a).

The top layers of the Middle Siegenian are slates, while the sediments of the Upper
Siegenian (Sg3) consist mainly of sandy schists partly including quartzitic sandstone layers
several meters thick. Sedimentary characteristics such as megaripples, groove marks, flute

marks and load casts are abundant.
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Figure 4: Geological map of Luxembourg, redrawn after “Carte Géologique Générale 1:100 000”

Sediments of Upper Siegenian age are found north and south of the Syncline of Wiltz
(Figure 4). The northern facies is sandier than the southern one. The latter can be divided
into the basal Dachschiefer (grey schists that are poor in fossils) and the Grobschiefer

(sandy schists) at the top. Basal schists, which locally occur in roof slate facies, are similar to
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the Hunsriickschiefer Facies of the eastern Mosel Syncline (ASSELBERGHS 1926,
MITTMEYER 1974). The upper part of the Grobschiefer belongs to the Emsian, comparable
to the Ulmen Group of the Hunsriickschiefer (LUCIUS 1950 a).

The lowest Lower Emsian (E7a) is characterised by slightly sandy, mainly green, or
green-grey schists including some quartzite layers. In the upper Lower Emsian (E1b), the
schists become sandier, documenting a continental influence. Quartzitic schists and

quartzitic sandstones are common.
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X E 2q "Quartzite of Berlé"

Emsian

NS E 2 "Bunte Schiefer of Clerf "

E1la/E1b

Devonian
Lower

Sg 3

Siegenian

g2

AN Sg 1

Figure 5: Stratigraphic section of the Devonian. Redrawn after Geological Map of Luxembourg
1:100000 (Service Géologique 1996)

The Bunte Schiefer of Clerf were deposited during the Middle Emsian (E2). They
correspond to the Klerfschichten in the Eifel. The continental influence becomes even more
distinct. Red and green schist and sandstone interlayers often show mud cracks. In the
upper part of the Middle Emsian, lenticular quartzites mark the beginning of the Quartzite of
Berlé (E2q), which is a white or reddish quartzite only 2-15 m thick. This layer marks the
boundary to the Upper Emsian (E3) and may be correlated with the Emsian-Quartzite of the
Rheinisches Schiefergebirge.

The Upper Emsian (E3) sediments include mainly schists, which may locally be
sandy. The youngest Devonian sediments in the core of the Syncline of Wiltz are rich in
fossils.

After the Late Palaeozoic Variscian Orogeny, the Devonian basement was eroded
and peneplained during Permian times. The tectonic depression in the area of the Eifel Nord-

Stid-Zone and the Mosel-Syncline was an area of sedimentation in the Early Triassic.
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2.2 Mesozoic Cover

The Mesozoic cover of the north-eastern part of the Paris Basin, which is called the
Trier-Luxembourg Embayment, is build up by Triassic and Jurassic sediments from Middle
Buntsandstein to Middle Jurassic (Dogger). The embayment is a conjunction between the
Lothringian Depression and the Eifel Nord-Siid-Zone.

The oldest Triassic deposits are coarse-grained fluvial sediments, lying
unconformably on the Devonian basement. The sediments have been transported from
South to North through the Eifel Nord-Siid-Zone into the northern part of the German Basin.
Previously they were considered to be of Middle Buntsandstein age, but recent investigations
point to Lower Buntsandstein (su) age (DITTRICH 1999).

The marine transgression during Middle and Upper Buntsandstein (sm - so) results in
the marginal marine Voltziensandstein (Figure 6). The Saargemiind-Zweibriicker depression
linked the Trier-Luxembourg Embayment with the basin of south-western Germany. A
connection to the North existed through the Eifel Nord-Stid-Zone. The shoreline ran in a

north-south direction along the Ardennes in the west and the Eifel in the east.
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Figure 6: Stratigraphic section of the Triassic. Redrawn after Geological Map of Luxembourg
1:100 000 (Service Géologique 1996)

The basin broadened up to the west and to the east. The rocks of the Lower
Muschelkalk (mu) consist of marine sediments, which can be seen as a marginal facies of

the Wellenkalk in the German Basin. In contrast to the limestones and marls of the
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Wellenkalk, sandstones, clayey marls and dolomites were deposited in the Trier-Luxembourg
Embayment.

During the Middle Muschelkalk (mm), the sea was regressing. The connection to the
German Basin through the Eifel Nord-Siid-Zone was closed. A sequence of lagoonal-
evaporitic sediments is followed by a marine-lagoonal and fluviomarine phase, both of them
poor in fossils.

From Upper Muschelkalk (mo) times on, shallow sea sediments were deposited with
dolomitic marls and dolomites (Figure 6). The latter are partly rich in crinoids ("trochites") and
oolites, which mainly originated at the Sierck Swell and drifted towards the Eifel Nord-Siid-
Zone. The Sierck Swell obstructed the bay to the South. While the northern Eifel region could
be considered a swell, subsidence was strongest in the southern Eifel (SCHRADER 1983).

Lower and Middle Keuper (ku - km) rocks are characterised by frequent changes from
marine-fluviomarine and lagoonal to hypersaline sediments on a shore platform with poor
relief. The junction to the northern German Basin opened again through the Eifel Nord-Siid-
Zone. The interlayer of the Schilfsandstein (km2s) gives evidence of a high-energy, partly
fluvial, environment during the middle of the Middle Keuper (DITTRICH 1989). The series of
the “Rote Gipsmergel”’ were traditionally assigned to the km2 (LUCIUS 1949, DITTRICH
1984). Since a revision of the Upper Triassic stratigraphy by DITTRICH (1989), this series is
considered to belong to the km3.

During Rhaetian (ko) times, starting with a basal terrestrial conglomerate, marine
conditions prevailed again. The Triassic seas reached their greatest extent in Upper
Rhaetian, after some changes from intertidal and subtidal cycles of sedimentation in the
Middle Rhaetian (DITTRICH 1989).

The transgression went on until the Jurassic. The Liassic Sea was not only connected
to the Nordic Sea but also to the Tethys. Intercalated into pelitic and carbonatic sediments of
the central basin, the offshore sand dunes of the Luxembourg Sandstone (/i2) were
deposited at the southern border of the Ardennes and the Eifel Nord-Siid-Zone (BERNERS
1983). The sandstone interfingers to the Northwest with marls and limestones of the
Hettangian and Sinemurian (/i3) (Figure 7).

Since Upper Lias (/o) times the connection to the Nordic Sea has been closed. Until
the end of Lias, ferruginous calcitic and silty sandstone sequences intercalate the marly-
calcitic Lothringian facies. Upper Toarcian (/og-lo7) and Aalenian (dou) sediments are
characterised by the oolithic ironstones of the Minette, which were deposited in a near-shore
shallow marine environment (LUCIUS 1945; THEIN 1975; SIEHL & THEIN 1978; TEYSSEN
1984; SIEHL & THEIN 1989).

The Mesozoic sequence in the Luxembourg area ends with coral limestones of

Bajocian age (Figure 7). The course of the eastern shore line of the Paris basin during
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Middle and Upper Jurassic is not evident, as is also the case for the coastline of the
Cretaceous sea. Remnants of Cretaceous cherts in quaternary fluvial terraces of the
Luxembourg Ardennes and in the southern Eifel indicate a flooding of the Trier-Luxembourg
Embayment in Upper Cretaceous (MAQUIL & LOHNERTZ 1984).
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Figure 7: Stratigraphic section of the Jurassic. Redrawn after Geological Map of Luxembourg
1:100 000 (Service Géologique 1996)

The Trier-Luxembourg Embayment was disconnected from the Paris Basin during
Tertiary. The southern Eifel was part of the uplifting Rhenish and Ardennish Massive.

Intense tropical weathering and erosion took place in Palaeocene/Eocene times;
derivates are the lateritic ores in the karst of the Triassic dolomites and Jurassic limestones.

During the Oligocene, limnic sediments such as bog iron ores were deposited.

In Pliocene and Pleistocene times, the uplift of the Gutland was not as strong as of
the Eisléck. Vertical movements along faults controlled the development of the present
cuesta landscape. Apart from that, the erosion and sedimentation of the rivers in the
Pleistocene, forming valley cuts down to a depth of 300 m, was most important for the
development of the geomorphological relief (BERNERS & MULLER 1984, BINTZ 1984).
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3 Materials and Preparation

3.1 Sampling

A total of 266 samples of rocks and their weathering products were collected from 26
stratigraphic units all over Luxembourg with an emphasis on the Eisléck. All sampling sites
are located in Luxembourg except one, which was about 1 km Northwest of Hatrival, in
Belgium (x °66 020 / y *°42 050), where there are not only high indoor radon concentrations,
but also very high radon concentrations in the spring, ground and drinking water (DOREMUS
et al. 1992; TONDEUR 1996; ZHU et al. 1995). Sampling sites were mainly outcrops along
roads and old quarries. If no outcrops were accessible, samples from excavations were
taken and, in individual cases, fragments of bedrock from fields. A list of sample sites can be
found in Appendix 1, Table A1 and are shown on the General geological map, Appendix 6.

At most of the 90 sites both types of sample were taken, with 50 pairs or multiples.
The weathering products were separated in two size classes: > 2 mm (skeletal soil) and < 2

mm (fine soil). The terms "rock samples”, "weathering products > 2 mm" and "weathering

products < 2 mm" will be used to distinguish between the different types of sample.

3.2 Sample Preparation

The weathering products were removed from the rock samples with distilled water.
The weathering products were collected and sieved in the wet state with distilled water to
separate the < 2 mm fraction. The organic matter (mainly roots) was removed manually. All
samples were dried at 40°C. The weathered material > 2 mm fraction was sieved again after
drying, to ensure that no aggregates of finer grains were left in this fraction.

The rock samples and the samples of the weathered material > 2 mm were crushed
to a diameter of about 2 mm. Approximately 50 g of the crushed material were used for y-
spectrometry analysis after drying at 105°C. 200 - 300 g of the samples were milled to a
grain size < 200 pym and dried at 105°C for XRF analysis, emanation measurements and
chemical sequential extractions.

Samples of lower weight were first crushed and measured by y-spectrometry, before
being milled for XRF analysis. Very few samples of less than 30 g were milled directly and
the y-spectrometric measurements were done with the same pill that was prepared for the
XRF.
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4 Methods

4.1 Determination of radionuclides

The activities of 22U, **Ra, 2'°Pb, #?Th and *“°K were determined by y-spectrometry.

Initially measurements were carried out at the Geologisches Institut der Universitat
Bonn using a semi-planar Ge-detector (EURISYS) with a resolution of 0.57 keV at 122 keV
and 1.8 keV at 1322 keV. The relative efficiency of the detector is 8.4% and the Peak-
Compton ratio 37. The INTERGAMMA (EURISYS) software was used for analysing the
spectra.

50 g of each broken sample were put into 300 ml cylindrical polyethylene beakers,
which were sealed with silicone paste. The measurements were carried out after 30 days, by
which time equilibrium between radium, radon, and its decay products was reached. The
measuring time was usually 172,800 sec. Samples of less than 50 g were measured using
pressed pills prepared for XRF analysis.

Subsequently, the measurements were mainly performed at the Laboratoire Physique
des Radiations of the Centre Universitaire in Luxembourg using a semi-planar Ge detector
(EURISYS) with a resolution of 1.0 keV at 122 keV and 2.3 at 1322 keV. The relative
efficiency of the detector is 44% and the Peak-Compton ratio 67. The analytical software was
INTERWINNER (EURISYS). The sample preparation method used was the same, but the
samples were put into 50 ml polystyrene beakers and vacuum-packed in aluminium-plastic
sandwich foil. The measuring time was reduced to 86,400 sec.

The activity of ?°Ra was determined based on the decay products ?"Pb and ?"Bi
(arithmetic mean). For the calculation of equivalent activity of 2*?Th, the activities of the decay
products 2°Tl, 2'?Pb and ***Ac were used (arithmetic mean). The standard deviations of ?°Ra

and 22Th were calculated as follows:

2 2
1 1 .
SDpa_226 = \/(2 SDpp_214 ) + (2 SDp;_214 ) (Equation 1)

2 2 2
1 1 1 .
SDr1p_p32 = \/(3 SDr1_208 ) + (3 SDpp_312 ) + (3 SD pc_228 ) (Equation 2)

As the equivalent activity of 2**U (eU), which cannot be measured directly by y-

spectrometry, the activity of 2*Th was taken. The SD of ?®U is the same as for #*Th.
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To ensure that the measurements of both detectors are comparable, some of the
samples measured in Bonn were also measured in Luxembourg. The difference between the
results is generally lower than 5%. The same applies for the pressed pills, except for the
determination of #*Th and #'°Pb. If the activities are very low, results may vary by up to 15%.

For some interpretations, the activities of Uranium and Thorium are given in ppm:

1 ppm #®U = 12.42 Bq kg™

1 ppm ?**Th = 4.061 Bq kg™

The concentration of 22U (eU) is directly equivalent to chemical uranium, proven by a
significant correlation of the y-spectrometric results with those of the XRF (r = 0.97 at 95%, n
= 177) (Figure 8). The results for 2**U will therefore not be called eU, but are taken as true
values. The correlation of ?**Th to chemical thorium is significant, too (r = 0.93 at 95%, n =
127). However, the results of the XRF measurements were not used, as the detection limit of
the XRF is higher and the SD of the results is much higher than for the y-spectrometry,

especially at low concentrations.
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Figure 8: Correlation of 238

U (eU) and 22Th (eTh) determined by y-spectrometry and their

counterparts measured by XRF.

The “°K activity was partly measured using an n-type detector and partly using a p-

type detector at the Laboratoire Physique des Radiations in Luxembourg. Measurements of

the same samples on both detectors showed good agreement. A few samples were
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measured for K,5: by XRF. Due to the proportionality of activity and mass of a substance, the

following conversion applies: 1% Kqat = 311.7 Bq kg™ “°K.

4.2 Determination of geochemical composition

The chemical composition of the samples was analysed by XRF. Four grams of each
ground sample were homogenised with 0.6 g of wax, for stabilisation, and pressed to a pill in
an aluminium plate with a force of 32 t/cm?. The analysis was performed with a computer-
controlled SIEMENS SRS 303 X-Ray fluorescence spectrometer. The standard deviations
were calculated from 10-fold measurements of one pill. The SD of the oxides is usually lower
than 1%, exceptionally up to 5%. The SD of the trace elements could rise up to about 10%,
especially close to the detection limit. The measuring range of each element is given in Table
3.

Table 3: Measuring range of the x-ray analyses (XRF). The indicated values correspond to the
reproducible limit of determination.

Oxides Measuring Element Measuring Element Measuring
Range Range Range
SiO2 8 —90% As 4 - 330 ppm Ni 5-2300 ppm
Al,03 0.1 —50% Ba 30 - 8000 ppm Pb 4 - 240 ppm
Fe>O3 0.05 - 50% Ce 20 - 150 ppm Rb 15 - 3500 ppm
MgO 0.1 -50% Cr 5-300 ppm Sr 10 - 1400 ppm
CaO 0.1 -50% Cs 3-180 ppm V 5-1000 ppm
Na,O 0.05-10% Cu 4 - 450 ppm Y 10 - 700 ppm
K20 0.01-5% Ga 2-100 ppm Zn 8- 1300 ppm
MnO 0.03-0.8% La 4 -80 ppm Zr 10 - 1300 ppm
TiO, 0.01-3% Mo 4 - 300 ppm u* > 1.5 ppm
P05 0.01-2% Nd 20 - 150 ppm Th* > 1 ppm

* XRF results were not used for the interpretation of data

The quantity of organic carbon (C,g) Was measured using a carbon analyser (LECO
EC-123).

4.3 Determination of mineral composition

The mineral phases were analysed for selected samples, namely those, which were
extracted sequentially (see Chapter 7). The samples were carefully ground to a grain size of
5 —10 ym. Mineral grains were separated by gravity and determined by XRD. In addition,
some extraction residuals of sequential extractions and samples of iron and manganese

oxide/hydroxide coatings were analysed by XRD.

3 LECO Corporation, 3000 Lakeview Avenue, St. Josep, MI 49085, USA
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Gravity separation was performed after removing iron and manganese oxides with
citrate-bicarbonate dithionite. 6 — 8 g of sample were immersed in 70 ml of bromoform
(density 2.89 g/cm?®) and centrifuged 3 times for 10 minutes at 3,000 rpm. Samples were
stirred between the centrifugation steps. The light minerals were sucked off with a pipette.
After removing any remaining light minerals from the tube wall, the heavy minerals could be
poured out with the remaining bromoform. Light and heavy minerals were sampled
separately in filter paper, washed with ethanol, and dried.

The method of mineral separation by centrifugation is described by BOENIGK (1983),

because this method is especially applicable for samples with a grain size < 200 um, as in

this case for the ground material.
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5 Distribution and geochemistry of natural radionuclides in

Luxembourg

5.1 Natural radiation environment

The radionuclides of the decay series of uranium and thorium - together with “°K -
cause most of the natural environmental radiation. The distribution of >**U and especially
?%6Ra, the direct mother nuclide of ??Rn, is of fundamental importance for the assessment of
the geogenic radon potential of a specific area.

The distribution of radionuclides is primarily governed by the regional distribution of
the various rock types, which contain varying radionuclide concentrations. Distinct types of
rocks tend to be typical for certain geological ages, reflecting the palaeogeographical and
environmental changes of sedimentary conditions as well as the variation of tectonic and
magmatic activities of the lithosphere in the course of the Earth’s history. This may result in
significant variations of radionuclide concentrations of different stratigraphic units.

Weathering processes could cause enrichment and/or depletion of certain
radionuclides in soils and in weathering products located in joints and fissures of the
bedrock. The possible enrichment of ?**U, or of the decay products in weathered materials
and on rock surfaces respectively, are of great importance for the highly folded Devonian
area, where not only the enrichment of uranium and radium near the surface may be a
source of radon, but where many fracture zones serve as pathways for ascending radon with

circulating water and soil gas.

5.2 Uranium

Only three of the 24 known radioactive isotopes of uranium are of importance in
nature: **U (0.0054%), 2*°U (0.720%) and ?*®U (99.267%). ***U has a half life of 4.47 x 10°
years and is the parent isotope of the ?*®U-decay series. ?**U is the 3" member of this series
and has a half life of 2.45 x 10° years. ?°U (half life: 7.04 x 10°) is the parent isotope of the
234 decay series.

Due to its relatively large ionic radius, uranium does not fit very well into the crystal
lattice of common rock-forming minerals. During the cooling of magma, uranium is enriched
in the fluid phase and concentrates mainly in accessory minerals, formed at a late stage of
magma differentiation, with concentrations as high as 35,000 ppm. Furthermore, it also
concentrates during later stages in secondary minerals at grain boundaries and along

microcracks of the rock-forming minerals, from where it can easily be leached. Even if no
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magmatic rocks occur in Luxembourg, their erosion products are the primary source of
uranium.

Only the U*" and U®* oxidation states are of interest in geochemistry. U*" is formed as
a metastable ion during the oxidation from U** to U®* but it is only stable in environments with
low oxidation potentials and may be present in some natural waters as (UO,)". U** (ionic
radius: 1.05 A), which is stable under reducing conditions and nearly immobile because of its
low solubility, occurs predominantly in primary minerals of igneous rocks. Under natural
oxidising conditions U** oxidises to U®" (ionic radius: 0.80 A). The redox potential of a
solution controls the concentration of the uranium ions in the tetravalent and hexavalent
state:

U*" + 2H,0 <> UO,*" + 4H" + 2¢’

The solubility of uranium in the hexavalent state is much higher than in the tetravalent
state.

Of further importance for the release of uranium from the crystal lattice is a nuclear
process, called the Szilard-Chalmers effect, in which uranium isotopes and their daughters
are fractionated because atomic bonds are broken during alpha decay and crystal lattices
are damaged by recoil of the daughter nuclei. Fluids may then leach the damaged crystal
lattice and release the daughter nuclide into the aqueous phase. Daughter isotopes of the
same element are therefore considered to have higher mobility in rocks, soils, and ground
water (TITAYEVA & VEKSLER 1977; FLEISCHER & RAABE 1978; FLEISCHER 1988).

In most sedimentary rocks, uranium concentrations vary between 0.2 - 11 ppm,
increasing with content of phosphorous, clay, iron oxides/hydroxides, and organic matter.
Organic-rich black shales and marine phosphates can contain up to 1,200 ppm uranium. The
uranium concentration of psammitic rocks increases with the content of weathering-resistant
minerals such as monazite and zircon. Carbonate rocks only contain a little uranium due to
the good solubility of carbonate complexes in water and the usually low content of primary
uranium-bearing or absorbing detritus in the carbonates. During weathering, the carbonate
content is leached and insoluble residues of clay minerals and iron hydroxides remain as
coatings on corroded rock surfaces. The clayey residue adsorbs uranium, thorium, and
radium from circulating fluids and provides great surface areas for the emanation of radon,
so that regions dominated by carbonate rocks very often have a high radon potential,
especially in karst regions (VON GUNTEN et al. 1996).

Uranium in sediments and soils occurs mainly as oxide, hydroxide, uranate,

carbonate, silicate, sulphate, phosphate, arsenate, molybdate, selenite, tellurite and
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vanadate. The most common secondary minerals are autunite, carnotite, schroeckingerite,
torbernite, uranophane, zeunerite and zippeite.

Both U*" and (UO,)** form several complexes with carbonates, halides, hydroxyl,
nitrates, phosphates, silicates and sulphates. In geochemistry the various U** complexes of
the type [UCIT*", [UFe]*, [UFg]*, [U(SO)a(H20)4]°, [U(SO4)(H20)e]*"and [UO(SO4).J* are of
interest as well as the complexes of (UO,)**, namely [UO,FT", [UOLCI", [UO;NO;],

[UO,S04]°, [UO5(SO4)]*, [UOH,PO,]", [UO,H3POsI™, [UO,(HPO,),1*, [UO,(COs)z*and
[UO,(CO5)s]*. Especially (UO,)?* also tends to form organic complexes, such as soluble
uranium chelates and uranium-organic complexes e.g. with citrate, tartrate and humic
materials (BOYLE 1982). Uranium is extensively mobilised as an anion by aerobically
decomposing plant matter, which is an important process not only in the upper horizons of

soil profiles but also for saprolite, where plant roots often grow in fissures.

Table 4: Uranium activities of rocks.

238 Luxembourg* Literature**
U [Bg/kg]
Min Mean Max Min Mean Max
Sandstones 10 26 40
Palaeozoic " "
26 33 37 21 32
sandstones
Mesozoic
3 20 118
sandstones
Siltstones 19 28 40
Quartzites 6 7 7 6
Schists 16 35 89 174 40 70
Carbonates 1 27 224
Limestones 7 13 17 27" 109
Dolomites 9 25 79 0.5 25t
Marls 19 38 75

* Data for Luxembourg from this survey
** Data after: DYBEK (1962), ¥ DURRANCE (1986) after KLEMENT (1982),
" IVANOVITCH & HARMON (1992), * KEMSKI (1993)

Uranium concentrations in sediments in Luxembourg are mainly in the range of
published data, which of course reflect a mixture of rocks of different ages, various regional
distribution, and sediment composition. The variance of activities of rocks of different ages is
reflected by the data measured in this survey, where Palaeozoic sandstones exceed the

uranium activity of Mesozoic sandstones with one exception.

For further analysis, the uranium activities of rocks and weathering products of
Luxembourg are grouped by stratigraphy. Results are plotted in Figure 9; the complete

dataset with standard deviations is detailed in Appendix 2, Table A2.
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Figure 9: Uranium activities of rocks and their weathering products of Luxembourg grouped by
stratigraphy.

26



Distribution and geochemistry of natural radionuclides in Luxembourg

Uranium activities of sediments in Luxembourg range between 3 and 118 Bg/kg. The
activities of Palaeozoic rocks are usually higher when median values are taken into
consideration. Whereas most median values of Devonian units are higher than 30 Bg/kg,
only four median values of Mesozoic strata exceed this activity (Figure 9).

Nevertheless, the highest uranium activity, of 118 Bg/kg, occurs in phosphate and
iron rich Liassic sandstone (/i2). The sample was taken from a top layer of the Luxembourg
Sandstone (/i2) south of Aspelt (x 85 100/ y 64 440). At this site, the boundary /i2/li3 was
exposed during the construction of a road. The sandstone layer is only a few centimetres
thick, nearly black, and coarse grained. The activities of all radionuclides of the uranium
series in this layer are about five times higher than that of unweathered sandstones of the /i2
from the same place. Even iron coatings on weathered samples of the /i2 show much lower
activities (about 40 Bg/kg). This sample originates from a pyritic or limonitic sandstone layer,
which is often described (DITTRICH 1993) for the top of the /i2 as "surface taraudée”, a
phosphate-rich hard ground generated during low sedimentation rates. Uranium was

probably co-precipitated with phosphate during carbonate sedimentation.
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Figure 10: Radionuclide activities and selected oxide percentages of the Luxembourg
Sandstone (li2) and the “surface taraudée” layer at the top of the li2 (see Appendix 3, Table A3).

The elevated radionuclide activities of the "surface taraudée"” do not give rise to a
greater radon potential of the Luxembourg sandstone, because the layer is only a few
centimetres thick. Additionally, it is covered by several meters of impermeable clay- and

marl-layers of the Upper Luxembourg Sandstone (/i2) and the Sinemurian (/i3).
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Figure 11: Uranium activities of different Gedinnian rocks and their weathering products.
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Figure 12: Concentrations of Si, Al and Fe of different Gedinnian rocks and their weathering

products.
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The weathering products show mainly higher uranium activities than the parent rocks,
up to 467 Bag/kg (Figure 9). The median uranium concentrations are highest for the samples
of the Devonian (= 35 Bg/kg) and lowest for those of the Jurassic (< 30 Bqg/kg).

Variations in uranium activities of rocks and weathering products are very low for

Jurassic samples. They are largest for samples of the Upper Muschelkalk and the Devonian,

especially the Gedinnian (Figure 9).
The Gedinnian samples could be taken as examples for the behaviour of uranium

during weathering of siliciclastic sediments (Figure 11), where uranium is mobilised as a
complex ion. It may be transported over long distances and precipitated under appropriate
conditions e.g. with the oxidation from Fe?* to Fe**. It may also be adsorbed by previously

generated oxides or hydroxides of iron, manganese, aluminium, and titanium as well as by

silicate gels, clay minerals or phosphates.
In Figure 11 and Figure 12, uranium activities and some selected oxide percentages

are plotted for Gedinnian sand- siltstone, and their weathering products. Uranium is enriched
in weathering products, especially in the <2 mm fraction (Figure 11). It is positively

correlated with Al, Mn, P and Fe, while correlation to Si is negative.

Upper Muschelkalk

80

238 [Bqlkg]

marl Weatp,
. ery,
(mo2) dolomite 3 ng prodllct

(mo2) dolomite 2 n
(mo1)  dolomite 1 rock 9 Progye N

(mo1)

Figure 13: Uranium activities of different rocks of the Upper Muschelkalk and their weathering
products.

While silica is relatively depleted in the weathering products, concentrations of

aluminium and iron are increased in the < 2 mm fraction (Figure 12). Enrichment of uranium
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in weathering products is accompanied by enrichment of clay minerals and iron
oxides/hydroxides (goethite, hematite, ferrihydrite).

The weathering products of dolomites and marls of the Upper Muschelkalk also show
increased uranium activities (Figure 13). The carbonates are dissolved during weathering,
resulting in depletion of Ca and Mg in the weathering products (Figure 14). Uranium may be
partly mobilised as a carbonate complex, but the correlation with Ca and Mg is negative. The
dominating processes - as for the Gedinnian samples - are precipitation with oxides and
hydroxides or adsorption onto clay minerals, indicated by significantly positive correlations
with Al, K, Ti, P and Fe.
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Figure 14: Concentrations of oxides of Mg, K, Ti, Al and Fe of a dolomite (mo7) and the
accompanying weathering products.

5.3 Radium

Thirty isotopes of radium are reported, ranging from ?*Ra to #°Ra. All isotopes are
radioactive and decay via alpha emission except ?Ra, which decays via beta emission.
Naturally occurring isotopes are **Ra and ?**Ra, which belong to the thorium series, **Ra in
the ?*°U series and ?°Ra in the #*®U series. The latter is the most important radium isotope
occurring in nature, due to its long half-life (1,622 years) and to the natural abundance of its
parent >°Th (MOLINARI & SNODGRASS 1990). In this study, only ?Ra will be examined,
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since it is the immediate parent isotope of 22Rn. The use of the term radium, unless
otherwise indicated, always refers to “*Ra.

The chemical behaviour of the lithophile, alkaline earth element radium during
weathering processes differs significantly from that of uranium. Individual samples of rocks
and especially weathering products may show clear departures from equilibrium in the #*8U
series. The long half-lives up to 2.5x10° years (***U) of intermediate isotopes between #*3U
and **Ra provide enough time for chemical changes and redistribution of elements.
Radioactive disequilibrium may be caused by the oxidation of immobile U** to mobile U®",
relative enrichment of ?*°Th in insoluble weathering residues or preferential adsorption of
20Th and #*Ra onto clay minerals. Natural water shows higher radium activities because of
the better solubility compared to parent isotopes. In addition, disequilibrium conditions could
be caused by the radioactive decay itself, through hits of a-particles disturbing the mineral
lattice or through alpha recoil pushing newly generated atoms out of the mineral. The
influence of the radioactive decay is indicated by the increased mobility of > °Ra (3 alpha
emissions) compared to ?°Ra (1 alpha emission) (WIEGAND & KUSCHKOWITZ 1998).

If no separation took place for the last 10 000 years, *Ra is present in rocks and
minerals in secular equilibrium with *U. Radium does not form minerals of its own. It
substitutes other elements in newly generated minerals (MOLINARI & SNODGRASS 1990).
Ra?* may displace Ba*" in barite as well as Mn?" in kryptomelane (K,MnzO+¢) and Ca?* in
apatite.

Results of radium analysis of rocks and weathering products of Luxembourg are
plotted in Figure 15; the complete dataset with standard deviations is detailed in Appendix 2,
Table A2.

The Ra/U activity ratio of analysed sediments from Luxembourg usually approaches
the condition of secular equilibrium. Enrichment of radium was found only for Gedinnian
sandstone due to exceptionally thick encrustations of iron and manganese oxides/hydroxides
and for iron-rich sandstone from the Im3b.

During weathering, radium may be absorbed by organic substances, clay minerals,
and iron and manganese oxides. Co-precipitation with calcium and barium salts is also
common. Like Ba, Sr and Ca, radium forms very insoluble sulphate, carbonate, phosphate
and chromate salts. Water-soluble compounds are the chloride, bromide, nitrate and
hydroxide salts. Ra?" dominates in the pH range 4-8.

As well as the other alkaline earth cations (except beryllium), radium shows no
tendency to hydrolyse. The chemical properties of radium are similar to barium although it
has a larger ion radius. Radium salts have a lower solubility than the corresponding barium

salts. The tendency of radium to build complexes is less pronounced than of the other
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alkaline earth metals. Complexes with oxalic, citric, tartaric, succinic and some other acids
are documented for pH 7.2 to 7.4 (AMES & RAI 1978).
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Figure 15: Radium activities of rocks and their weathering products of Luxembourg grouped by
stratigraphy.
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In Luxembourg, radium activities of weathering products up to 1,249 Bq/kg are higher
than those of rocks (max. 302 Bq/kg, usually lower than 100 Bqg/kg). Enrichment of radium is
- as for uranium - highest for the Devonian samples and the weathering products of the
Upper Muschelkalk. In addition, radium activities are much higher for the weathering
products of the Middle Keuper (km3) in comparison to the accompanying rocks (Figure 15).

Radium is in secular equilibrium with uranium in the weathering products of the mo2,
but not in those of the km3. The latter are fissure-filling secondary carbonate precipitations of
dolomites and dolomitic marls with very high radium activities of up to 320 Bg/kg, located
east of Graulinster (x 88 680 / y 89 550). The dolomite and marl layers of this outcrop are
disturbed by small faults, which displace the layers up to some tens of centimetres. They
might be connected to the fault zone of Audun-le-Tiche, which is close to the outcrop (BINTZ
et al. 1973).
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Figure 16: Example of radionuclide activities and concentrations of Ca and Mg in fissure-filling
secondary carbonate precipitations of dolomites and dolomitic marls of the km3, east of
Graulinster.

Radium enrichment is attributed to enrichment of 2°Th in the weathering product, as
carbonatic precipitations appear to have a Ra/U activity ratio of 4 — 5, while radium is in
secular equilibrium with #°Th (Figure 16). VON GUNTEN, SURBECK & ROSSLER (1996)

found the same for Karst soils of the Jura Mountains in Switzerland. While uranium is
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released during weathering and migrates as a stable uranyl carbonate complex, **°Th

hydrolyses and is strongly absorbed to soil particles and/or forms insoluble compounds.

By far the highest **Ra activities, of up to 1,249 Bq/kg, were found for Gedinnian
weathering products, nearly all of them showing radium enrichment. Radium is precipitated
as oxide or hydroxide together with iron or manganese. It may also be absorbed onto clay
minerals, which are enriched in the weathering products as well, indicated by high

concentrations of Al, K, Ti and P (Figure 17).
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Figure 17: Example of a weathered sandstone (Gedinnian) and the accompanying weathering
product < 2 mm. Radium and uranium activities are plotted together with the concentrations of
the oxides of Al, Fe, K, Ti, and P.

Radioactive equilibrium is disturbed for 26% of the samples, all of them showing
radium enrichment. Radium and thorium appear with similar activities in only 4% of the
cases.

The differences in the distribution of uranium and radium among rocks and their
accompanying weathering products show that the prediction of radon potentials for certain
areas cannot be based on the knowledge of the uranium activities of rocks alone. The
assessment of the radon potential of a specific area, especially if the rocks were fractured by
tectonic deformation, has to be based on the investigation of radium activities, in particular

those of the weathering products.

5.4 Thorium

Twenty-five isotopes are known, ranging from 2'°Th to ***Th, but only six isotopes
occur in nature. The longest-lived isotope is ?**Th, the parent isotope of the thorium series,
with a half-life of 1.4x10'° years. In the decay series one other thorium isotope originates,

228Th, with a half-life of 1.9 years. Because of the usually short-lived nuclides in the *?Th
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chain, the whole series is expected to be in secular equilibrium. The four other natural
thorium isotopes originate in the uranium series (***Th and ?*°Th) and in the actinium series
(**'Th and #"Th).

Thorium has - as does uranium - a relatively large ionic radius (Th*": 1.10 A). Rock-
forming minerals therefore only contain low concentrations of thorium, and there is commonly
extensive reciprocal replacement of uranium and thorium.

The thorium content of igneous rocks tends to increase with increasing silica. Like
uranium, thorium mainly occurs in accessory minerals. The remainder is present as an
absorbed phase or in tiny mineral grains (e.g. thorite) along grain boundaries and
microfractures. In sediments, the location of thorium is similar to those described for igneous
rocks. In some sediment, thorium may be abundant in chemically resistant detritic mineral
grains such as monazite, sphene and zircon. A considerable amount of thorium may be
bound in clay mineral complexes and in limonite, wad, and other colloidal materials. Shales
and other argillaceous rocks with high alumina content usually show elevated thorium
activities (BOYLE 1982).

During weathering processes, only tetravalent thorium is of importance. Th* is rare
and not stable in aqueous media. Thorium chemically resembles titanium, zirconium, and
hafnium. Of importance are hydrolytic, colloidal and adsorption reactions. At the pH of most
soils (pH 5-8) part of the soluble thorium salts (nitrate, sulphate and chloride) may undergo
hydrolysis, leading to the formation of the positive hydroxide colloid or gel, from which water
is removed to form ThO,. On the other hand, thorium in the ionic and colloidal hydroxide and
silicate form may be absorbed onto or co-precipitated with clay minerals, silica-alumina gels,
hydrous ferric oxide, hydrous manganese oxide, hydrous titanium oxide, hydrous zirconium
oxide, vanadium oxide and the humic matter of soils, for example as a thoriferous humate.
Thorium tends to substitute potassium in clay minerals. Beyond pH 7, clay minerals and
organic matter absorb most thorium. Nevertheless, much of the thorium in soils occurs in
resistant minerals such as zircon, monazite, allanite, sphene, thorianite and thorite. Besides,
thorium is present in minerals generated during weathering processes such as baddeleyite
and thorogummite (BOYLE 1982).

Like uranium, thorium has a strong tendency to form complexes due to its high
charge. Besides organic complexes with acids such as gallic, tannic, oxalic and aspartic,
inorganic complexes with chlorides, fluorides, nitrates, sulphates, carbonates, hydroxides,
silicates and phosphates occur. The occurrence and stability of these complexes is not
completely known, but in general, thorium complexes are more stable than uranium
complexes, except for the carbonate complexes. Many colloidal forms of thorium compounds
are known, e.g. the generally positively charged hydroxide, which may be negative under

certain conditions, and the negative silicate (BOYLE 1982).
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During weathering, the Th/U ratio tends to increase because of the differing mobility
of the two elements. Uranium is more easily dissolved from rocks by weathering processes
than thorium. Additionally, the complexes of U®* are several orders of magnitude more stable
in solution than tetravalent Th and uranium can therefore migrate over large distances until it
is fixed by reduction and/or adsorption. Hexavalent U can occur in the mg/L range in near-
neutral solution, while tetravalent Th amounts to only << 0.1 pg/L in such solutions (DYCK
1978).

Thorium activities of the analysed sediments of Luxembourg do not correspond very
well to the - rather sparse and unspecific - literature data (Table 3). In particular thorium
activities of limestones and sandstones are higher, the latter showing a clear difference

between Palaeozoic and Mesozoic sandstones (factor 1.7) in Luxembourg.

Table 5: Thorium activities in rocks.

Z2Th [Bg/kg]
Rock types Luxembourg* Literature**
Min Mean Max Min Mean Max
Sandstones 4 7" 37
Palaeozoic
43 48 55 28t 43+
sandstones
Mesozoic
sandstones ° 28 o
Siltstones 30 45 62 48
Quartzites <1 6 12
Schists 27 54 69 24* 41 77t
Carbonates 12°
Limestones 15 35 56 <1’ 7* 10"
Dolomites 6 11 18
Marls 7 31 62 287

* excluding data from Belgium
** Data after: BOYLE, R.W. (1982), ¥ DURRANCE (1986), after KLEMENT (1982),
" IVANOVITCH & HARMON (1992), ¥ KEMSKI (1993), ° BOYLE, M. (1988), » HINDEL (1991)

Results of thorium analysis are plotted in Figure 9; the complete dataset, with

standard deviations, is detailed in Appendix 2, Table A2.
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Figure 18: Thorium activities of rocks and their weathering products of Luxembourg grouped
by stratigraphy.
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Thorium activities of the sedimentary rocks in Luxembourg range between 1 and 142
Ba/kg, Palaeozoic rocks showing generally higher thorium activities than Mesozoic rocks,
when considering the median values (Figure 18). Except for the quartzites of the E2q, all
median values of the Devonian exceed 40 Bqg/kg. Only a few Mesozoic sediment types,
namely the sandstones and marls of the mm/mu, the sandstones of the so, km2s and Im3b
and the limestones of the dou, exceed this value. Most Mesozoic stratigraphic units do not
even reach a maximum value of 45 Bqg/kg. The highest thorium activities were found for the
Gedinnian samples.

The Liassic (li2) sample from the “surface taraudée”, which is enriched in uranium
and radium, shows only low #*?Th activities, but high ?*°Th activities. The uranium decay
chain is in secular equilibrium.

Only a few rock samples show similar activities for thorium as for uranium and
radium. About half of the rock samples (51%) show excess thorium, 27% equal activities and
18% lower thorium activities. Most samples with enhanced thorium activities belong to
Devonian and Jurassic strata.

Compared to the activities of uranium and radium, thorium activities of the weathering
products are only slightly elevated in relation to the parent rocks. Median values of the
Devonian weathering products are higher than 50 Bg/kg, except for the stratigraphic unit
E1b. Only a few Mesozoic weathering products exceed this value (so, km2s, Im3b, dou and
doma3).

Thorium, uranium, and radium are separated during weathering in most cases. Only
24% of the weathering products have similar activities of all three radionuclides, 34% have
higher and 16% have lower thorium activities. The latter are weathering products of
Mesozoic marls and dolomites (mo1, mo2, i3, km2 and km3) and two iron coatings from
surfaces of Luxembourg Sandstone (/i2). Almost all parent rocks of these samples show
lower thorium activities than uranium and radium activities, too. Enrichment factors for
thorium in weathering products are nevertheless in the same range for all samples (1 - 4.5).

Enrichment of thorium is highest in weathering products < 2 mm.
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6 Emanation

6.1 The process of emanation

Emanation is defined as the release of radon from the solid phase of rocks and soils
into pores, microfissures or fracture systems.

?2Rn and **Rn occur in all rocks and soils as decay products of the radium isotopes
?%Ra and ***Ra. During the a-decay of radium, an a-particle and a radon atom are formed,

which move by recoil in opposite directions. Because of ejection, Radon atoms may enter the

space between rock grains.

Figure 19: Possible scenarios for the a-decay of radium (°) to radon (e) in soil (after TANNER
1980 and KEMSKI et al. 1996 b). Explanation see text.

The maximum recoil distance (R) for a radon atom in a specific material is marked in
Figure 19 for two rock particles. If a radon atom is formed within this region, its kinetic energy
will be high enough to leave the particle. Depending on whether the pores are filled only with
air or also with water, different processes are possible. As long as the radon atom enters the
pore space, but does not loose all of its recoil energy, it may lodge in the opposite wall of the
pore (C). If it loses all of its recoil energy in the pore space, the radon atom will diffuse in the
pore network (E). The radon atom may also reach the pore space if the radium atom is
located close to a crack in the mineral from where the radon atom can diffuse into the pore
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space (D). Radon atoms entering water-filled pores may be stopped due to the decrease of
the recoil energy and diffuse from there into the air filled pore space (F). In cases where the
radium atom is located somewhere in the particle (A) or too close to another grain (B), the
radon atom cannot reach the pore space.

Radon emanation is usually given as the emanation coefficient. It is calculated as the
quotient of released radon activity (Arn.222) in @ sample gas at secular equilibrium and total

radium activity (Ara.226) Of @ sample. The emanation coefficient is usually given as a
percentage:

Ra226

A
E = [M]IOO% (Equation 3)

The most important factors affecting radon emanation are

. distribution of parent isotopes in rock and soil
. internal structure of a material
. particle size distribution within a material
. moisture content
e temperature
silty schist

emanation
[%]
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Figure 20: Emanation coefficients of a silty schist (Devonian; Rheinisches Schiefergebirge,
near Dreckenach) in dependence on particle size and water content (after HEINRICH 1994).
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Figure 20 shows the dependence of the emanation coefficient on particle size and
water content. The differing emanation coefficients of this sample (silty schist of Lower
Emsian age; HEINRICH 1994) give an example of the general tendency of materials to vary
in emanation.

The radium activity of this partly weathered silty schist is 29 Bg/kg. While the
emanation coefficient of the dry and crushed original sample (not sieved and separated) is
about 13%, the emanation coefficients of the sieved samples measured at different moisture
contents vary between 5% (> 20 mm fraction, 0% moisture) and 33% fraction (< 0.63 mm;
1.5% moisture fraction). The maximum emanation of all particle size classes is at 1.5%
moisture by weight.

The wide range of emanation coefficients is in line with results of other investigators,
documenting factors of up to 20 - 30 between the minimum and the maximum emanation
(STRANDEN, KOLSTAD & LIND 1984 a, b; LINDMARK & ROSEN 1985).

The effect of particle size has been investigated many times (e.g. BARTON &
ZIEMER 1986; EDSFELDT & FERNLUND 1998; FLUGGE & ZIMENS 1939; HEINRICH
1994; MARKKANEN & ARVELA 1992; MEGUMI & MAMURO 1974; MORASWKA &
JEFFRIES 1994; RUTHERFORD, DUDAS & AROCENA 1995). By way of example, the
results of HEINRICH (1994) are quoted here.

Table 6: Emanation coefficients in relation to particle size (after HEINRICH 1994)

Emanation coefficients [%]
Dry samples
<0.63 [mm] 0.63-2 [mm] 2-6.3 [mm] 6.3-20 [mm] >20 [mm]
Schist (Devonian) 19.2 11.9 8.4 9.2 7.7
Volcanic tuff 1
4.3 2.0 1.2 1.2 1.4
(Quaternary)

Table 6 shows that emanation coefficients of the particle size fractions > 20 mm, 20 -
6.3 mm and 6.3 - 2 mm do not differ very much for most samples, whereas emanation
coefficients of the fractions 2 - 0.63 mm and < 0.63 mm differ widely.

The influence of temperature on the emanation factor has been demonstrated (e.g.
BARRETTO et al. 1975, PELLEGRINI 1997), but was not further investigated in this thesis
because the range of temperature variability of surface soils is only of minor importance
(NAZAROFF et al. 1989).

6.2 Standardisation of sample preparation

If radon emanation from materials with different particle size, water content, internal
structure and radium distribution is to be compared, it is necessary to standardise sample

preparation.
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The samples used for this study were generally divided into rock samples, weathering
products > 2 mm (skeletal soil) and weathering products < 2 mm (fine soil). They were not
separated into more fractions, since the effect of particle size is well known.

The influence of water content on radon emanation was not investigated during
preliminary tests, since it is well known that radon emanation of any material increases with
increasing moisture to an optimum, and decreases again beyond that point (PRUTKINA &
SHASKIN 1967; STRONG & LEVINS 1982; STRANDEN, KOLSTAD & LIND 1984 a, b;
DAMKJAR & KORSBECH 1985; GREINER 1985; LINDMARK & ROSEN 1985; BROOKINS
1991; HEINRICH 1994). Determining the optimum point of emanation for each individual
sample seemed to require an unrealistic effort, when analysing hundreds of samples. The
more convenient method for comparison of materials is to measure at the minimum of
emanation, which is achieved after drying the samples at 105°C.

The influence of the grain size of samples was investigated in early tests (ROTH
1998, ROTH & FEIGE 1998), because crushing of material and grinding to a very fine
particle size not only changes the particle size itself, but also the internal radium distribution.
It was expected that differences in emanation between crushed and milled material would be
found as BOSSUS (1984) presented a linear relation between specific surface area and
emanation coefficient. He used a brick sample with a homogenous radium concentration,
which was ground and sieved into five fractions. However, one of his conclusions was that
this relationship might not be obtained for heterogeneous samples.

Preliminary studies performed for this thesis showed no difference in emanation
between crushed materials with a maximum particle size of 2 mm and milled material of
< 200 um (ROTH 1998). The cause of this result is the heterogeneous distribution of active
sites of radon emanation. Highly active sites, such as coatings of Fe hydroxides or displaced
clay minerals, are located on the surface of a rock. Inside a rock comparatively low radium
activities occur. By crushing a rock, the surface area is enlarged, but this effect is
compensated by the mixing of high activity and low activity materials. Investigations by
INGLES et al. (1977) give further support for this result, as no differences in emanation for
ground or raw materials were found, either.

The preliminary tests, published elsewhere (ROTH 1998, ROTH & FEIGE 1988),
showed that the optimum of comparability was given when grinding samples to a particle size
of <200 ym and drying at 105°. This kind of preparation was used for all of the samples in
this study.

This standardised preparation method allows comparison of emanation rates of rocks
and their weathering products. It is important to note that the emanation values produced
give the minimum possible differences between the emanation of rocks and weathering

products. The emanation of rocks is overestimated because of the enlargement of the
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surface area, while the emanation of weathering products is underestimated, since the initial

moisture content is reduced.

6.3 Measuring device and procedure
Each milled and dried sample was sealed for at least 30 days in a 1-liter radon-tight
polypropylene-box (PP box) (Figure 21). In most cases, 200 g of sample were filled into a PP
boxes to a filling height of approximately 2 cm. To ensure that the total amount of radon
produced in pore space was measured, comparative studies were performed in which the
samples were either shaken, or not shaken, during the measurements. No differences
occurred between these methods of handling (ROTH 1998, ROTH & FEIGE 1998).
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Figure 21: Measuring arrangement and sample box

It was necessary to modify the original PP box for the radon measurements. Two
polypropylene tubing connectors were welded into the cover of the box, on to which two short
pieces of tube were attached, which were locked with hose clamps. Additionally, the welding
seams were covered with a polyurethane paste (Figure 18). The screw-type cap was sealed
with stopcock grease, which does not absorb radon. The gas-tightness of this construction
was examined by putting a piece of uranium ore into a PP-box and placing it into a radon-
tight glass container together with a radon monitor (ALPHAGUARD; GENITRON*). This

* GENITRON INSTRUMENTS GmbH, HeerstraRe 149, D-60488 Frankfurt a.M., Germany
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examination was carried out twice and, in both cases, the radon concentrations in the

container did not exceed the background radon level (Table 7).

Table 7: Radon activities measured in radon-tight glass container with radon monitor

Measuring time Radon activity
[hours] [Bg/m?]
Background level in glass container 24 32118
Uranium ore without PP box 1 > 30,000
Uranium ore in closed PP box (1) 48 23+18
Uranium ore in closed PP box (2) 336 33132

The radon measurements were carried out with a solid-state alpha monitor (RAD7;
NITON®). The RAD7 has 200 channels in the range from 0 MeV to 10 MeV, covering the
energy range of the alpha particles of the radon daughters of interest, from 6 MeV to 9 MeV
(NITON ELECTRONICS 1992).

desiccant drying tube

A
T flexible tubing *

inlet filter

internal dust filter

PP-box
with
sample
internal air pump

sample cell I

N

+2500 V

.internal temperature

and humidity sensors

Figure 22: Air flow diagram of the RAD7

® The RAD7 was originally developed by NITON, but is now distributed by PerkinElmer ORTEC under
the name "Durridge RAD7". ORTEC, 801 South lllinois Avenue, Oak Ridge, Tennessee 37831-0895
U.S.A.
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To measure the radon concentration of a sample, air is pumped through the tube
system with an internal pump. A fine inlet filter absorbs the radon decay products. Radon is
analysed in the sample cell according to a preset measuring cycle (Figure 22).

The internal sample cell consists of a 700-ml hemisphere, coated on the inside with
an electrical conductor, which has a potential of 2,000 to 2,500 V against the detector and
thus creates an electric field in the cell. The electric field drives the positively charged decay
products towards the detector located in the centre of the hemisphere.

Operating the RAD7, one can choose between several pre-programmed standard
protocol settings such as radon-in-water measurements, sniff-tests or long-time
measurements (from 1day to several weeks), but it is also possible to set an individual
program. The most important settings for an individual adjustment are the cycle time
(measuring time for one analysis), the number of cycles (humber of measurements), the
setting of the measuring mode (measuring only 2'®Po ("Sniff") or also #'*Po ("Normal")) and
the pump mode (set the pump on, off or alternating on/off ("Auto")).

As it was not possible to use any of the pre-programmed procedures, an individual
program was used. In order to assure a homogeneous mixing of the air contained in the
RAD7 sample cell, the box and the tubing, the cycle time was set to 60 minutes and the
pump to "Auto" mode, where the pump does not run continuously, but instead runs for 1
minute every 5 minutes. The number of cycles was set to 13. As it takes three hours to reach
secular equilibrium of 2'®Po and ?"*Po, the first three measurements were disregarded for the
calculation of the result. Each sample was measured at least twice. The calibration of the
RAD7 has been described previously (ROTH 2001).

The samples were measured after at least 30 days, when secular equilibrium
between radium and radon in the PP boxes had been reached. The boxes were connected to
the RAD7 using sections of tube to obtain a closed air cycle (Figure 18) and radon
concentrations were measured as described.

The arithmetic mean of all cycles (10 for each measurement) is given as the result.
Samples were measured at least twice. The result had to be corrected for the volume and
the weight of each sample in order to obtain the radon activity concentration in Bq per kg
solid sample, which is needed for the calculation of the emanation coefficient. To avoid
confusion with the specific activity, this dimension is marked with an asterisk. The radon
activity concentration refers to the released radon in sample pore gas relative to the weight of

the emanating material at secular equilibrium:

v v lw (Equation 4)

box

_ Vo =V 1
Agyn [Bq/kg*]= [ARn—ZZZ' | —
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Arn-222 = radon activity concentration relative to sample weight
Arn-222- = radon activity given by the RAD7

Viot = total volume of box, sample cell and tubes with filters
Viox = Volume of PP box

Vs= volume of sample

W; = weight of sample

The emanation coefficients (E) were calculated according to Equation 3:

Arn-222 = radon activity concentration according to Equation 4
Ara.226 = radium activity concentration measured by y-spectrometry

The standard deviation (SD) of the emanation coefficients were calculated according
to Equation 5:

1
SD = —2\/ARn—2222SDRa—2262 + ARa—2262SDRn—2222 (Equation 5)

Ra-226

Arn-222 = radon activity concentration according to Equation 4
Ara-226 = radium activity concentration measured by y-spectrometry
SDgn.220 = standard deviation of the radon activity concentration
SDga.226 = standard deviation of the radium activity concentration
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6.4 Results of emanation measurements

One hundred and eleven samples were measured in total, including 70 rock samples
and 41 samples of weathering products. The samples cover 22 different stratigraphic units
and in some cases different lithologies within one stratigraphic unit.

The results are given as emanation coefficients and as radon activity concentrations
(see Equation 4). The latter is used to express the quantity of radon produced in the sample

pore gas at secular equilibrium, independent of the radium activity concentration of a sample.

6.4.1 Emanation coefficients grouped by stratigraphy
The emanation coefficients, grouped by stratigraphy, are given in Figure 23 and

Figure 25. The complete dataset with standard deviations is given in Appendix 4, Table A4-1
—A4-4.
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Figure 23: Emanation coefficients of rocks (see Appendix 4, Table A4-2).

The emanation coefficients range between 3 - 18% for the Mesozoic rock samples
and between 2 - 15% for the Palaeozoic rocks (Figure 23). Looking at the median values, the
emanation coefficients of the Mesozoic rocks exceed those of the Devonian (Figure 23). The

highest emanation coefficients occur for the samples of the Luxembourg Sandstone (/i2) and
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the Schilfsandstein (km2s). The lowest emanation coefficients occur for the E1b,
independent of the different rock types (schist, siltstone, sandstone).

When comparing the emanation coefficients of the rocks with their radium activities,
there is no significant correlation (Figure 24). Samples with high radium activities (e.g. Ged)

do not necessarily have high emanation coefficients and vice versa (e.g. E2q).
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Figure 25: Emanation coefficients of weathering products (see Appendix 4, Table A4-3).
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The emanation coefficients of the weathering products range between 1 — 37% for the
Mesozoic samples and between 2-19% for the Palaeozoic samples (Figure 25). The highest
emanation coefficients occur for the samples of the Schilfsandstein (km2s), the dom3 and
the Upper Muschelkalk (mo).

Comparing the emanation coefficients of the rocks with those of their weathering
products, noticeably higher emanation coefficients occur for weathering products of all
Devonian units (by a factor of 2-4). This also applies to the Mesozoic units dom3, km2s and
the mo (all by a factor of 2), which show the highest emanation coefficients of the Mesozoic
weathering products. All other units show equal or lower emanation coefficients than their
parent rocks.

These results show that high indoor radon concentrations observed at many sites in
the Eisléck (KIES & FEIDER 1996) and the very high indoor radon concentrations occurring
in Belgium (TONDEUR et al. 1996) can only be explained by high emanation coefficients of
weathering products. An increase of emanation coefficients is only associated with an
increase of *Ra activities for the Devonian units, mo2 and km2s weathering products,

leading to a higher geogenic radon potential of these stratigraphic units.

The investigations of KIES et al. (1996 a) provided no evidence for any correlation of
?%Ra activities of bedrocks with indoor radon concentrations. This may be explained by the
choice of samples that were analysed for ?°Ra activities. Samples were usually taken as
composite samples, including both rocks and weathering products (KIES, ROBINET,
ROWLINSON, oral communication). As was demonstrated, it is essential to separate
weathering products from rocks, because there is a great difference in ?°Ra activities and

emanation coefficients between rocks and weathering products.

6.4.2 Radon activity concentrations grouped by stratigraphy

The importance of the weathering products for the radon potential of an area
becomes even more distinct when considering the radon activity concentration, which is
independent of the radium activity concentration (see Equation 4).

The radon activity concentrations of the rocks investigated range between 0.3 and 6.1
Ba/kg* with no overall difference between Palaeozoic and Mesozoic samples (Figure 26).
The lowest radon activity concentrations were measured for the quartzites of the E2q, as

anticipated from their low *°Ra activity concentration.
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Figure 26: Radon activity concentrations of rock samples, referring to the released radon in
sample pore gas related to the weight of the emanating material at secular equilibrium (see
Equation 4) (see Appendix 4, Table A4-4).

Low radon activity concentrations, of less than 1.5 Bg/kg*, were measured for the
sandstones of the so, the /i2 and the ko, as well as for iron rich limestones of the dom3 and
the various rock types of the mm/mu (Figure 26) such as dolomites, marl and sandstones.
For the Palaeozoic rocks, only the samples of the E2q and the samples of the E71b show
such low radon activity concentrations. The latter is unexpected, since the radium activity
concentrations are in the same order of magnitude as those of the other Devonian units
(Figure 23).

The highest radon activity concentrations were measured for the sandstones of the
km2s and the dolomites and marls of the km3. Marls of the /i3 show high concentrations as
well. Significant differences occur between the dolomites of the Upper Muschelkalk (mo1,
moZ2). The dolomites of the mo2 release more than twice as much radon as the dolomites of
the mo1 (Figure 26), reflecting the radium activity concentrations of the samples. The

emanation coefficients are therefore in the same range (Figure 23).
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Figure 27: Radon activity concentrations of the weathering products (see Equation 4) (see
Appendix 4, Table A4-4).

There is a general difference in radon release between Palaeozoic and Mesozoic
weathering products, in contrast to the rocks. High radon concentrations of the Mesozoic
occur only for the weathered, highly porous sandstones of the km2s, with a higher content of
Corg from fossil plant remains, and especially for the weathered marls of the Upper
Muschelkalk.

For most of the Mesozoic weathering products the median values of radon activity
concentrations of less than 3 Bg/kg* are lower than the median radon concentrations for
Palaeozoic samples (maxima generally > 5 Bg/kg*). This corresponds to higher emanation
coefficients and higher ?°Ra activities found for Palaeozoic weathering products.

Focussing on the Palaeozoic weathering products, those from the Gedinnian have
highest radon concentrations with a wide range between 1.7 and 128 Bqg/kg*. The values of
the Gedinnian are much higher than those of the Siegenian and the Emsian, which range
between 2 and 18 Bqg/kg*.

Comparison of radon activity concentrations in the pore gas of rocks and their
accompanying weathering products (Figure 26) produces similar results to those found for
the emanation coefficients. Noticeably higher radon activity concentrations occur for the

weathering products of all Devonian units and the mo. Not only are the emanation
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coefficients of the weathering products of most Mesozoic units lower than the accompanying
rocks, but also the radon activity concentrations (Figure 27).

Considering radon activity concentrations instead of emanation coefficients clearly
reveals how much more radon is released from Devonian weathering products than from
their accompanying rocks. High geogenic radon potentials can be deduced not only for the
Devonian, but also for the Schilfsandstein (km2s) and the Upper Muschelkalk (mo).

For the Schilfsandstein no indoor radon data are available, as they were grouped
together with the other data of the Middle Keuper units. The high radon emanation of the
weathering products of the Upper Muschelkalk is not matched by indoor radon
measurements in Luxembourg (median: 67kBg/m?*; 90%percentile: 153kBq/m3). This may be
due to varying lithologies of the Upper Muschelkalk from the east of Luxembourg (dolomites
and marls) to the west of Luxembourg (sandstones). While indoor radon measurements were
performed throughout the area, the samples for the emanation measurements were mainly
taken in the east.

Since the composition of the Upper Muschelkalk in eastern Luxembourg corresponds
to the Upper Muschelkalk in the Eifel region of Germany, indoor radon values from this
region can be used for comparison. The indoor radon measurements confirm a high
geogenic radon potential of the Upper Muschelkalk with 950 Bq/m?® at the 90% percentile as
well as soil gas measurements. Especially at the top of the Upper Muschelkalk, radon activity
concentrations of more than 100 kBg/m® were measured locally in soil gas (KEMSKI et al.
1999).

Table 8: Correlation coefficients of indoor radon measurements with radon activity
concentrations and emanation coefficients of rocks and weathering products. The correlations
were calculated with the median values of the stratigraphic units. Correlations in bold are
significant at p < 0.05.

Radon activity concentrations Emanation coefficients
Rocks Weathering products Rocks Weathering products
Indoor radon -0.30 0.52 -0.17 0.59

Table 8 shows that neither radon activity concentrations, nor emanation coefficients
of rocks, correlate significantly with indoor radon concentrations. However, there is a positive
correlation of indoor radon concentrations with radon activity concentrations and with
emanation coefficients of the weathering products. This underlines once again the
assumption that high emanation coefficients of the weathering products are the reason for

observed higher indoor radon values.
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6.4.3 Emanation coefficients and radon activity concentrations of rock types
In the previous chapters, samples were grouped by stratigraphic units, meaning
geological age irrespective of rock types. In fact, emanation is different for certain rock types,
e.g. the lowest radon activity concentrations generally occur for quartzites. For this reason,
samples are now additionally grouped by lithology. For comparison, only the results of
undifferentiated weathered materials were plotted against rocks, subdivided by particle size

but not by rock type origin (Figure 28 and Figure 29).
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Figure 28: Emanation of different rock types and of undifferentiated weathering products (wp).

The highest radon emanation coefficients occur, as expected, for weathering products
with a particle size <2 mm, while emanation coefficients of weathering products > 2 mm do
not differ significantly from those of rock samples (Figure 28). The median values of
emanation coefficients of different rock types rise in the order: sandstone < marl < quartzite <

siltstone < schist < dolomite < limestone.

Table 9: Emanation and radon activity concentration of Mesozoic and Palaeozoic sandstones.

Emanation coefficient

222 *
%] Rn [Bg/kg]

Min Median | Max Min | Median Max
Mesozoic sandstone 3 8 18 0,3 1,1 7.6

Palaeozoic sandstones 2 3 13 0,7 1,5 3,4
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The highest emanation coefficients (median > 8%) occur for limestones, dolomites
and for the quartz vein sample. The widest range of emanation coefficients occurs for the
sandstones. Mesozoic sandstones show higher emanation coefficients than Palaeozoic
sandstones, but the release of radon is slightly higher for Palaeozoic sandstones (Table 9).
Nevertheless, the highest emanation coefficient (18%) and a high radon activity
concentration (7.8 Bqg/kg*) occur for a Mesozoic sandstone of Schilfsandstein (km2s) age.
This sandstone is special in that it has a high porosity and contains fossil plants, resulting in
a lamellar structure, providing a high internal surface area. Radon was easily released from
this sandstone, which is underlined by a loss of 2'°Pb in this sample (25% lower activity

concentration of ?'°Pb compared to ?°Ra).
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Figure 29: Radon activity concentrations of different rock types and undifferentiated
weathering products (wp).

The radon activity concentrations are highest for the weathering products < 2 mm,
too. Especially iron rich samples with an iron content of more than 10% of Fe,Os, deriving
mainly from Gedinnian, show high radon activity concentrations. The difference between rock
samples and weathering products > 2 mm is somewhat greater than for the emanation

coefficients considering the medians, but the range of radon activity concentrations is similar.
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Figure 30: Emanation coefficients of the different rock types compared to their weathering

products (wp).
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Figure 31: Radon activity concentrations of the different rock types compared to their

weathering products (wp).

55



Emanation

The lowest radon activity concentrations were measured for quartzites of Emsian and
Gedinnian age (E2q, Ged) and a quartz vein sample from Gedinnian host rock. Though
radium activities of the quartzites and the quartz vein sample are approximately equal, the
latter releases much more radon (Figure 29), because radium in the quartz vein sample is
located in iron oxide/hydroxide coatings on the surface of quartz grains and in fractures,
resulting in a large internal active surface area to release radon.

A closer look at the weathering products, now in direct comparison to their parent
rocks, shows that radon release and emanation coefficients are both higher for the
weathering products. The largest differences between rocks and weathering products occur

for dolomites, sandstones and schists, but there are only slight distinctions for limestones.
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7 Speciation of Th, U, and Ra

7.1 Sequential extraction

Most procedures to determine the speciation of elements use sequential chemical
extraction, which means that one sample is extracted with various chemical solutions in
successive steps.

The selectivity of such a method is functionally defined by the chemical extractants
used and the sequence of their application. It is difficult to find specific extractants exclusively
effective on certain speciations of trace metals. During the extraction steps, not only desired,
but also other compounds may be dissolved. The terms used for the different fractions
(exchangeable, organic matter, etc.) are therefore not to be taken as a definite determination
of specific compounds, but represent that part of a sample which was dissolved with a

specific extraction agent.

7.1.1 Comparison of methods

Several procedures have been developed since the early nineteen seventies to
determine compounds of heavy metals in sediments and soils. PICKERING (1981) and
ZEIEN (1995) gave critical reviews of sequential extraction procedures. Only a few authors
have analysed the mobility of radionuclides with sequential extraction. While an overview of
the investigations up until the end of the 1980s was published by BENES (1990), a
discussion of some interesting studies since 1990 will be given in the following section.

GREEMAN (1992) examined the geochemistry of radionuclides in 12 well-developed
soils from the eastern United States, chiefly in Pennsylvania. The distribution of thorium,
uranium and radium was compared with soil properties. Three sequential extraction methods
were used (ROSE et al. 1977; CIOLKOSZ et al. 1988; SHUMAN 1985), which differed mainly
in the number of extraction steps, but not so much in the extractants used. The abundance
and radiometric equilibrium conditions were first determined in the following successive
extraction steps: exchangeable cations (MgCl), organic matter (NaOCI), Mn oxides
(hydroxylamine hydrochloride), resistant organics (H,O,) and poorly crystalline iron oxides
(Na-dithionite). Later the extraction steps for Mn oxides and resistant organics were omitted.
Finally, only two extraction steps were performed on most samples, separating
exchangeable cations together with organic matter from Fe oxides, the latter fraction also
including oxides of Mn and Al. The extraction residuals left after sequential extraction were
separated in to sand, silt and clay fractions. Additionally, the vegetation of the 12 sites was

analysed for Th, U, and Ra.
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The main results of the study showed that radium and uranium were nearly in
equilibrium at all depths except the A horizons, where the Ra/U ratio ranged between 1.65
and 1.80. Radium occurred mainly in pedogenic phases. Whereas up to 24% of radium was
bound to organic material, less than 1% of uranium occurred in this fraction. Radium greatly
exceeded uranium in soil organic matter (Ra/U up to 30) and in vegetation (Ra/U up to 65).
The enrichment of radium in A-horizons was explained by biogeochemical transfer of Ra to
A-horizons from lower horizons by plants. In addition to this, excess radium was found in the
fraction of poorly crystalline iron oxides (Ra/U up to 1.8) and in some C-horizons of deeply
weathered soils (Ra/U up to 1.5).

VON GUNTEN, SURBECK & ROSSLER (1996) analysed the behaviour of ‘U, 28U,
20Th and %*2Th in soils in Switzerland. They compared sixteen soil profiles located in the
limestone Karst range of the Jura Mountains (Jurassic and partly Cretaceous formations)
with profiles above limestone in the Central Alps (Gadmen) and in addition with two granite
soils in the Central Alps (Handegg, Grimselpass), peat from Lake Burgdschi and Loess from
Aargau (Méhlin). All soil samples were wet-sieved into different fractions in the range 100 -
1000 um. Peat samples were ground to about 250 um. The sequential extraction scheme
separated humic fraction (NaOH), amorphous iron and Mn hydroxide phase (ammonium
oxalate with oxalic acid), oxide mineral phase (ammonium oxalate, oxalic acid and ascorbic
acid) and extraction residual (boiling conc. HF/HNO3/HCIO,). Total uranium and thorium was
calculated from the addition of all of the fractions.

They found activity ratios (ARs) of 2*U/?*®U slightly above unity for all of the soil
samples and extracted fractions, reflecting the isotopic composition of uranium in soil
solution. After IVANOVICH & HARMON (1992), soil solutions usually have **U/?*®U ARs of >
1, resulting from recoil processes in the solid phases related to a-decay (FLEISCHER 1982).
The ARs of ?°Th/?*U were much higher in the humic fraction, the amorphous and the oxidic
phases of the limestone profiles (Jura and Gadmen), demonstrating the importance of
thorium sorption to these phases. 2°Th is accumulated in Karst soils and ?*°Ra grows until
secular equilibrium is reached.

20Th/?*U ARs of non-carbonatic soil samples were much smaller and sometimes
even lower than 1 in all soil fractions, which suggests a relatively similar behaviour of
uranium and thorium in these soils. It was assumed that, in contrast to carbonatic soils,
where high CO, concentrations enhance the formation of stable, soluble and mobile uranium
carbonate complexes, uranium forms more insoluble complexes in neutral or acidic soils, e.g.
with humic substances.

Radium enrichment in soils above limestone is attributed to enrichment of 2°Th in the
soil column. While uranium is released during weathering and migrates as a stable uranyl

carbonate complex, 2*°Th hydrolyses and is strongly absorbed to soil particles and/or forms
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insoluble compounds. This process continues over time, %°Th enriches more and more in
soils and ?°Ra grows until secular equilibrium is approached.

Two studies were conducted with an extraction procedure developed by KLINGER
(1993). The original work of TESSIER et al. (1979) was improved by CALMANO &
FORSTNER (1982) and modified by KLINGER (1993), taking into account the results of
CREMER (1986) and KLINGEL (1991). The extraction scheme separated the following
fractions: mobile exchangeable (deionised water), exchangeable (ammonium acetate),
carbonatic (sodium acetate), amorphous Fe/Mn oxyhydroxides (ammonium oxalate with
oxalic acid), organic and sulfidic (boiling HNO3 with H,05).

KLINGEL et al. (1995) used this procedure to analyse stockpile material from uranium
mines operated by the WISMUT GmbH near Triinzig/Culmitzsch (Gauernhalde and
Waldhalde). The samples consisted primarily of quartz, as well as feldspar, dolomite, siderite
and clay minerals. One sample was a sinter deposit from a location where drain water was
seeping out of the stockpile. This sample had the highest concentrations of radium, uranium
and some other heavy metals such as Zn, Ni and Co. The authors found that about 25% of
the uranium (60% in the sinter sample) and about 45% of the radium (< 5% in the sinter
sample) is potentially mobile in the spoil pile. In spite of the higher potential of radium to be
mobile, much more uranium was actually found in the drain water. As a high percentage of
the extracted radium was found in the exchangeable fraction, primarily dissolved radium may
be adsorbed in the stockpile itself. The co-precipitation of radium with carbonate is
documented by very high radium activities in the sinter sample.

ROTH (1997) used the same procedure as KLINGER (1993) to analyse the
distribution of U, Ra and Th in three different soils (Upper Muschelkalk (mo1),
Pseudomorphosenkeuper (km1), Luxembourg Sandstone (/i2)). The soil profiles were
located in the southwestern Eifel, close to the border between Germany and Luxembourg.
The aim was to test alternative measurement methods for radionuclides in eluates of
sequential extractions. Uranium was measured with a photometric method after KEIL (1979),
which did not work very well for some reason (ROTH 1997). Radium and thorium in the
eluates were measured by y-spectrometry, but in most cases the activities were lower than
the detection limit for both radionuclides.

Nevertheless, the study documented some problems with the selectivity of the
extraction scheme after KLINGER (1993). The greatest drawbacks of the extraction scheme
were dissolution of silicates in several extraction steps and the lack of an extraction step to
dissolve crystalline Fe oxides. The fraction of the crystalline Fe oxides occurred in the
extraction residual instead. Two problems occurred concerning the extraction step in which
only amorphous Fe/Mn oxyhydroxides should have been dissolved. Firstly, part of the

organic matter was dissolved in this fraction, leading to an underestimation of the following
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organic fraction. Secondly, whewellite (Ca-oxalate) was precipitated during this extraction
step, which was described earlier by CREMER (1986), who also found precipitation of Sr-
and Ba-oxalate.

Especially for the carbonatic samples, the selectivity of the extraction scheme used
was unsatisfactory because it was not possible to resolve total carbonate in the
corresponding fraction (step Ill) for samples with a carbonate content > 4%, even though the
extraction scheme was adjusted.

EDSFELDT (1998) used a four-step extraction scheme to analyse ?*°Ra distribution in
three Swedish soils (till, sand and clay). Samples were sieved in to four fractions (< 0.063
mm, 0.125-0.25 mm, 0.25-0.5 mm, 1-2 mm) prior to extraction, to determine the influence of
grain-size on radium distribution. In addition, radon exhalation and emanation coefficients
were determined on unleached samples.

The sequential extraction method separated four fractions: dissolved ions (deionised
water), cation exchangeable (NH,Cl), Fe/Mn oxyhydroxides (HCI) and extraction residuals
(fused with LiBO3, dissolved with HNO3). The organic fraction was not separated, so organic-
bound radionuclides occurred in step 2 as well as in step 3. The result of GREEMAN (1992),
who found most radium correlated with the organic fraction, could therefore not be confirmed.
EDSFELDT (1998) found most radium bound to Fe oxides, but assumed that some of the
radium was primarily associated with Ca that had been co-precipitated with hydrous Fe
oxides later, as the correlation of radium and calcium was better than the correlation of
radium and iron in the iron oxide fraction. Emanation coefficients correlated best with the
element concentrations in this fraction, indicating that radium bound to Fe oxyhydroxides was
the primary source of radon emanated. Considering the grain-size separation, element
concentrations increased with decreasing grain-size, as anticipated.

Subsequently, EDSFELDT (2001) changed to the extraction scheme after ZEIEN
(1995), which will be described below. It was used to analyse radionuclide distribution in a
Swedish spodosol, developed on till with underlying uranium-rich granite. As in previous
studies, samples were separated in four grain-size fractions prior to sequential extraction.
Exhalation and emanation coefficients were determined on unleached samples, as well as
the specific surface area [m?/g] determined according to the BET(N,) method.

Radium dominated in the exchangeable fraction or the extraction residuals,
depending on the soil horizons. Ra in the extraction residual predominated in the upper
layers, whereas exchangeable radium increased with depth and was enriched in the C-
horizon. Little radium bound to organic matter was found in all samples, which was again
inconsistent with GREEMAN (1992). Uranium was most abundant in the extraction residuals
for most samples and oxide-bound uranium was only of secondary importance. Thorium

prevailed only in the top soil horizon in the extraction residual. In the B-horizon and the C-
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horizon, oxide-bound thorium dominated and only a small quantity of thorium remained in the
extraction residual. The amorphous Fe oxide fraction was the most important fraction for both
U and Th.

Emanation coefficients were similar for the fine sand fraction and the silt-clay fraction,
but the amount of emanated radon increased with decreasing grain-size nevertheless.
Emanated radon correlated well with oxide-bound radium. Total Ra, Th and Fe were
significantly positively correlated with the specific surface area [m?/g]. A correlation between
clay content and radionuclide concentration could not be determined.

A recent paper by MARTINEZ-AGUIRRE & PERIANEZ (2001) deals with the
distribution of uranium and thorium in different fractions of intertidal sediments in Spain,
affected by the release of natural radionuclides from fertiliser industries. They found high
radionuclide concentrations in all fractions. Uranium and thorium are positively correlated
with amorphous Fe-/Mn oxides/hydroxides, but for thorium the contribution in the extraction

residual fraction is higher than in the non-residual fractions.

7.1.2 Sequential extraction scheme used in this study

In all studies mentioned, the extraction methods used differed from each other to
some extent, but were all based in general on the work of TESSIER et al. (1979). The work
of ZEIEN & BRUMMER in 1991, comparing four of the most common methods based on
TESSIER et al. (1979), showed that they do not lead to similar results. A method was
therefore developed (Table 10) that is suitable for rock and soil samples up to a carbonate
content of 5%. A detailed description is given by ZEIEN (1995). The method of ZEIEN &
BRUMMER (1991) is recommended by the AD-HOC ARBEITSGRUPPE BODEN (1996).

For this study, sequential extraction was performed on 17 samples of sedimentary
rocks (9 rock samples, 8 weathering products). Most samples originated from an old quarry
about 1 km northwest of Hatrival in Belgium (see Chapter 3.1). These Lower Devonian
(Gedinnian) samples were chosen because the radionuclide activities of the weathering
products were exceptionally elevated and it was expected that clear differences in the
geochemistry of rocks and weathering products would be found. For comparison, two
Siegenian samples (Sg2) from Hautbellain (Luxembourg: x 65 495/ y 135 315) and two
samples of Lower Triassic age (Buntsandstein, so) from Bornermillen (north of Born,
Luxembourg: x 104 550/ y 93 750) were analysed.

2 g of each dried and milled sample (see Chapter 6.2) was used for sequential
extraction. A brief overview of the extraction scheme is given in Table 10.

Prior to extraction, most samples were analysed for light minerals and heavy minerals

by gravity separation and XRD (see chapter 4.3). The same applies to the extraction
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residuals. In addition, separated iron and manganese oxide/hydroxide coatings were

analysed by XRD, to determine their mineralogical composition.

Table 10: Sequential extraction procedure used in this study.

tit
Step |Reagent pH Quantity Leaching procedure Fraction
[ml/2g]
I 1M NH4NO3 50 agitate for 24 hours Mobile exchangeable*
1M NH4OAc and 50 itate for 24 h
] soRcan 6.0 agriate for ours Exchangeable**
1M NH4NO3 25 agitate for 10 min
0.1M NH>OH*HCI and 6.0 |50 agitate for 30 min e
m Mn oxides
1M NH4OAc 55 |2x25 agitate twice for 30 min
0.025M NH4-EDTA and 50 itate for 90 min.
v N an 4.6 agriate for 59 min Organic matter™*
1M NH4OAc 25 agitate for 10 min
50 itate in dark for 4 h
Vv 0.2M NH;-oxalate buffer |3.25 agriate in darkness for & hours Amorphous Fe oxides’
25 agitate in darkness for 10 min
0.1M ascorbic acid 50 boil for 30 min at 96°C
VI in 0.2M oxalate buffer ~ |3.25 Crystalline Fe oxides
and NHs-oxalate buffer 25 agitate for 10 min

* water soluble and non-specifically adsorbed metals

** specifically adsorbed, occluded close to the particle surface, bound to carbonates and extracted from metal-
organic complexes of low stability

***also a small part of clay minerals and other less stable silicates are dissolved

*essentially ferrihydrite

7.2 Chemical analysis of eluates

The extraction solutions were analysed by ICP-MS (Elan 6000, PerkinElmer Sciex®)
at Luxcontrol S.A. for U and Th, as well as for some trace elements and some REE (rare
earth elements). Iron, aluminium, magnesium, and manganese were analysed by ICP-OES
(SPECTRO) at Luxcontrol S.A, when element concentrations were too high for a
measurement with ICP-MS. Radium was determined by liquid scintillation counting (LSC)
(Triathler™ HIDEX OY®).

7.21 ICP-MS

The technique of ICP-MS offers measurement of several elements as well as
measurement of individual isotopes simultaneously, combined with very low detection limits,
short analysis times, and minimal sample preparation. Samples are analysed as solutions,
which are converted to an aerosol by means of a nebuliser. The aerosol is introduced into
argon plasma and is ionised at about 7,000 °C. The ions are transferred into a vacuum

chamber where they are focused by a row of ion lenses and separated according to their

® PerkinElmer Analytical Instruments, 710 Bridgeport Avenue, Shelton, CT06484-4794, USA
" SPECTRO Analytical Instruments GmbH & Co. KG, Boschstr. 10, 47533 Kleve, Germany
® Hidex Oy, Mustionkatu 2, 20750 Turku, Finland
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mass/charge ratio by a mass spectrometer. The separated ions are quantified by means of a
multistage semiconductor detector. Instead of detecting the light emitted by an analyte, the

actual analyte ion itself is being detected.

7.2.1.1 Measuring device

The ICP-MS used in this study was an ELAN 6000 fitted with an AS-90/91
autosampler (PerkinElmer Corp.). The operating conditions for the ICP-MS were calibrated at
least once a week according to the recommendations of the manufacturer. Performance
tests were performed daily to ensure proper measuring conditions. If necessary, the
operating parameters were adjusted (usually the nebuliser gas flow). The settings of the

instrument can be found in Table 11.

Table 11: Operating parameters for the ELAN 6000

SWEEPS per reading 50
Readings per replicate 1
Replicates 3
DWELL time per AMU 20 ms
Integration time 1000 ms

7.2.1.2 Calibration

Preliminary investigations had shown that it was necessary to measure each sample
with standard addition, because of the high matrix effects of the extractants. Calibration was
carried out with a blank and five standards each. They were verified by analysing standards
obtained from an independent source. Rh was used as the internal standard.

Between the measurements, the instrument was rinsed with 3% v/v HNOj; for 450 s.

This length of washing time was chosen to avoid summation effects for thorium (Figure 32).
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Figure 32: Stability test with a >**Th standard (0.051 mg/l) and 3% v/v HNO; washing solution.
Summation effects are detectable for washing times up to 400 sec. Washing times of 500 sec
and 600 sec are sufficient for measuring thorium without summation effects.

7.2.1.3 Sample preparation and measurement
For ICP-MS measurements, the samples were generally diluted 1:20, except for step
VI. Element concentrations in the phase of the crystalline Fe oxides were expected to be

very high, so the eluates of step VI were diluted 1:100. Uranium was measured at mass 238

and thorium was measured at 232.

7.2.1.4 Accuracy of analytical results

Each sample was measured at least three times and the average of the
measurements was taken as the result. The standard deviation was calculated from the three
measurements. The detection limit was taken as three times the uncertainty of 10-fold
measured blanks.

The measurements could not be normalised with a reference material, because no
standard results for sequential extraction solutions exist. The reproducibility of the
measurements was therefore tested by measurements of two samples (one sample with high
thorium and uranium concentrations (136b: 37.5 ppm / 35.2 ppm), and one with low activities
(136a: 4.3 ppm/ 10.4 ppm)). Measurements were repeated weekly. Both samples had been
extracted in three parallel sessions, so that the measured reproducibility not only applies to
the ICP-MS measurements but gives the reproducibility of the complete experimental
procedure. The results generally vary within + 1 - 20% depending on the element and the

extractant (Appendix 5, Table A5).
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7.2.2 Liquid Scintillation Counting

Radium in the eluates was measured by LSC. Liquid scintillation techniques allow
counting of alpha and beta radiation in a more accurate and reproducible way than other
methods, where pulse-shape discrimination is used to separate alpha from beta particles.
Though alpha-particle energies cover the 4 - 8 MeV range, while beta-particle energies occur
in the 0 - 2 MeV range, the produced scintillation effects are similar due to the different
interactions of alpha- and beta-particles with scintillation cocktails (PRICHARD et al. 1992).
By pulse-shape discrimination, alpha- and beta-pulses are separated on the basis of their
different pulse lengths (MCDOWELL & MCDOWELL 1994).

There are two different ways of measuring radium with LSC. The first is to measure
radium after extracting the radionuclide from a solution by chemical separation. For this,
radium is co-precipitated from solution as barium sulphate and dissolved in EDTA. Radium
can be extracted from EDTA solution with a toluene-based scintillant solution (SUOMELA
1993, MCDOWELL & MCDOWELL 1994). Samples can be counted immediately after
preparation. The concentration of radium is determined by integrating the radium peak at
4.78 MeV (MCDOWELL & MCDOWELL 1994). Samples can also be determined after 30
days, when equilibrium between #?°Ra and *’Rn is established, by the peaks of **Ra, *’Rn
(5.49 MeV), #'®Po (6.00 MeV) and ?'*Po (7.69 MeV) (SUOMELA 1993).

An alternative method is to measure radium via radon. If a sample solution is stored
long enough (30 days) to allow equilibrium between radium and radon to be reached, the
measured radon concentrations are equivalent to those of radium. The measurements for
this study were done in this way, as the accuracy of this method (< 0.03 Bq/L, according to
PRICHARD & GESELL 1977) was assumed to be adequate.

7.2.21 Measuring device

The LSC measurements were carried out using a Triathler Multilabel Tester made by
Hidex Oy. Not only liquid scintillation measurements are possible with this instrument, but
also the detection of gamma radiation and high-energy beta emissions (*3P). The instrument
is a portable stand-alone unit, but results can also be downloaded to a PC or a printer, either
online during the measurements or after counting is completed. The instrument is capable of
distinguishing between alpha and beta particles by pulse-shape discrimination. Avoiding
interferences from beta-emitters and luminescence effects reduces natural background for
the alpha-channel to less than 0.1 cpm. Low detection limits of 0.05 Bg/l Rn have been
achieved at 100 minute counting periods (MOBIUS et al. 1999).
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Table 12: Operating parameters for the LSC (Triathler™, HIDEX OY)

Mode Alpha

Bias Voltage 875V

Scale Log

PLI Steps I, I, IV, V: 520
Steps lll, VI: 540

Y gain 80

X pos 13

Counting time 180 min

Window A 152 - 1024

Window B 152 - 1024

7.2.2.2 Calibration

Calibration of the Triathler was done separately for the chemical solutions of each
extraction step, as the different solutions may have different backgrounds and a different
impact on the counting efficiency. Radium standards were prepared from a radium solution in
3% v/v HCI with an activity of 35.0 £ 0.35 Bq/I. Usually one blank and seven standards were
prepared, ranging from 0.01 Bq/l to 1.05 Bq/l, except for the extractants of the mobile
exchangeable fraction, for which the preparation of two more standards up to 5.25 Bq/l was
necessary. Counting efficiencies for each extraction solution were determined during
calibration measurements and ranged between 60% and 75%.

Each standard had to be prepared four times, as the different extraction steps provide
unequal volumes of solution. Different standards were prepared with 40 ml and 90 ml
extraction solution in 50 ml and 100 ml volumetric flasks. In addition, standards were
prepared with variable volumes of extraction solution, adding deionised water up to 90 ml in
100 ml volumetric flasks, to test whether the use of different quantities of extraction solution
has any influence on the measurements. The ratio of total solution to scintillation was kept
constant. The efficiencies of the different prepared standards of one extraction step were in

good agreement, being within + 3%.

7.2.2.3 Sample preparation

Extraction solutions were stored together with a cocktail, which is immiscible with
water (Betaplate Scint, Wallac HiSafe®, PerkinElmer Inc.), in volumetric flasks. The chosen
cocktail is highly inflammable, biodegradable and offers excellent alpha-/beta-discrimination.
Depending on the sample solution volume, different methods of sample preparation in 50 ml

and 100 ml volumetric flasks were chosen (Table 13).
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Table 13: Sample preparation for LSC.

Volumetric flask Sample solution Scintillant Liquid scintillation vial Transferred

(Betaplate scintillant
Scint) phase

50 ml 40 ml 4 ml 1.5 ml polyethylene vial (Type 15ml

Eppendorf)
100 ml 90 ml 9ml 8 ml polyethylene vial 7ml
50 ml + .
100 ml 40 mi deionised water 9ml 8 ml polyethylene vial 7 mi

As the scintillant is lighter than water, it covers the sample solution and seals it
hermetically. Equilibrium is reached in the sample after about 30 days. The samples are than
shaken for 15 min to extract radon into the organic cocktail phase. After the two phases have
separated, part of the cocktail phase is transferred into a polyethylene LS vial (Table 13) and
measured after three hours, when equilibrium between *Rn and its daughters 2'®Po and
2%Pg is reached. Radon concentration is determined by the peaks of the three alphas: ??Rn
(5.49 MeV), '®Po (6.00 MeV) and ?"Po (7.69 MeV).

7.2.2.4 Accuracy of analytical results
Limits of detection and quantification were calculated according to DIN 32 645 (Table
14). Only the solution of extraction step V shows high limits of detection and quantification

due to a high background and low accuracy in the lower measurement range.

Table 14: Efficiencies of radon measurements, limits of detection and limits of quantification
for the extraction steps measured by LSC.

Extraction step Efficiency Limit of detection Limit of quantification
[%] [Ba/l] [Ba/l]

| 75 0.04 0.06

] 70 0.03 0.05

[} 65 0.03 0.04

v 70 0.02 0.03

\' 60 0.10 0.14

vi 70 0.03 0.04

The reproducibility of results was additionally verified by 3-fold measurements of one
sample. The reproducibility does not only refer to the radon measurements itself, but gives
the reproducibility of the whole sample preparation, as the sample was extracted three times
(Table 15).
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Table 15: Results of a 3-fold preparation and measurement of one sample.

Extraction step Meas. A Meas. B Meas. C
[Bg/l] [Bag/l] [Ba/l]

I 0.29 + 0.03 0.26 + 0.02 0.27 £ 0.03
I 0.05 + 0.01 0.05 + 0.01 0.07 £ 0.01
m 0.03 £ 0.01 0.03 £ 0.00 0.05 +0.01
v 0.02 +0.01 0.03 £ 0.00 0.03 +0.01
v 0.10 £ 0.02 0.06 + 0.01 0.08 + 0.01
VI 0.29 +0.03 0.29 +0.03 0.29 + 0.05
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7.3 Results of sequential extractions

7.3.1 Gedinnian samples

The Gedinnian samples derive from Hatrival in southern Belgium (see Chapter 3.1).
In 1983, radiometric anomalies in rocks were detected in this region (CHARLET et al. 1983).
Later studies found uraniferous mineralisations linked to fractures, which are filled with Fe
oxyhydroxides (CHARLET et al. 1987, CHARLET et al. 1995). A detailed investigation by
CHARLET et al. (1999) in a village 10 km south-west of Hatrival (Porcheresse) found very
high indoor radon concentrations (> 4,000 Bg/m?) above hematite veins in the bedrock (St.
Hubert Unit; Upper Gedinnian). These hematite veins have high uranium activities, but low
thorium activities. CHARLET et al. (1999) analysed an iron ore sample from a stockpile and a
sample from the surrounding rocks for U, Th, REE and trace elements by ICP-MS. The
authors found high uranium activities in the hematite sample. Th is depleted in the hematite
sample compared to the host rocks as well as Ba, Nb, La, Ce, Pr, Nd, Sr, Zr, Hf and La. It
was concluded that uranium is concentrated in the iron phase, whereas Th and the REE are
left in the extraction residual phase. Radium was not investigated.

In the present study, samples were taken from an old quarry near Hatrival. The
samples belong to the Oignies Unit of the Upper Gedinnian. Most samples selected were
fine-grained sandstones with their weathering products, but also siltstones, schists and
quartzites were sampled. The rocks have been strongly deformed during the variscian
orogenesis. Intense weathering during Permotriassic and Late Cenozoic to Early Tertiary
times had lead to a precipitation of iron and manganese oxides/hydroxides in fractures,
faults, on quartz veins and in weathered sandy rocks. The oxide accumulation for the quarry
of Hatrival is not as extensive as it was described for Porcheresse, but the genesis of both is
comparable to the genesis of the “Hunsriickerze” of the Rheinisches Schiefergebirge (FELIX-
HENNINGSEN 1990 cum lit). The “Hunsriickerze” or “Hunsriick iron-stones” were developed
under oxidising conditions in saprolites during phases of falling groundwater levels. The
precipitation of oxides was restricted to the most permeable zones (e.g. joints, fractures and
quartz veins), while adjacent domains of saprolite consisting of clay or silt slate were still
saturated by ground water, leading to a continuation of reducing conditions. Diffusion of
mobile elements therefore followed a redox and concentration gradient over a vertical
distance of several meters. The “Hunsriickerze” consist in the deepest parts of the oxidation
horizon of goethite, frequently accompanied by Mn concretions. Towards the upper zone of
the saprolite, the content of hematite increases (FELIX-HENNINGSEN 2003).

The various rock types do not differ significantly in the activities of U, Ra and Th,

except for the quartzites, which generally have lower activities for all radionuclides (Table
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16). Most weathering products < 2 mm have elevated activities for all radionuclides,
particularly for *Ra and #*°Th. Both radionuclides are in equilibrium, at least in samples with
more than 120 Bqg/kg of #°Th. In samples with lower activity, a reliable determination of >°Th

by y-spectrometry is not possible.

Table 16: Radionuclide distribution in the samples.

Sample Description 22%Ra 21 8y 210pp 20T
[Ba/ kg] [Ba/ kg] [Ba/ kg] [Ba/ kg] [Ba/ kg]

Gedinnian
133a Quartzite 12.3 11.7 141 12.0 <
126 Quartz vein 9.1 20.3 18.9 11.3 <
124 Sandstone 64.6 34.5 67.1 82.7 <
135 Sandstone 34.8 35.3 32.2 27.5 <
136a Sandstone 58.9 421 54.0 64.0 <
137 Sandstone 481 42.4 47.7 441 <
132a Siltstone 53.1 42.5 52.4 61.3 <
131 Schist 76.5 143 74.2 65.3 <
127a Weath. sandstone > 2 mm 26.4 45.2 23.8 27.9 <
127b Weath. sandstone <2 mm 69.5 54.7 92.8 82.5 <
132b Weath. siltstone <2 mm 718 110 362 403 709
134 Weath. sandstone <2 mm 339 96 198 323 343
136b Weath. sandstone <2 mm 769 143 467 643 780
Siegenian 2
77c Schist 141 34.7 15.7 17.9 <
77a Weath. schist <2 mm 18.2 49.0 21.5 18.0 <
Buntsandstein
98 Sandstone 23.0 41.0 20.2 201 <
102 Weath. sandstone <2 mm 32.7 58.7 32.8 33.3 <

7.3.1.1 Gedinnian sand- and siltstones

Five samples of fine-grained sandstones (124, 127a, 135, 136a, 137) and one sandy
siltstone (132a) from the quarry near Hatrival were selected for sequential extractions. The
siltstone is similar in total activities of U, Ra and Th and distribution of radionuclides; the
samples will therefore be discussed together.

The sand- and siltstones consist mainly of quartz, accompanied by muscovite, some
feldspar and various amounts of ore mineral grains and heavy minerals (Table 17). Goethite
and hematite are the most common ore mineral grains. lImenite, magnetite, and maghemite
occur only in a few samples. Most common heavy minerals are rutile, zircon, anatase,
chloritoid, ilmenorutile, monazite, pseudorutile, titanite and tourmaline (Table 17). Some

thorium-bearing minerals were also detected by XRD, but their exact nature is uncertain.
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Figure 33: Silt- / clay intercalations in fine-grained Gedinnian sandstone (124). Mono- and
polycrystalline quartz grains (mean ¢ 0.2 mm) are surrounded by an assemblage of clay
minerals, goethite, hematite and authigenic quartz crystals. A distinction between detrital,
replacement and pore-filling clay types is uncertain. The detrital quartz crystals of the fine-
grained sandstone are partly corroded, have sutured contacts and show slightly undulose
extinction. Opaque iron and manganese oxide/hydroxide precipitations (see text) can be found
along bedding joints in the more clayey zones and fill the fracture transecting the sandstone.
(Right figure: cross-polarised light; length of scale bar is 1 mm).

The cement, or matrix, of the rocks contains detrital and authigenic clay minerals
(mica-, kaolinite- and smectite-group), chlorites (mainly chamosite and clinochlore), mica
(muscovite and paragonite), quartz and Fe oxides/hydroxides such as hematite (Fe,O3) and
goethite (FeO(OH)). The latter is generally more abundant. Oxides and hydroxides of
manganese were also detected by XRD, but discrimination between specific minerals was
not possible, therefore the general term Mn oxides/hydroxides will be used throughout the
text.

Heavy minerals such as chloritoid and staurolite give evidence for rocks of
metamorphic origin, at least of greenschist facies (Table 17). This assumption is underlined
by the occurrence of muscovite (Figure 33; Figure 38) and of quartz with undulose extinction
(Figure 33; Figure 38). Magmatic source rocks are indicated by heavy minerals such as
zircon and monazite (Table 17), which, however, could also have been inherited from earlier

sedimentary cycles.
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Table 17: Heavy mineral composition of Gedinnian rock samples (x = abundant; x = less

abundant; ? = uncertain; — = does not occur)
(]
2 o = o
@ 2 5 = 2L o 2 2 g =4
Sample 3 2825853558 ,5¢2°¢¢&
& ¥ 5t c<£c 83 2 £ F E B S
T 8 2 ¢ 2 » ®» £ g E 3 & 3 ¢ O
cC & £ £ E &8 &8 0 o 53 & =2 0 o £
< M O = = =2 2 2 0 K O - = X N
133a Quartzite X — X ?2 X — — x ? x ? 7?7 x X
124  Sandstone X X X X — X X X x ? x X X
135 Sandstone ? — X X X ? ? X X X — X X — X
136a Sandstone X X X — X X X X X X X X X X X
132a Siltstone X X X ? X — = — 7?2 x — x 7?7 x X
127a Weath. sandstone>2mm | ? x ? — X X X X X X — X X X X

An overview of the mineralogy and geochemistry of each sample will be given and the

distribution of the radionuclides in the rocks will be discussed.

7.3.1.1.1 Quartzitic sandstones
Sample 124 is grey quartzitic sandstone with > 80% SiO,. Joints and fissures in the

rock are coated with goethite, hematite, and Mn oxides/hydroxides. The concentrations of Al,
Na, K, Ba, V, Y and Th in the rock itself are relatively low, indicating low proportions of other
terrigenous components such as feldspars, mica and clay minerals. The XRD analysis of the
light minerals confirms this assumption, since only negligible amounts of feldspars occur and
only a small amount of clinochlore. The latter occurs more frequently in the heavy mineral
fraction, but in lower proportions compared to the other Gedinnian samples.

The sandstone is well sorted and no mica crystals occur between the quartz grains,
except for the fine-grained intercalation in the top, which is not typical for this series (Figure
34). The iron content of this sandstone is, at 4.9% Fe,0s3, in about the same range as for the
other sand- and siltstones (Table 18). If not finely dispersed in inter-granular spaces, it is
concentrated in heavy minerals and ore mineral grains. The heavy minerals in this sandstone
are mainly ilmenorutile and rutile, other iron-bearing heavy minerals such as pseudorutile
and magnetite occur as well. The latter is seldom found in the samples collected. It can
therefore be deduced that iron is more concentrated in ore mineral grains than in coatings of
goethite and hematite, as only few fractures transect the rock. The occurrence of goethite
and hematite in the extraction residual is due to incomplete dissolution of ore mineral grains

during sequential extraction, which might happen if they are too coarse.
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Figure 34: Well sorted fine-grained quartzitic sandstone of Gedinnian age of sample 124 with
silt- / clay intercalations in the upper part. Mean grain size of quartz is approx. 0.2 mm.
Compared to the other sandstones, a relatively high percentage (about 3%) of fine grained (50-
80 p) transparent and opaque heavy minerals such as hematite, rutile, ilmenorutile, titanite
occur. The heavy minerals were detected by X-ray diffraction. Length of scale bar is 1 mm.

U and Ra in sample 124 are in equilibrium (about 66 Bqg/kg), whereas Th has half the
activity (35 Ba/kg).

The bondings of the radionuclides differ. Thorium is dissolved at 42.3% (Figure 35).
Most thorium is bound in the fraction of amorphous Fe oxides, followed by the fraction of

crystalline Fe oxides (Table 18). Less than 0.1% is bound in the fractions | — lII.
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Table 18: Analytical results of sample 124°.

9

| Il 1l Y \Y Vi
124 original sample exc::a %l:fable exchangeable Mn-Oxides organic matter ag:e o;z:;;u: ;Zi:;gg: residual™**|
SD SD SD SD SD SD SD
Al [ppm] 38370 * 4 1 23 0.2 33 1 193 2 1395 25 2666  106.6 34060
Mg [ppm] 8850 * 121 1 43 2 36 3] 47 1 393 6 1015 18.19 7196
Fe [ppm] 34390 * 2 0.3 4 0.2 90 1 393 29 3460 59] 13189 23.9 17250
Zn [ppm] 166 * 0.5 0.1 14 0.1 7.3 2.3 NA* 24.2 0.5 745 2.0 <58
Ba [ppm] 180 * 8.4 0.9 1.2 0.01 1.6 0.1 0.5 0.2 24 0.1 1.8 0.03 164
Mn [ppm] 389 * 40.7 1.7 223 0.3 46.5 0.3 27.0 2.5 69.8 26 417 1.3 141
Pb [ppm] 49 * <01 24 0.03 4.2 0.04 3.3 0.02 6.4 0.1 19.3 0.2 13
As [ppm] 71 * <0.1 0.1 0.004 0.2 0.01 1.0 0.03 14.6 0.2 52.8 0.4 <4
Ti [ppm] 3340 * 0.1 0.01 0.1 0.01 0.2 0.01 0.6 0.04 4.6 0.1 6.9 0.1 3327
Ni [ppm] 100 * 15 0.02 1.0 0.01 22 0.2 3.1 0.1 16.0 0.3 40.6 0.7 36
V [ppm] 50 * < <0.1 0.3 0.01 0.3 0.01 22 0.03 6.5 0.1 41
Cu [ppm] 81 * 0.2 0.01 1.1 0.02 1.6 0.1 2.0 0.1 13.9 0.2 49.3 0.3 13
Rb [ppm] 36 * 0.6  0.002 0.1 0.03 0.1 0.01 <01 0.2  0.003 0.2 0.01 35
Sr [ppm] 32 * 2.0 0.02 1.0 0.1 1.0 0.1 0.9 0.1 0.7 0.01 0.8 0.01 26
Y [ppm] 24 ** <01 0.5 0.01 0.2  0.001 0.2 0.01 15 0.02 1.8 0.01 20
Zr [ppm] 407 * <0.1 <0.1 0.1 0.02] 0.3 0.01 4.0 0.03 72 0.05 395
Cs [ppm] 4 > 0.04  0.001] <0.01 0.01  0.001] <0.01 0.001 0.03  0.001 0.04  0.001 4
La [ppm] 40 * 0.10  0.001 0.25  0.004 0.09  0.001 0.11 0.003] 1.32 0.07 1.55 0.02 37
Ce [ppm] 93 0.13  0.001 0.63 0.01 0.26  0.002 0.34 0.01 3.72 0.20 4.06 0.05 84
Dy [ppm] NA' <0.01 0.10  0.001 0.04  0.001 0.06  0.002 0.50 0.02 0.56 0.01 ND
Er [ppm] NA' <0.01 0.04  0.001 0.02  0.001 0.03  0.001 0.22 0.01 0.27  0.003 ND
Yb [ppm] NA' <0.01 0.03  0.001 0.01  0.001 0.02  0.001 0.20  0.003 022 0.004 ND
Hf [ppm] NA' NA <0.01 <0.01 <0.01 0.17  0.003 0.29 0.01 ND
Th [Ba/kg] 34.5 <01 0.2 0.0 0.1 0.0 14 0.0 8.6 0.1 4.3 0.1 20
U [Barkg] 67.1 <0.1 5.6 0.1 23 0.0 14 0.1 15.4 0.3 19.3 0.2 23]
Ra [Ba/kg] 64.6 4.2 0.7 <15 <15 <038 <50 <11 60
* standard deviation (SD) < 5 %; ** standard deviation (SD) < 10 %; *** standard deviation (SD) < 20 %
NA': element was not analysed; NA?: no calibration curve was obtained; ND = not detectable
Th-232 [Bq/kg] U-238 [Bq/kg] Ra-226 [Bq/kg]
50 50 50 S0
3
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Figure 35: Radionuclide activities among extraction phases of sample 124 (Gedinnian quartzitic
sandstone) (I = mobile exchangeable, || = exchangeable, lll = Mn oxides, IV = organic matter, V
= amorphous Fe oxides, VI = crystalline Fe oxides, Res = extraction residual)

Most uranium is found in both Fe oxide fractions, too. In contrast to thorium, about the

same concentrations occur in the amorphous Fe oxide fraction and the crystalline Fe oxide
fraction (Figure 35; Table 18).

° Element concentrations of total samples were measured by XRF and element concentrations of
eluates of the sequential extraction fractures by ICP-MS/ICP-OES. Radionuclides were measured by
y-spectrometry (total samples), ICP-MS (U, Th in eluates) and LSC (Ra in eluates). Residuals were
estimated by subtracting element concentrations/activities of eluates from total element concentrations
/ activities.

74



Speciation of Th, U, and Ra

The proportion of uranium in fraction Il, in which mainly specifically adsorbed and
superficially occluded elements have been dissolved, is evidently higher than for thorium.

As no carbonate occurs in the sample, the possible bonding to carbonates in this
extraction step could be neglected, as could the concurrently dissolved weakly bound metal-
organic complexes, since C,4 of the sample is less than 1% (Appendix 3; Table A3).
Radionuclides occuring in the organic fraction are rather attributed to clay minerals and less
stable silicates, which are dissolved in this fraction, too.

Relatively low concentrations of uranium - and especially thorium - were found in the
Mn oxide fraction that matches with only a few Mn oxides in this sample. The lack of
carbonates, a low content of Coq (< 1%) and few Mn oxides are actually typical for all
Gedinnian sand- and siltstones. Due to the low content of C,, the proportions of uranium
and thorium found in the organic fraction (V) are expected to be low as well. Indeed, U and
Th occur with only 1.4 Bg/kg each in this fraction (Table 18).

Distribution of radium is completely unlike that of uranium and thorium. Radium is
found only in the mobile exchangeable fraction (Table 18; Figure 35). For all other fractions,
the radium concentration is below the detection limit. They are usually lower than 1.5 Bg/kg,
except for the amorphous Fe oxide fraction (V), which has a very high detection limit of 5
Ba/kg. As the detection limit is higher than the activity measured in the mobile exchangeable

fraction, this result will not be discussed further.

Table 19: Activity ratios 225Ral**U in the fractions of the sequential extraction for the analysed

Gedinnian sand- and siltstones (d. I. = detection limit).

Quartzitic sandstones Sandstones Siltstone

226p 238
124 135 137 136a 127a 132a

Total sample 1.0 1.1 1.0 1.1 1.1 1.0
Mobile exchangeable U,Ra<d.l >1 >1 > 1 U,Ra<d.l >1
Exchangeable <A1 1.7 1.1 0.9 17.2 <A1
Mn oxides <1 6.1 24 1.6 304 Ra<d.l
Organic <1 3.0 3.0 7.3 10.7 Ra<d.l
Amorphous Fe oxides <1 1.7 <1 <1 Ra<d. I Ra<d. .
Crystalline Fe oxides <1 0.5 0.5 1.2 1.3 <1
Extraction residual 2.6 0.9 1.0 1.0 0.8 1.7

Nevertheless, it is remarkable that the distribution of radium differs from the
distribution of uranium so strongly, though they are in equilibrium in the total sample (activity
ratio (AR) ?°Ra/?*®U: 1.0). Radium is, on the one hand, more soluble, as it occurs in the
mobile exchangeable phase, in which unspecifically adsorbed elements are dissolved, while
the uranium activity was not detectable in this fraction (Table 18). On the other hand, the AR
226Ra/**®U of the extraction residual is 2.6, confirming a much higher concentration of radium

in the extraction residual, which consists mainly of quartz, muscovite, clay minerals, chlorites
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and heavy minerals. The heavy minerals that are dominant in the original rock sample are

also dominant in the extraction residual (Table 20). The most abundant heavy minerals are

ilmenorutile, rutile, titanite and zircon.

Table 20: Mineral groups of extraction residuals of selected samples (x = abundant; ? =
uncertain; — = does not occur)
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133a | x x x x X X X X x ? 2?2 x — — — X — — ? — X X X
124 | x x x x X X X X X X ?2 X X x — X — X X X X — X
135 | x x x X X X X X X X — X — — — X X X — X X — X
132a | x x x X X X X X X X X X — X — — X — X — X X ? X
134 | x x x x X X X X X X X — — ? X — — ? X X X X
136a | x x x x X X X X X X X — ? — X — X ? X x ? X

Sample 135 is grey quartzitic sandstone (> 80% SiO,) with coatings of goethite,
hematite and Mn oxides/hydroxides (Figure 36). In-situ fragmentation of quartz grains, visible
in the investigated sample, is characteristic for ferralitic soils and points to a descendent
origin of the Fe-mineralisation (FELIX-HENNINGSEN 1990). Although the concentrations of
Al, Na, K, Ti, Ba, V, Y and Th are as low as for the sandstone 124, much more mica
(muscovite, paragonite), chlorite (chamosite, clinochlore, mixed layer chlorite) and clay
minerals (smectite, kaolinite, halloysite and illite) were identified by XRD. The XRD analysis
of the light minerals showed considerably higher proportions of feldspars compared to
sample 124, plagioclase exceeding alkali feldspars.

The dominant heavy minerals are zircon, titanite, rutile, ilmenorutile, pseudorutile and
tourmaline (Table 17). Although about 78% of total iron is left in the extraction residual, XRD
analysis does not show any goethite or hematite. Uranium, radium and thorium occur in
equal activities of about 35 Bg/kg.

The distribution of the radionuclides among the extraction phases is presented in
Figure 37. The highest quantities of uranium and thorium were found in the extraction
residual (65% of total sample) and bound to Fe oxides (30% of total sample). Whereas
thorium dominates in the amorphous Fe oxide phase, uranium is slightly higher in the

crystalline Fe oxide phase.
Radium occurs at 70% in the extraction residual (Figure 37). The activities in all other

fractions are distributed relatively equally. The highest activities occur in the crystalline
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fraction, the lowest in the organic fraction. Radium activity in the amorphous Fe oxide phase
is below the detection limit of 5 Bg/kg and is not discussed.

Unless uranium and radium are in equilibrium (AR ?*°Ra/***U = 1.1; Table 19), their
distribution in the sandstone appears to be different. The ARs of ?°Ra/***U are higher than
unity in the fractions | — V, but lower than unity in the crystalline Fe oxide fraction and the
extraction residual (Table 19). This confirms that radium is more soluble than uranium in this
sandstone. While the latter has to be attributed to the crystalline phase of the sandstone (well
crystallised Fe oxides + extraction residual), radium is adsorbed on grain surfaces to a

greater extent.

Figure 36: Strongly corroded and recrystallised mono- and polycrystalline quartz of fine-
grained sandstone (135; Gedinnian). Fractures transect the sandstone, cutting the quartz
grains and continuing from one grain to the next. The fractures are lined with iron and
manganese oxides/hydroxides (see text). The quartz crystals show sutured contacts and
undulose extinction. They are partly coated with clay films. The occurrence of clay minerals as
oriented coatings indicates authigenic growth as a pore filling cement. Besides clay minerals,
the cement consists of chlorite, muscovite, authigenic quartz crystals, goethite and hematite.
(Right: crossed polarisers; length of scale bar is 200 pm)

The higher activities of radium in the exchangeable fractions (I + 1) may be due to the
differences in the atom radii of uranium and radium. Radium bondings are only metastable in
uranium- bearing minerals, as the radium atom is much larger relative to the parent uranium

atom. Radium may be lost from the mineral lattice of the host mineral by diffusion through
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water layers adhered to grain surfaces. Radium in rocks is specifically concentrated in

microfractures and along grain boundaries (MOLINARI & SNODGRASS 1990).

Th-232 [Bg/k U-238 [Bg/k Ra-226 [Bg/k
50 [Ba/kg] 50 [Ba/kg] 5 [Ba/kg]
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Figure 37: Radionuclide activities among extraction phases of sample 135 (Gedinnian quartzitic
sandstone) (I = mobile exchangeable, || = exchangeable, lll = Mn oxides, IV = organic matter, V
= amorphous Fe oxides, VI = crystalline Fe oxides, Res = extraction residual)

Table 21: Analytical results of sample 135. For analytical methods see Table 18.

| Il 1l \Y \ Vi
135 original sample exc:; (:;Ileeable exchangeable Mn-Oxides organic matter a;we ogz:;c;is f:zs;jgzse residual*"
SD SD SD SD SD SD SD

Al [ppm] 46102 * 5 1 46 1 55 1 181 1 1464 14 3071 20 41281
Mg [ppm] 9835 * 89 1 50 4 44 0.2 57 0.3] 447 4 1389 10 7759
Fe [ppm] 30201 * 6 0.3 17 3] 141 2 344 8| <1 6000 67, 23692
Zn [ppm] 83 > <0.1 14 0.2 3.1 0.4 2.0 0.1 9.5 0.1 21.0 0.4 46
Ba [ppm] 181 * 7.9 0.1 21 0.1 3.6 0.1 0.7 0.05 23 0.04 0.7 0.03 164
Mn [ppm] 525 * 13.9 0.2 33.0 16 65.7 0.6 19.7 0.1 61.4 0.4 46.4 0.4 285
Pb [ppm] 11 * <0.1 0.4 0.1 14 0.05 0.5 0.00 14 0.03 26 0.1 4
As [ppm] 18 * <0.1 0.1 0.01 0.1 0.02 0.4 0.01 52 0.1 8.7 0.1 4
Ti [ppm] 2943 * 0.1 0.00 0.1 0.01 0.3 0.003 0.7 0.01 < 4.8 0.1 2937
Ni [ppm] 60 > 0.4 0.01 0.9 0.1 14 0.03 1.2 0.002 7.5 0.05 111 0.02 38
V [ppm] 47 * <0.1 <0.1 <0.1 0.1 0.002) 16 0.01 2.8 0.05 42
Cu [ppm] 9 * 0.1 0.01 0.6 0.1 0.8 0.04 0.7  0.003 3.2 0.03 NA* <4
Rb [ppm] 37 > 1.0 0.01 0.1 0.003 0.1 0.002 0.1 0.001 0.3  0.001 03 0.003 35
Sr [ppm] 55 * 3.2 0.1 1.1 0.1 11 0.02 1.0  0.003] 1.0  0.002 0.7 0.01 47|
Y [ppm] 25 * 0.2  0.004 0.4 0.02 0.1 0.002 0.2  0.001 0.8  0.003 0.9 0.01 22
Zr [ppm] 357 * NA <0.1 0.2  0.002 0.5 0.01 33 0.04 NA* <353
Cs [ppm] 7 * 0.41  0.003 0.01  0.001 0.03  0.001] <0.01 0.04  0.001 0.06  0.002 6
La [ppm] 36 * 0.14  0.003 0.13 0.01 0.05  0.001 0.07  0.001 0.55  0.004 0.79 0.01 34
Ce [ppm] 69 0.17  0.002 0.35 0.02 0.16  0.004 0.19  0.001 1.38 0.01 1.90 0.01 65
Dy [ppm] NA' 0.02  0.001 0.08  0.003 0.03  0.001 0.04  0.001 0.25  0.003 0.21 0.01 ND
Er [ppm] NA' 0.01  0.001 0.04  0.001 0.01  0.001 0.02  0.001 0.12  0.002 0.10 0.01 ND
Yb [ppm] NA' <0.01 0.03  0.001 0.01  0.001 0.02  0.001 0.12  0.001 0.09  0.001 ND
Hf [ppm] NA' <0.01 <0.01 0.01  0.002 0.02  0.001 0.18  0.005 0.01  0.003 ND
Th [Barkg] 35.3 <01 0.2 0.01 0.1 0.01 11 0.03 7.5 0.04 3.3 0.005 23
U [Ba/kg] 322 <0.1 1.0 0.04 0.3 0.01 0.4  0.003 3.9 0.05 6.0 0.03 21
Ra [Bg/kg] 34.8 2.3 0.2 1.7 0.2 2.1 0.3 1.1 0.2 <5.0 3.1 0.4 24
* standard deviation (SD) < 5 %; ** standard deviation (SD) < 10 %; *** standard deviation (SD) < 20 %

NA': element was not analysed; NA2: no calibration curve was obtained; ND = not detectable

Summarising the results from the first two quartzitic sandstone samples, thorium and

uranium distribution in the rocks is about equal. Only small activities occur in the first four

fractions, while 30 — 50% of total thorium and uranium is bound in the fractions of the Fe

oxides.

Radium distribution appears to be different, not only in contrast to the other

radionuclides, but also between the two sandstone samples. Radium occurs in high

proportions in the mobile exchangeable fraction for both samples. The sample with the
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higher content of terrigenous minerals (135), offering more adsorption places, also contains
high proportions of radium in the easily soluble fractions Il - V. The occurrence of 9% of total
radium in the well crystallised Fe oxide fraction in sample 135, in contrast to activities below
the detection limit in sample 124, are due to the differences in mineralogy, too. While sample
124 is a dense rock, consisting mainly of quartz minerals in quartz cement, the matrix of
sample 135 contains much more iron oxide and the rock is transected by innumerable
fractures lined with Fe oxides.

The highest activities are nevertheless found in the extraction residual, confirming

that radium, if not adsorbed, has to be attributed to insoluble silicates and heavy minerals.

7.3.1.1.2 Fine-grained sandstones

At 63%, SiO, in sample 136a is less abundant than in the quartzitic sandstones.
Considerably more Al,O3 (19%) occurs, together with some other typical terrigenous
elements such as Na, K, Ti, Ba, Rb, Srand V (Table 22). As for sample 124, the activities of
U and Ra are elevated (up to 59 Bg/kg), while the activity of Th is low (42 Bqg/kg).

A thin section of the sample is shown in Figure 38. The quartz grains and detrital
muscovite crystals are floating in the cement/matrix of clay minerals, chlorites, mica,
goethite, hematite, and Mn oxides/hydroxides. XRD analysis reveals high proportions of
muscovite, chamosite, clinochlore, kaolinite, anatase, rutile, ilmenorutile, pseudorutile and
titanite (Table 17). Goethite, hematite and Mn oxides/hydroxides are primarily precipitated
along bedding joints and fill fractures transecting the rock. As in sample 135, the fractures

are cutting quartz grains. Only few opaque mineral grains are apparent.

Figure 38: Gedinnian fine-grained sandstone (136a). Mono- and polycrystalline quartz crystals
(mean @ 0.25 mm) and oriented muscovite crystals floating in a cement/matrix of authigenic
quartz, clay minerals, chlorite, mica, goethite and hematite. The subrounded quartz grains are
moderately sorted. Oriented muscovite crystals at the subhorizontal bedding joint served as a
barrier for circulation of solutions, from which iron and manganese oxides/hydroxides were
precipitated. Oxides and hydroxides of manganese and iron line the transecting fracture as
well. In the upper left part some opaque mineral grains occur. (Right figure: crossed polarisers;
length of scale bar is 1 mm)
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The distribution of uranium is equivalent to that seen in sample 135, except that more

uranium occurs in the exchangeable fraction (Figure 37, Figure 39). This is due to higher

proportions of mica and clay minerals in the sample.

Thorium activities are again highest in the extraction residual and of secondary

importance in the Fe oxide fractions. In contrast to samples 124 and 135, thorium activities in

the crystalline Fe oxide fraction are higher than in the amorphous Fe oxide fraction (Figure

39).

Table 22: Analytical results of sample 136a. For analytical methods see Table 18.

| Il 1l \Y] V VI
136a original sample exc:; (rJ'nbglleeabIe exchangeable Mn-Oxides organic matter a’[_ne o(l;;))(ik;oeuss izsgzggse residual™**|
SD SD SD SD SD SD SD
Al [ppm] 102700 * 8 2 91 16 44 6 147 49 1056 54 2236 357] 99120
Mg [ppm] 7753 * 65 5 40 6| 19 3] 20 2 226 24 448 39 6936
Fe [ppm] 30020 * 4 1 47 10 58 8 145 1 2535 191 7808 1389 19420
Zn [ppm] 84 * 0.3 0.1 1.6 0.5 1.1 0.3 04 0.1 8.5 0.7 30.3 6.7 42
Ba [ppm] 524 * 7.3 0.1 1.6 0.2 22 0.1 0.3 0.1 3.2 0.6 2.7 0.5 507
Mn [ppm] 348 * 33.3 1.4 19.6 2.8 28.3 2.4 8.3 1.2 32.8 1.8 51.8 12.5 174
Pb [ppm] 29 * <0.1 3.2 0.4 24 0.2 1.0 0.2 3.1 0.2 7.5 0.3 12
As [ppm] 25 * 0.1 0.01 0.2 0.03 0.1 0.02] 0.3 0.05] 59 04 17.7 4.3 <4
Ti [ppm] 4170 > 0.3 0.1 <0.1 0.4 0.1 0.5 0.1 4.7 0.3 5.0 0.8 4159
Ni [ppm] 70 * 0.8 0.04 0.8 0.1 0.4 0.1 0.5 0.1 5.6 0.3 171 3.1 45
V [ppm] 114 * <0.1 0.1 0.01 0.3 0.03 0.1 0.01 1.8 0.1 4.4 0.8 107
Cu [ppm] 24 > 0.6 0.2 1.0 0.01 0.7 0.05 0.7 0.2 4.9 0.5 16.1 1.6 <4
Rb [ppm] 114 * 1.2 0.02 0.2 0.02 0.3 0.01 <01 0.4 0.1 0.5 0.1 112
Sr [ppm] 202 * 34 0.2 0.9 0.2 1.3 0.04] 0.5 0.1 1.3 0.1 1.1 0.2 193
Y [ppm] 42 * 0.2 0.02 0.5 0.1 0.3 0.00 0.1 0.01 0.7 0.1 1.3 0.2 39
Zr [ppm] 322 * <0.1 0.1 0.01 0.2 0.03] 0.5 0.03 <0.1 NA* <321
Cs [ppm] 13 > 0.37  0.004 0.04 0.01 0.07  0.002 NA? 0.05 0.01 0.09 0.03 <12
La [ppm] 41 > 0.16 0.01 0.16 0.04 0.10  0.004 0.03  0.002 0.45 0.01 0.69 0.10 39
Ce [ppm] 71 0.21 0.01 0.36 0.05 0.23  0.005 0.08 0.01 1.34 0.04 1.54 0.20 68,
Dy [ppm] NA' 0.02  0.002 0.12 0.02 0.05 0.001 0.02  0.003 0.18 0.01 0.31 0.05 ND
Er [ppm] NA' 0.01 0.001 0.06 0.01 0.03  0.001 0.01 0.001 0.09 0.01 0.16 0.03 ND
Yb [ppm] NA' <0.01 0.05 0.01 0.02 0.001] <0.01 0.08 0.01 0.15 0.02 ND
Hf [ppm] NA' <0.01 0.03 0.01 0.02  0.003] <0.01 <0.01 0.32 0.04 ND
Th [Ba/kg] 421 <0.1 0.4 0.1 0.1 0.0 0.6 0.2 6.1 04 7.0 1.3 28
U [Barkg] 54.0 0.1 0.0 26 0.5 1.2 0.0 0.2 0.0 5.1 0.6 9.0 0.5 36
Ra [Ba/kg] 58.9 7.0 0.6 24 0.4 2.0 0.2 1.8 0.3 <50 10.8 1.1 35
* standard deviation (SD) < 5 %; ** standard deviation (SD) < 10 %; *** standard deviation (SD) < 20 %
NA': element was not analysed; NA2: no calibration curve was obtained; ND = not detectable
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Figure 39: Radionuclide activities among extraction phases of sample 136a (Gedinnian
sandstone) (I = mobile exchangeable, Il = exchangeable, lll = Mn oxides, IV = organic matter, V
= amorphous Fe oxides, VI = crystalline Fe oxides, Res = extraction residual)

The distribution of radium is again somewhat different, but the general trend is

confirmed. Apart from highest activities in the extraction residual, high proportions of radium
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occurs in the crystalline Fe oxide phase and in the mobile exchangeable phase (Figure 39).

The detection limit of 5 Bg/kg for the amorphous Fe oxide fraction does not allow any

prediction for this extraction phase.

Sample 137 is also fine-grained sandstone, the grains of which are covered with

coatings of goethite, hematite, and Mn oxides/hydroxides. Geochemical data do not show

significant differences to sample 136a. Lower concentrations of terrigenous elements such

as Na, Ba, Rb and Sr point to less clay minerals, but the overall mineral composition does

not differ. Uranium, radium, and thorium occur in equal activities of about 45 Bq/kg (Table

23).
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5 [Ba/kgd] 5 [Ba/kgd] 5 [Ba/kgd]
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Figure 40: Radionuclide activities among extraction phases of sample 137 (Gedinnian
sandstone) (I = mobile exchangeable, Il = exchangeable, lll = Mn oxides, IV = organic matter, V
= amorphous Fe oxides, VI = crystalline Fe oxides, Res = extraction residual)

Table 23: Analytical results of sample 137. For analytical methods see Table 18.

I 1l Il \Y Vv Vi
137 original sample excrr; zt;oljable exchangeable Mn-Oxides organic matter a'[_ne o:,zir:joef ;Zs;:ggse residual™*
SD* SD SD SD SD SD SD
Al [ppm] 88030 * 3 0.1 <1 NA? 157 2 1343 3 3021 8 < 83510
Mg [ppm] 8264 * 70 0.1 29 0.2 NA® 39 0.4 271 0.4 1041 11 <6814
Fe [ppm] 32360 * 3 0.3 8 0.2 NA3 148 2 2203 14 7309 32 < 22690
Zn [ppm] 82 = 0.2 0.03 <0.1 NA® 2.0 0.04 7.3 0.1 28.9 0.3 <44
Ba [ppm] 442 7.8 0.02 2.0 0.2 NA3 0.7 0.01 27  0.004 13 0.01 <428
Mn [ppm] 380 * 23.6 0.02 15.6 0.1 NA3 6.1 0.03 30.2 0.1 43.6 0.6 <261
Pb [ppm] 17 <0.1 1.1 0.01 NA3 0.7 0.005 21 0.001 5.0 0.04 <8
As [ppm] 18  * 0.1 0.001 0.1 0.005 NA? 0.2 0.01 4.4 0.03 1.2 0.01 <4
Ti [ppm] 4325 * 0.1 0.002 <0.1 NA? 0.6 0.04 37 0.1 5.2 0.1 <4316
Ni [ppm] 5 05 0.002 0.3 0.01 NA3 04 0.01 4.3 0.01 13.7 0.1 <31
V [ppm] 88 <0.1 <0.1 NA? <0.1 15 0.01 3.7 0.03 83
Cu [ppm] 14 = 0.1 0.002 0.4 0.04 NA? 0.6 0.01 3.6  0.001 NA2 <9
Rb [ppm] 92 0.9  0.002 0.1 0.001 NA? 0.1 0.001 0.3  0.001 0.4  0.005) <90
Sr [ppm] 13 = 29  0.005 1.0 0.04 NA3 1.0 0.01 12 0.002 0.8 0.01 <128
Y [ppm] 7 0.2  0.002 0.4  0.001 NA? 0.2  0.001 0.7 0.003] 1.0 0.01 <32
Zr [ppm] 300  ** NA2 NA2 NA? 0.7 0.01 4.5 0.02 NA2 <295
Cs [ppm] 16 0.31  0.001 0.03  0.001 NA3 0.02  0.001 0.05  0.001 0.12  0.001 <16
La [ppm] 39 0.15  0.001 0.10  0.001 NA® 0.07  0.001 0.56  0.004 0.64  0.001 <37
Ce [ppm] 71 = 0.17  0.001 0.20  0.003 NA® 0.12  0.001 1.06 0.01 1.45 0.02 <68
Dy [ppm] NA' 0.03  0.001 0.07  0.001 NA? 0.03  0.001 0.23  0.002 0.24  0.003 ND
Er [ppm] NA' 0.01  0.001 0.04  0.001 NA? 0.02  0.001 0.12  0.004 0.12  0.002 ND
Yb [ppm] NA' <0.01 0.03  0.001 NA® 0.02  0.001 0.12  0.003 0.12  0.003 ND
Hf [ppm] NA' <0.01 0.01  0.003 NA® 0.04  0.001 0.26  0.001 0.20 0.01 ND
Th [Ba/kg] 42.4 <0.1 0.2 0.01 0.1 0.01 0.9 0.04 7.7 0.02 8.5 0.1 25
U [Ba/kg] 41.7 <0.1 1.5 0.01 12 0.03 0.5 0.01 4.6 0.02 10.4 0.02 29
Ra [Bg/kg] 48.1 5.7 0.8, 17 0.2 3.0 0.4 1.6 0.2 <5.0 54 0.5 31

* standard deviation (SD) < 5 %; ** standard deviation
NA': element was not analysed; NAZ: no calibration curve was obtained; NA* loss of sample; ND = not detectable

SD) < 10 %; *** standard deviation (SD) < 20 %
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Though the activities of uranium and radium are lower for sample 137, the distribution

of all three radionuclides is equivalent to those described for sample 136a.

7.3.1.1.3 Sandy siltstone

Element concentrations in the sandy siltstone of sample 132a are in the same range
as for samples 136a and 137 (Table 22, Table 23, Table 24). Uranium and radium are in
equilibrium (53 Bg/kg). Thorium occurs with a lower activity (43 Bg/kg) than in the other two
samples (Table 16).

The thin section of the sample in Figure 41 displays the structure of the siltstone.
Siltstone layers are intercalated with sandstone and claystone layers. Goethite, hematite,
and Mn oxides/hydroxides are concentrated along bedding joints, but the second thin section
in Figure 42 shows that the cement of the rock is also rich in oxides and hydroxides of iron

(mainly goethite).

Figure 41: Laminated fine sandstone and siltstone with intercalations of claystone (132a;
Gedinnian). Mono- and polycrystalline quartz crystals accompanied by an assemblage of
authigenic quartz, muscovite, clay minerals, goethite and hematite. Goethite and hematite are
precipitated together with manganese oxides/hydroxides mainly along bedding joints. Length
of scale bar is 1 mm.

Though only few opaque mineral grains occur in the thin section, they are confirmed

by XRD. Besides ore mineral grains of goethite and hematite, heavy minerals like anatase,
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brookite, ilmenorutile, rutile, and titanite are abundant (Table 17). Iron-bearing chlorites
(chamosite, clinochlore) and kaolinite dominate illite and muscovite.

The distribution of numerous coated fractures within the rock is shown in Figure 43.
Fractures transect the rock in many directions, lined with goethite, hematite, and Mn
oxides/hydroxides. It is assumed that these oxides and hydroxides are of descendent origin
and have a similar genesis to the “Hunsriickerze” (see Chapter 7.3.1). In contrast to the fine-
grained sandstones (136a, 137), fractures transecting the rock do not cut quartz grains
(Figure 43).

Figure 42: Laminated sandy siltstone (132a; Gedinnian). Mono- and polycrystalline quartz
crystal grains coated by authigenic quartz in a cement of muscovite, clay minerals, chlorites,
goethite and hematite. Iron and manganese oxides/hydroxides (see text) were precipitated
especially parallel to bedding. The quartz grains are interlocked and show sutured contacts.
Only few opaque ore mineral grains occur. Length of scale bar is 1 mm.
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Figure 43: Gedinnian siltstone (132a). Massive coatings of iron and manganese
oxides/hydroxides (see text) along fracture zones and internal joints, which were precipitated
during intense weathering in Tertiary times. Length of scale bar is 200 pm.

Distribution of uranium is similar to that described for the other samples. As for

sample 136a, uranium is found with 5.6% in the exchangeable fraction beside highest

proportions in the extraction residual and the Fe oxide fractions (Figure 44).

Thorium does not differ in distribution, as already described for sample 136a.

Distribution of radium is again different compared to the other radionuclides. More
than 90% of total radium occurs in the extraction residual and 7.8% is found in the mobile
exchangeable fraction. The activities for all other fractions are below detection limits, as for

sample 124. The results for the amorphous Fe oxide phase will be disregarded, as before

(detection limit of 5 Bqg/kg).
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Figure 44: Radionuclide activities among extraction phases of sample 132a (Gedinnian
siltstone) (I = mobile exchangeable, Il = exchangeable, lll = Mn oxides, IV = organic matter, V =
amorphous Fe oxides, VI = crystalline Fe oxides, Res = extraction residual)
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Table 24: Analytical results of sample 132a. For analytical methods see Table 18.

| Il 1l Y \ Vi
132a original sample exc::a %l:zable exchangeable Mn-Oxides organic matter ag:e o;z:;;u: ;Z?;EZ: residual™**|
SD SD SD SD SD SD SD

Al [ppm] 87810 * 8 2 37 1 33 0.4 193 7 1162 20 4569 79 81810
Mg [ppm] 6975 * 121 3] 37 4 30 0.4 37 3] 235 6 998 79 5516
Fe [ppm] 31510 * 1" 2 5 1 60 3] 212 4 3162 100 7762 722 20300
Zn [ppm] 87 * 0.9 0.3 0.8 0.2 1.2 0.2 NA 7.2 0.9 36.8 1.1 40
Ba [ppm] 445 * 7.0 0.2 1.3 0.1 1.4 0.1 0.5 0.1 2.1 0.02 2.0 0.1 431
Mn [ppm] 331 * 85.7 4.4 14.0 0.1 35.9 0.3 1.3 0.4 19.9 0.3 38.2 1.3 126
Pb [ppm] 28 * <01 1.8 0.1 52 0.03 15 0.02 22 0.1 9.4 0.5 7]
As [ppm] 33 * 0.1 0.01 0.1 0.004 0.1 0.01 0.4 0.01 6.7 0.2 254 0.9 <4
Ti [ppm] 4431 * 0.2 0.03 0.1 0.01 0.2 0.01 0.5 0.01 3.9 0.2 5.6 0.2 4420
Ni [ppm] 51 * 2.0 0.4 0.3 0.02 0.4 0.01 0.7 0.1 3.9 0.2 171 0.6 27,
V [ppm] 92 * <0.1 <0.1 <0.1 0.3 0.03 14 0.03 52 0.2 85
Cu [ppm] 23 * 0.2 0.02 0.4  0.003 0.4 0.04 1.0 0.1 3.7 0.1 16.6 0.4 <4
Rb [ppm] 97 * 0.6 0.01 0.1 0.002 0.2  0.002 0.1 0.004 0.3 0.01 0.3 0.02 95
Sr [ppm] 151 * 2.7 0.1 1.1 0.1 11 0.01 0.9 0.1 0.9 0.02 0.7 0.1 143
Y [ppm] 36 * 0.1 0.01 0.5 0.003 0.2 0.01 0.2 0.01 0.7 0.01 1.1 0.03 33
Zr [ppm] 312 NA <0.1 0.2  0.003 NA? NA* NA* <312
Cs [ppm] 9 > 0.15  0.002 0.03  0.001 0.07  0.001 0.01 0.001 0.05  0.001 0.08  0.003 9
La [ppm] 45 * 0.06 0.01 0.11  0.002 0.05  0.004 0.06  0.001 0.37 0.01 0.42 0.01 44
Ce [ppm] 79 0.07 0.02 0.27  0.003 0.19 0.01 0.17 0.01 0.92 0.03 1.01 0.02 76
Dy [ppm] NA' <0.01 0.09  0.001 0.03  0.002 0.04  0.003| 0.16  0.002 0.27 0.01 ND
Er [ppm] NA' <0.01 0.05  0.001 0.02  0.001 0.02  0.001 0.08  0.002 0.14  0.004 ND
Yb [ppm] NA' <0.01 0.03  0.001 0.01  0.001 0.02  0.001 0.07  0.002 0.14 0.01 ND
Hf [ppm] NA' NA NA 0.01  0.002] <0.01 0.09  0.003 0.35 0.02 ND
Th [Barkg] 425 <01 0.2 0.003 0.1 0.01 0.8 0.03 6.1 0.1 8.5 0.3 27
U [Barkg] 52.5 <0.1 29 0.04 0.9 0.1 0.6 0.1 54 0.1 13.3 0.5 29
Ra [Ba/kg] 53.1 4.2 0.4 <15 <15 <08 <50 <11 49
* standard deviation (SD) < 5 %; ** standard deviation (SD) < 10 %; *** standard deviation (SD) < 20 %

NA': element was not analysed; NAZ: no calibration curve was obtained; ND = not detectable

The high radium activity in the extraction residual of sample 124 was explained by

high proportions of heavy minerals. This is also true for this sample. Heavy minerals, e.g.

zircon, brookite, and anatase, are even more prominent in the extraction residual than for

sample 124. In addition, much more residual feldspar, mica and clay minerals occur.

It is remarkable that no radium is detectable in the fractions of the Mn oxides and the
crystalline Fe oxides. Radium was expected to occur in these fractions, because many
fractures occur in this siltstone, which are all lined with oxides and hydroxides of iron and

manganese.

7.3.1.1.4 Weathered Gedinnian sandstones

Sample 127a differs from the other sandstone samples, because this sandstone is
highly weathered. The rocks are not as compact as the other samples partly due to
disintegration by weathering. Nevertheless, the geochemistry is almost the same as for
samples 136a and 137, except for lower concentrations of Na, K, Ba, Ga, Rb, Sr, U and Ra
(Table 25). Uranium and radium are in equilibrium, but with 25 Bg/kg only half as abundant
as for samples 136a and 137. Thorium occurs with equivalent activities (45 Bqg/kg) to those of
136a and 137 (Table 25). In contrast to all other sand- and silistone samples, thorium
activities exceed the activities of uranium and radium (AR #*?Th/?*U: 1.9). Significantly higher
concentrations of Zr are observed (805 ppm), being about twice as high as for the other

sand- and siltstone samples. Furthermore, the concentration of Ti is higher.
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Composition of the light minerals is different; besides quartz, clinochlore is abundant.

Accompanying minerals of importance are illite, muscovite, kaolinite, and feldspars. While

plagioclase dominates microcline in all other samples (except for sample 124), this is the

other way round for sample 127a.
The dominant minerals in the spectrum of the heavy minerals are once again chlorites

- clinochlore and chamosite. Abundant heavy minerals are anatase, brookite, tourmaline, and

zircon (Table 17).

The speciations of all three radionuclides in sample 127a are unlike all other samples

discussed so far. They have only few similarities: the highest percentage of radionuclides

occurring in the extraction residual, U and Th activities < detection limit in the mobile

exchangeable fraction (l) as well as low thorium activities in the exchangeable (1) and in the

Mn oxide fraction (llI).
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Figure 45: Radionuclide activities among extraction phases of sample 127a (weathered
Gedinnian sandstone) (I = mobile exchangeable, Il = exchangeable, lll = Mn oxides, IV = organic
matter, V = amorphous Fe oxides, VI = crystalline Fe oxides, Res = extraction residual)
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Table 25: Analytical results of sample 127a. For analytical methods see Table 18.

| Il 1l Y \ Vi
127a original sample excrr:a il:l;ble exchangeable Mn-Oxides organic matter ag:e ocr)[:(ir;c;uss ('::rg/sotzlggz residual™**|
SD* SD SD SD SD SD SD

Al [ppm] 84670 * 13 1 3 0.2 6 1 258 3| 1692 17 4329 26 78360
Mg [ppm] 7790 * 132 4 41 0.1 27 0.3 38 1 244 1 962 26 6345
Fe [ppm] 46420 * 19 1 <1 23 1 361 4 4564 18] 14990 95 26460
Zn [ppm] 124 * <01 <0.1 1.0 0.1 25 0.2 10.9 0.1 33.7 0.2 75)
Ba [ppm] 285 * 12.6 0.0 33 0.03 1.7 0.1 0.8 0.02 0.9 0.02 15 0.04 264
Mn [ppm] 686 * 3.0 0.0 8.0 0.03 151 0.3 34.6 0.1 40.2 0.2 50.2 0.4 399
Pb [ppm] 49 * <01 <01 0.2 0.01 3.9 0.1 43 0.01 3.9 0.1 36
As [ppm] 81 * <0.1 0.1 0.004 <0.1 0.4  0.005 24 0.02 6.9 0.1 71
Ti [ppm] 5312 * 3.4 0.1 0.7  0.005 0.3 0.05 2.1 0.1 59 0.1 17.5 0.1 5282
Ni [ppm] 102 * 0.1 0.0 0.2 0.02 14 0.02 0.9 0.02 3.6 0.03 9.1 0.1 87
V [ppm] 132 * <0.1 <0.1 0.2 0.01 0.9 0.02 4.7 0.02 14.4 0.04 112
Cu [ppm] 64 * 0.1 0.0 74 0.04 0.2  0.002 NA? 23 0.01 NA?* 54
Rb [ppm] 27 * 0.9 0.0 0.1 0.001 <01 0.1 0.00 0.2 0.00 1.1 0.01 24
Sr [ppm] 25 * 15.6 0.1 49  0.003 14 0.003 5.5 0.01 11 0.00 1.3 0.01 <10
Y [ppm] 35 ** <01 0.6  0.004 0.5  0.002 8.1 0.03 1.2 0.00 0.8 0.00 24
Zr [ppm] 504 * <01 <0.1 <01 NA? NA* NA* 504
Cs [ppm] 5 > 0.09  0.001 0.02  0.001] <0.01 <0.01 0.02  0.001 0.12  0.002 5|
La [ppm] 39 * 0.01  0.001 0.45  0.003 0.47 0.01 10.08 0.07 221 0.001 1.00 0.01 24
Ce [ppm] 73 * 0.03  0.001 0.97 0.01 1.29 0.01 30.42 0.18 554  0.017 273 0.01 32
Dy [ppm] NA' <0.01 0.12  0.002 0.12  0.004 2.06 0.02 0.29  0.001 0.19  0.003 ND
Er [ppm] NA' <0.01 0.05  0.001 0.05  0.002 0.84 0.01 0.15  0.001 0.11  0.004 ND
Yb [ppm] NA' <0.01 0.03  0.001 0.03  0.001 0.53 0.01 0.1 0.001 0.10  0.002 ND
Hf [ppm] NA' <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 ND
Th [Ba/kg] 452 <01 <01 0.1 0.01 15.1 0.1 7.7 0.1 26 0.2 20
U [Barkg] 23.8 <01 0.1 0.002 0.1 0.002 0.1 0.004 0.5 0.001 1.2 0.01 22
Ra [Ba/kg] 26.4 1.5 0.3 1.8 0.3 26 0.4 14 0.2 <84 14 0.3 18
* standard deviation (SD) < 5 %; ** standard deviation (SD) < 10 %; *** standard deviation (SD) < 20 %

NA': element was not analysed; NA?: no calibration curve was obtained; ND = not detectable

The main difference for thorium is the occurrence of the second highest activity in the

so-called organic fraction, though the content of Cq4 (< 1%) is as low as for all sand- and

siltstones (Appendix 3 — TableA3). Thorium activities in the Fe oxide fractions are only of

tertiary importance, amorphous Fe oxides exceeding the crystalline Fe oxides (Figure 45), as

in the quartzitic sandstones (124, 135), which have similar thorium activities in these

fractions.

The differences in distribution of uranium are even more evident. More than 90% of

total uranium is left in the extraction residual, in contrast to a maximum of 66% for the other

sand- and siltstones. Uranium occurs with very low activities of less than 1.2 Bg/kg in all

extraction phases, amounting up to only 2.0 Bg/kg. Uranium in the extraction residual can

mainly be attributed to insoluble silicates, especially to chamosite and clinochlore and also to

heavy mi

nerals.

As mentioned above, radium occurs with highest activities in the extraction residual.

The activities in the extraction phases are relatively low. Radium in the Mn oxide fraction

exceeds that of the exchangeable fractions (I — Il) and the crystalline Fe oxide fraction (VI).

The low activity in the mobile exchangeable fraction may be due to a higher grade of

weathering. Water-soluble elements had been removed earlier and may have reduced the

amount of unspecifically adsorbed ions.

Radium activities in the amorphous crystalline Fe oxide fraction are again below the

detection limit, which is especially high for this sample (8.4 Bg/kg).
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7.3.1.1.5 Some general trends for the distribution of uranium, radium and thorium

Summing up the results for the Gedinnian sand- and siltstones, it can be concluded
that thorium is most abundant in the extraction residual and of secondary importance in the
Fe oxide fraction, with varying proportions in the amorphous and crystalline phase. The
bondings in all other fractions are negligible.

Uranium is also found with the highest activities in the extraction residual, always
followed by the crystalline Fe oxide fraction and the amorphous Fe oxide phase. The general
sequenceis: Res>VI>V> 1>l >V >

The highest proportions of radium occur in the extraction residual. Further important
fractions are the mobile exchangeable and the crystalline Fe oxide fraction. Radium is
therefore bound either in a very soluble form, or in the crystalline fraction (crystalline Fe

oxides + extraction residual).

7.3.1.2 Weathering products of Gedinnian sand- and siltstones

Activities of all radionuclides are elevated in the weathering products. Usually, radium
activities are highest and thorium activities are lowest (Table 16). The samples will be
discussed in three groups, according to their geochemical composition and their activities of
U, Raand Th.

Samples 132b and 136b are weathering products of sandy siltstone 132a and of the
sandstone 136a. They appear to have the highest radionuclide activities along with the
highest total iron concentrations (> 20% Fe,O3,Table 26) and concentrations of Mn, P and
most heavy metals (As, Cu, Ni, Pb, V, Zn). Si and Zr are lowest. As for all weathering
products, the amount of organic matter is low (Corg < 1%; Appendix 3 — Table A3).

The mineralogical composition of the samples is similar. Besides quartz, clay
minerals and chlorites (clinochlore and chamosite) are most abundant. Compared to the rock
samples, fewer chlorites and more clay minerals occur. The nature of the clay minerals is
different for the two samples. While illite dominates by a wide margin in the weathered
sandstone, the weathered siltstone shows an assemblage of various clay minerals such as
illite, kaolinite, and smectite. The most abundant iron oxides are goethite and hematite. As
for the rock samples, a determination of specific Mn oxides and hydroxides with XRD was
not possible. Besides ore mineral grains of iron and manganese oxides/hydroxides, the most
abundant heavy minerals for both samples are anatase, rutile, ilmenorutile, pseudorutile,
titanite and zircon. Considering the content of heavy minerals, it is about twice as high for the
weathered sandstone. Though the elementary composition of both samples is similar, the
mineralogy and the distribution of the radionuclides are not.

Thorium in both samples is about three times higher than in the rock samples (Table
16), leading to 110 Bg/kg for the weathered siltstone (132b) and to 143 Bq/kg for the

weathered sandstone (136b). Compared to the rock samples, no substantial differences in
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bondings of thorium occur, though the activities in most fractions are increased. Only
negligible amounts of thorium were found in the first four fractions; while the most important
fraction is the extraction residual, followed by the fractions of the Fe oxides (Figure 46). The
percentage of dissolved thorium is somewhat higher for the weathered siltstone (55%) than
for the weathered sandstone (40%), caused by a much higher proportion in the fraction of the
crystalline Fe oxides, accompanied by high concentrations of Al, Fe, Pb, As, Ti, V, Y and
REE (Table 26).

For the Fe oxide fractions, not only are the activities increased compared to the rock
samples, but also the total percentages of thorium. This is in good agreement with other
investigations (VON GUNTEN et al. 1996, GASCOYNE & CRAMER 1987, LONGWORTH et
al. 1989, DEARLOVE et al. 1988, DEARLOVE et al. 1989). Thorium is accumulated in
weathering products and soils as hydrolysed and insoluble compounds, which are
preferentially fixed in thin grain surface layers consisting of oxides and hydroxides, mainly of
iron, manganese, and aluminium.

This assumption is supported by the distribution of iron in the weathering products.
About 38% of total iron was found in the oxide fractions: 30% in the crystalline Fe oxide
fraction, 8% in the amorphous Fe oxide fraction and < 0.1% in the Mn oxide fraction. High Al
concentrations in fraction VI (Table26) may not only be due to the occurrence of Al oxides,
but Al may also substitute iron in crystalline Fe oxides. Crystalline Fe oxides generally show
aluminium substitution, in goethite up to 1/3 and in hematite up to 1/6 of the iron atoms
(NORRISH & TAYLOR 1961, SCHWERTMANN 1984, TAYLOR 1987). Even substitution of
iron by aluminium in ferrihydrite (amorphous Fe oxide) takes place. Experiments have shown
that aluminium-substituted hematite readily forms from ferrihydrite synthesised in the
presence of Al (SCHWERTMANN et al. 1979).

Only a few oxides other than SiO, in the weathering product are expected to be
inherited from the parent rocks, most of them are of pedogenic origin, because typically
oxidic-bound elements such as Fe, Al, Mn and Ti are greatly enriched in the weathering
products.

Uranium is up to 9 times more prevalent in the weathering products. As for thorium,
uranium activities are higher in the weathered sandstone (468 Bq/kg) than in the weathered
siltstone (362 Bq/kg).
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Figure 46: Radionuclide activities among extraction phases of samples 132b and 136b,
weathering products of Gedinnian sandstone and a Gedinnian sandy siltstone. (I = mobile
exchangeable, Il = exchangeable, lll = Mn oxides, IV = organic matter, V = amorphous Fe
oxides, VI = crystalline Fe oxides, res = extraction residual)

Comparing both weathering products with each other, differences in the distribution of
uranium are similar to those of thorium. Uranium is dissolved to a greater extent in the
weathered siltstone than in the weathered sandstone. While uranium in the weathered
siltstone is dissolved completely during sequential extraction, about 18% of uranium of the
weathered sandstone is left in the extraction residual. In both samples uranium occurs
primarily in one of the Fe oxide fractions (Figure 46), which is in good agreement with AMES
etal. (1983 a, b).

90




Speciation of Th, U, and Ra

Table 26: Analytical results of samples 132b and 136b. For analytical methods see Table 18.

[ I I [\ V VI
. mobile . h amorphous crystalline —
132b original sample exchangeable exchangeable Mn-Oxides organic matter Fe oxides Fe oxides residual
SD SD SD SD SD SD SD

Al [ppm] 132300 * 10 0.4 <1 14 0.3 662 8| 2980 1" 9162 65 119500
Mg [ppm] 5375 * 376 2 50 1 28 0.1 30 0.3 70 0.5 83 2 4738
Fe [ppm] 180000 * 10 1 4 0.2 77 1 782 3] 13785 71] 53696 337 111700
Zn [ppm] 508 > 2.0 0.02 <0.1 14.8 0.1 23.5 0.3 34.8 0.2 431 0.9 390,
Ba [ppm] 526 * 225 0.2 29 0.1 34.7 0.1 1.3 0.02 1.5 0.02 26 0.1 461
Mn [ppm] > 6200 * 46.9 0.05 8.4 0.1 2936 26 249 1 543 1 76.6 0.9 ND
Pb [ppm] > 240 * 0.1 0.01 1.0 0.02 198 2 233 3] 59.1 0.03 116 1 ND
As [ppm] > 330 * <01 0.1 0.001 <0.1 0.9 0.02 68.9 0.3 334 6 ND
Ti [ppm] 6145 * 1.1 0.02 0.6 0.02 0.3 0.04 4.0 0.04 63.3 0.4 273 2 5803
Ni [ppm] 391 ** 1.7 0.02 0.4 0.1 14.7 0.05 9.3 0.05 45.4 0.05 423 0.5 277
V [ppm] 230 * <01 < 1.6 0.01 24 0.01 9.2 0.02 53.0 0.5 164,
Cu [ppm] > 450 > 0.2 0.004 0.5 0.03] 6.5 0.03 18.2 0.2 25.6 0.1 NA2? ND
Rb [ppm] 119 * 21 0.002 0.2 0.01 <01 0.1 0.002 0.3  0.004 0.6 0.01 116
Sr [ppm] 131 * 6.9 0.1 1.4 0.02 1.0 0.01 0.9 0.01 0.8  0.003] 1.1 0.03] 119
Y [ppm] 69 * 11 0.01 1.2 0.01 3.1 0.03 6.0 0.1 6.3 0.01 8.2 0.1 43
Zr [ppm] 360 > <0.1 NA2 <0.1 26 0.02 NA2? NA2 < 357
Cs [ppm] 35 * 3.90 0.03] 0.67  0.003 0.05  0.001 0.15  0.003 0.28  0.003 0.25  0.003 30
La [ppm] >80 * 0.50  0.005 0.20  0.002 0.72  0.001 0.83 0.01 0.88  0.004 1.92 0.04 ND
Ce [ppm] 106 0.98 0.01 0.55  0.004 8.12 0.04] 10.91 0.10y 17.01 0.07] 2249 0.28 46
Dy [ppm] NA' 0.11  0.001 0.22  0.002 0.66 0.01 1.32 0.02 1.84 0.02 2.33 0.02 ND
Er [ppm] NA' 0.06  0.001 0.09  0.002 0.28  0.003 0.74 0.01 0.86  0.002 1.16 0.02 ND
Yb [ppm] NA' 0.03  0.001 0.05  0.001 0.17  0.001 0.69 0.01 0.76  0.005 1.17 0.02 ND
Hf [ppm] NA' <0.01 <0.01 0.01  0.003 0.10  0.002 NA2? 0.82 0.03 ND
Th [Ba/kg] 110 <0.1 <0.1 0.1 0.01 29 0.01 17.9 0.3 39.4 2.1 49
U [Ba/kg] 362 <01 271 0.2 37.2 0.5 274 0.3] 118 0.2 151 2 <0.1
Ra [Ba/kg] 718 115 12 13.9 1.2 26.9 2.4 3.1 0.4 8.5 0.6 53.4 2.5 497
* standard deviation (SD) < 5 %,; ** standard deviation (SD) < 10 %; *** standard deviation (SD) < 20 %

NA': element was not analysed; NAZ: no calibration curve was obtained; ND = not detectable

| 1 I [\ Vv Vi
- mobile . . amorphous crystalline I
136b original sample exchangeable exchangeable Mn-Oxides organic matter Fe oxides Fo oxides residual
SD SD SD SD SD SD SD

Al [ppm] 147300 * 52 2 27 4 52 7 795 106 4940 88, 6332 393 135100
Mg [ppm] 5841 * NA2? 56 2 86 4 25 2 94 11 67 10 <5513
Fe [ppm] 155500 * 7 2 24 4 189 25 870 42] 12882 369] 44012 2921 97520
Zn [ppm] 503 ** 5.5 0.2 0.6 0.1 35.8 16 21.4 14 49.2 1.4 61.8 5.1 329
Ba [ppm] 592 * 46.4 1.1 4.7 0.3] 69.8 2.8 0.7 0.1 1.7 0.4 3.0 0.7] 465
Mn [ppm] > 6200 * 129 2 15.8 0.3 3619 38 200 8| 1280 36 208 9 ND
Pb [ppm] >240 * 0.5 0.04 1.4 0.2 219 3 151 5 60.5 1.9 54.1 7.2 ND
As [ppm] > 330 * 0.1 0.01 0.1 0.01 0.2 0.04 1.2 0.1 81.0 2.3 153 3] ND
Ti [ppm] 5907 * 1.2 0.1 1.0 0.1 14 0.04 6.3 0.3 NA2? 213 2 < 5684
Ni [ppm] 403 > 35 0.1 1.1 0.1 34.9 0.4 10.0 0.5 111 3] 429 1.9 200
V [ppm] 204 ™ <0.1 <0.1 25 0.3 14 0.1 12.3 0.3 35.7 0.8 152
Cu [ppm] > 450 * 0.6 0.1 1.0 0.1 18.8 0.1 24.0 0.7 375 1.0 0.8 0.05 ND
Rb [ppm] 149 * 5.1 0.1 0.5 0.01 1.0 0.05 <0.1 0.5 0.1 0.6 0.03] 141
Sr [ppm] 152 > 7.9 0.1 1.2 0.1 1.6 0.2 0.8 0.1 0.8 0.1 0.7 0.1 139
Y [ppm] 65 * 6.4 0.1 14 0.04 35 0.3 25 0.1 6.2 0.1 35 0.1 42
Zr [ppm] 340 * 0.2 0.04 NA? 0.2 0.05 NA2 NA? 21.3 0.4 < 318|
Cs [ppm] 41 * 4.67 0.07| 0.87 0.03] 0.78 0.04 0.04 0.01 0.23 0.08] 0.19 0.03] 35
La [ppm] 75 > 2.03 0.03] 0.22 0.01 0.90 0.10 0.47 0.04 1.12 0.09 0.72 0.22 69
Ce [ppm] > 150 4.89 0.08 0.67 0.03] 9.99 0.14 7.73 0.42] 34.09 0.64] 14.65 2.63 ND
Dy [ppm] NA' 0.74 0.02 0.29 0.01 0.83 0.07 0.60 0.03 1.67 0.03 0.95 0.07, ND
Er [ppm] NA' 0.39 0.01 0.13  0.004 0.39 0.03 0.36 0.01 0.87 0.02 0.54 0.03] ND
Yb [ppm] NA' 0.24 0.01 0.08  0.002 0.28 0.02 0.40 0.01 0.84 0.02 0.54 0.02 ND
Hf [ppm] NA' NA2 NA? 0.06 0.01] <o0.01 NA? 0.61 0.08 ND
Th [Ba/kg] 143 0.1 0.02 0.1 0.02 0.7 0.1 57 0.8 29.1 0.8, 211 1.7 86
U [Ba/kg] 468 0.3 0.02 60.4 0.6 70.4 11.8 15.1 1.8 137 2 102 6 82
Ra [Ba/kg] 769 138 10 15.6 2.0 80.7 9.2 1.1 0.2 5.6 0.6] 51.2 4.1 476

* standard deviation (SD) < 5 %; ** standard deviation
NA': element was not analysed; NAZ: no calibration curve was obtained; ND = not detectable

SD) < 10 %; *** standard deviation (SD) < 20 %

As for thorium, uranium in the silty weathering product is more abundant in the

crystalline Fe oxide fraction, while the activity in the amorphous Fe oxide phase is higher for

the weathered sandstone. This result can be explained by incomplete dissolution of

crystalline Fe oxides during the last extraction step, because goethite, hematite, and

magnetite were determined by XRD in the extraction residual of the weathered sandstone.
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Iron and manganese oxide/hydroxide encrustations on the particles of the weathered
sandstone are assumed to be thicker than the coatings on grains and fractures in the
unweathered rock (Figure 38).

Considering the fractions | to IV, uranium occurs in much higher proportions in the
exchangeabile fraction (Il), the Mn oxide phase (lll) and the organic fraction (IV), in
comparison to the rock samples. Not only is a higher mobility of uranium in weathering
products documented by this result, but also a higher mobility of uranium in comparison to
thorium. While thorium is fixed to more than 95% in the crystalline and the Fe oxide phase
(V, VI + extraction residual), uranium activities amount to only 75% in these fractions. A
much higher percentage of uranium is redistributed to more soluble pedogenic phases during
weathering. Further evidence of the high mobility of uranium in the weathering products is
the very low activity in the mobile exchangeable phase. Unspecific adsorption to negatively
charged colloids is evidently of no importance for uranium. Uranium preferentially forms
stable and mobile complexes rather than being adsorbed by negative charged soil surfaces
(LIENERT, SHORT & VON GUNTEN 1994).

The low quantities of uranium in the extraction residual are not in accordance with
values reported in literature. GREEMAN (1992) found a minimum of 62% U in the extraction
residual and ROTH (1997) 65% U. However, neither of these results are comparable to the
results of this study because of the different sequential extraction scheme used. Neither the
methods of GREEMAN (1992) nor ROTH (1997) are capable of resolving crystalline Fe
oxides, which are therefore left in the extraction residual. The only comparable study is the
one by EDSFELDT (2001), who used the same extraction scheme as used in this study. The
Swedish soil samples investigated, originate from a well-developed spodosol profile above
till, with underlying granite. Uranium was found to dominate in most extraction residuals with
32 - 97% and was only of secondary importance in the oxide fraction (amorphous Fe oxides
> crystalline Fe oxides > Mn oxides). Though no mineralogical investigations were carried
out, the high activities of uranium in the extraction residuals can be attributed to a high
content of primary, unweathered heavy minerals, because residual Zr concentrations, as an
indicator for inherited rock minerals, show a significantly positive correlation to residual U.

In the present study, no significantly positive correlations of residual Zr to residual U
occur for any sample and iron concentrations are ten times higher than those of the Swedish
samples.

Radium in the weathering products is enriched about 13 times compared to the
parent rocks, exceeding activities of 700 Bg/kg (Table 16). The activity in the weathered
sandstone is higher; the AR #°Ra/?*®U is nevertheless a little lower: 1.6 instead of 2.0 for the

weathered siltstone.
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As was the case in the rock samples, radium is most abundant in the extraction
residual. However, the proportion of radium in the crystalline phase (VI + extraction residual)
is 9 — 16% lower.

The highest activities among the extraction phases are found in the mobile
exchangeable fraction (I). The unspecific adsorption to clay minerals, organic matter, and
oxides of Fe, Mn, Al and Si is of most importance for radium. Specific adsorption of radium,
which is documented in the exchangeable fraction (II), amounts to only 2% for each
weathering product.

Whereas radium in the Mn oxide phase is negligible for the weathered siltstone, the
relatively high radium activity in this fraction for the weathered sandstone corresponds to a
higher proportion of Mn oxides. Due to the high specific surface area of Mn oxides, which
may amount several hundred m?/g (ANDERSON et al. 1973; LOGANATHAN & BURAU
1973) and the low isoelectric point, the adsorption or occlusion to Mn oxides is an important
process in weathering products.

By far the lowest activities are found in the organic fraction (< 0.4%). This is
contradictory to the findings presented by GREEMAN (1992), who attributed 24% of radium
to organic matter. This discrepancy can be explained by the differences in the extraction
schemes used. GREEMAN (1992) separated exchangeable from organically-bound
elements for only half of the selected samples and did not present detailed results. The
results of both fractions were pooled for all of the papers published. Apart from this
simplification, the selectivity of the extractant used (5% NaOCI and saturated NaCl, pH 5) is
not adequate. Besides organic matter, Mn oxides and inorganically-bound heavy metals are
partly dissolved (SIMS & PATRICK 1978). The proportion of radionuclides associated with
organic matter is therefore greatly overestimated (GREEMAN 1992).

The radium activities in the organic fraction found in this study are in the same range
as the radium activities determined by EDSFELDT (2001).

Radium adsorbed to ferrihydrite is of only minor significance (1%). Activities in
fraction V are just above the detection limits. This result allows the conclusion that radium in
this fraction is not only of minor relevance in the weathering products, but is also of no
importance for the rock samples. The results of the rock samples were not discussed in
chapter 7.3.1.1 because the activities were below the relatively high detection limits (5 - 8
Ba/kg). Ferrihydrite is assumed to occur more frequently in weathered samples, and radium
has thirteen times higher total activities there. The activities of radium in this fraction should
thus be lower in the rock samples than for the weathering products. Though the detection
limit is very high, one can estimate the maximum of the dissolved radium from the amount of

radium of the weathering samples in this fraction. Only 1% of total Ra in the weathering
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products is dissolved in this fraction, leading to assumed radium activities in the rock
samples of between 0.3 and 0.7 Bg/kg.

The percentage of radium occurring in the fraction of the crystalline Fe oxides is
about the same for both samples (7%; Figure 46,Table26). For the weathered sandstone,
activities in this fraction are lower than for the parent rock, contrary to the weathered
siltstone. The radium activities found in this fraction are low compared to uranium (ARs
22Ra/**®U: 0.5 and 0.4).

Radium in the extraction residuals is not supported by uranium (ARs #°Ra/**U >> 1).

Table 27: Activity ratios °Ra/***U in the fractions of the sequential extraction for the analysed

Gedinnian weathering products (d. I. = detection limit).
Weathered Weathered Weathered
226p 238 sandstones siltstone quartzitic sandstone

127b 136b 132b 134
Total sample 0.7 16 20 17
Mobile exchangeable > 1 453 > 1 > 1
Exchangeable 1.5 0.3 0.5 0.2
Mn oxides 8.0 1.1 0.7 1.6
Organic 2.2 0.1 0.1 0.4
Amorphous Fe oxides Ra<d.l. <1 0.1 0.3
Crystalline Fe oxides 1.1 0.5 0.4 0.5
Extraction residual 0.7 58 113 8

Sample 134 differs significantly from the first two weathering samples because of its
lower iron and radionuclide concentrations. The weathering product of the quartzitic
sandstone 135 shows highest concentrations of Ti, Na, K, Ba, Rb, Srand Y. The high Ti
concentrations are due to a high percentage of Ti-bearing heavy minerals such as anatase,
brookite, titanite, ilmenorutile, pseudorutile and rutile. The relatively high concentrations of
Na might be attributed to the high amount of tourmaline and mixed layer clay minerals.
Compared to the other weathering products, high percentages of poorly crystalline clay
minerals occur in this sample along with illite and kaolinite.

A much lower Fe concentration was determined for sample 134 (Table 28). It is about
three times lower than for the samples of the first group of weathering products (Table26).
Iron is most abundant in the fraction of the crystalline Fe oxides, as in the other samples.
Although the total iron concentration is lower for sample 134, the percentage of iron in the
crystalline Fe oxide fraction is much higher (68%). As the percentage of oxidic iron relative to
total iron reflects the degree of weathering, this points to a much higher weathering intensity
of the sample.

Thorium activity in the weathering product is three times higher than the activity in the
rock sample and a little lower than for the other weathering products (95 Bqg/kg). The

distribution of thorium in this sample is similar to the other weathering products. About 50%
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of the thorium remains in the extraction residual. Just as was the case for the sample of the

weathered siltstone (132b), most of the dissolved fraction of thorium is found in the fraction of

the crystalline Fe oxides (Table 28) and negligible activities occur in fractions | - IV (Figure

47).

Table 28: Analytical results of sample 134. For analytical methods see Table 18.

| 1 I [\ \ Vi
134 original sample exc:; zt;l-zeable exchangeable Mn-Oxides organic matter a:; 0;2:;‘:’: T:Zs;;ggse residual***
SD SD SD SD SD SD SD
Al [ppm] 156800 * 14 1 6 0.1 88 2 528 4 2028 3] 4479 100 149700
Mg [ppm] 3542 * 213 2 37 0.3 43 0.3 27 0.2 51 0.3 60 1 3112
Fe [ppm] 59460 * 7 1 NAZ? 165 2 285 2| 4241 18] 36248 825 < 18510
Zn [ppm] 212 = 3.7 0.3 0.8 0.1 25.1 0.1 9.9 0.4 13.3 0.1 75.0 1.3 84
Ba [ppm] 977 ** 257 0.2 3.2 0.04] 121 1 1.2 0.02 1.6 0.00 2.1 0.1 823
Mn [ppm] 3087 * 72.0 11 1.7 0.04 2549 13 74.5 0.3 181 1 175 4 25
Pb [ppm] 241 > <0.1 0.8 0.01 136 0.23 33.8 0.2 17.5 0.1 37.0 0.7, 15
As [ppm] 164 * <0.1 0.1 0.01 0.2 0.01 0.7 0.02] 34.9 0.2 126 2] <4
Ti [ppm] 7185 * 0.3 0.01 0.1 0.05] 14 0.02 17 0.01 31.7 0.1 91.6 1.9 7059
Ni [ppm] 160 ** 13 0.1 0.9  0.003 31.4 0.1 4.7 0.02 18.4 0.2 36.6 0.8 67
V [ppm] 174 > <0.1 <0.1 1.1 0.01 0.7  0.004 4.1 0.01 245 0.5 144,
Cu [ppm] 283 > 0.4 0.1 1.0 0.01 15.0 0.1 8.2 0.04 13.6 0.1 NA2? < 245
Rb [ppm] 178 * 2.4 0.03] 0.2 0.004 0.5  0.005 0.2  0.002 0.3 0.003] 0.6 0.01 174
Sr [ppm] 295 * 5.3 0.1 1.1 0.01 3.1 0.01 0.9 0.01 0.8  0.002 0.8 0.02 283
Y [ppm] 72 > 2.3 0.1 1.2 0.01 1.9  0.001 14 0.01 2.0 0.01 3.8 0.1 60,
Zr [ppm] 463 ** <0.1 <01 0.8 0.02] 43 0.02 14.3 0.004 NA? <443
Cs [ppm] 36 ** 2.58 0.02 0.31  0.001 0.35  0.002 0.11  0.002 0.16  0.001 0.27 0.01 32
La [ppm] 80 * 0.88 0.02 0.20 0.01 0.62  0.002 0.24  0.002 0.90  0.003 1.06 0.02 76
Ce [ppm] 133 1.55 0.03 0.53 0.01 482  0.004 2.40 0.01 5.37 0.01 12.25 0.22 106
Dy [ppm] NA' 0.26 0.01 0.25  0.003| 0.45 0.01 0.35  0.002 0.65 0.001 1.07 0.01 ND
Er [ppm] NA' 0.14  0.003 0.11  0.001 0.22  0.004 0.20  0.002 0.35  0.002 0.54 0.01 ND
Yb [ppm] NA' 0.08  0.002 0.07  0.001 0.17  0.001 0.21  0.002 0.35  0.001 0.51 0.01 ND
Hf [ppm] NA' <0.01 <0.01 0.03  0.003 0.21  0.001 0.81  0.002 0.83 0.02 ND
Th [Ba/kg] 96 <0.1 <01 0.3 0.01 4.0 0.02] 17.2 1.2 24.8 0.6 49
U [Bq/kg] 198 0.1 0.01 29.9 0.2 22.7 0.04 10.8 0.1 35.9 0.2 87.7 1.4 11
Ra [Ba/kg] 339 43.2 3.3 6.4 0.6 36.6 3.1 4.1 0.5 9.5 0.8 40.3 3.2 199
* standard deviation (SD) < 5 %; ** standard deviation (SD) < 10 %; *** standard deviation (SD) < 20 %
NA': element was not analysed; NA2 no calibration curve was obtained; ND = not detectable
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Figure 47: Radionuclide activities among extraction phases of sample 134, weathering product
of Gedinnian quartzitic sandstone. (I = mobile exchangeable, Il = exchangeable, lll = Mn oxides,
IV = organic matter, V = amorphous Fe oxides, VI = crystalline Fe oxides, Res = extraction
residual)

The uranium activity in sample 134 is much lower than for the other weathering
products (199 Bg/kg), along with lower concentrations of P, Fe, As, Cu, Ni, V and Zn.
By far the most uranium is bound to crystalline Fe oxides (44%). As mentioned above, total
iron concentrations are only about one third of those in the other weathering products, but

the concentration of iron in fraction VI is still in the same order of magnitude (Table 26 and
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Table 28). This is not true for the fraction of the amorphous Fe oxides. The iron concentration
is also about 3 times lower than in the other weathering products, which is reflected by a
uranium activity that is 4 times lower (Figure 47).

The distribution of uranium among the other soil phases is similar to those of the
weathered siltstone 132b. Only the uranium activities in the exchangeable fraction are
higher. This is caused by a higher content of clay minerals, which offer more adsorption
places.

Radium occurs primarily in the extraction residual, followed by about equal activities
in the mobile exchangeable phase, the Mn oxide fraction, and the crystalline Fe oxide
fraction, with about 12% each. Though the mineralogical composition of sample 134 is

different, this does not influence the speciation of radium as much as that of uranium.

Sample 127b appears to have a different composition. Not only are the radionuclide
activities much lower (Table 16), but also the concentrations of all measured elements
except Si and Zr (Table 30), pointing to higher proportions of quartz and zircon in the sample.
High zirconium concentrations had already been measured in the parent rock (127a).

For sample 127b, the XRD analysis shows by far the highest content of clinochlore,
chamosite, muscovite/illite, kaolinite, and heavy minerals such as anatase, brookite, titanite
and zircon of all weathering products (Table 29). Not only do the lower concentrations of
typically oxide-bound elements such as Fe, Mn, Al, and Ti confirm a much lower percentage
of oxides and hydroxides in this sample. XRD analysis also shows only weak peaks for
goethite and potential Mn oxides/hydroxides. Hematite was not detected. The colour of this
weathering product is yellow ochre, in contrast to more reddish brown of the other
weathering products.

The thorium activity of this sample amounts to only half the activity of the other
weathering products. The distribution among the soil phases is nevertheless similar to the
other weathered samples. Most thorium occurs in the extraction residual, while bondings of
the first four fractions are of no significance. The thorium proportions in the Fe oxide fractions

are nearly equal.
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Table 29: Mineralogical composition of extraction residuals of Gedinnian weathering products

(x = abundant; ? = uncertain; — = does not occur)

lllite

Brookite

limenite

limenorutile

Maghemite

Magnetite

Staurolite

Xenotime

X X x X |Quartz

x X X x |Chamosite
x > X x |Clinochlore

~ x x x |Mixed layer

x -~ x x |Kaolinite Group

~ X X X |Smectite group

X X X X

x x x X |Mica Group
x X X X |Anatase

x X - X |Chloritoid

-~

X X X X

x

x

X X X X |Monazite
X X X X |Pseudorutile

NN

X X X X |Rutile

x x Xx x |Titanite

X X X X |Zircon

x

x X X X |Tourmaline

-~

Uranium activities are three to five times lower than for the other weathering products.

The distribution of uranium among the soil phases does not show any similarity to the other

weathered samples. About 90% of total uranium is found in the extraction residual. In all

other samples, uranium amounts to a maximum of only 18% in the extraction residual. About

half of the dissolved uranium is found in the fractions of the Fe oxides (Table 30).

Table 30: Analytical results of sample 127b. For analytical methods see Table 18.

| 1] 1l vV \ VI
127b original sample eXC:; ?g”;ble exchangeable Mn-Oxides organic matter a;r:a o;p))(ir:;;t;s ;Zf;gg: residual***
* SD SD SD SD SD SD
Al [ppm] 81700 * 13 0.1 2 0.2 11 0.2 84 1 412 3 1584 15 79590
Mg [ppm] 8776 * 50 1 23 0.1 24 0.4 23 0.04 81 1 435 3 8141
Fe [ppm] 36240 * 7 1 <1 47 1 151 2 1549 8 8257 12 26230,
Zn [ppm] 96 > 0.6 0.01 <0.1 2.0 0.03 5.1 0.04] 43 0.3 38.1 0.3 46|
Ba [ppm] 230 ** 22 0.01 0.5 0.02] 0.8 0.01 0.5 0.04] 0.6 0.1 <0.1 225
Mn [ppm] 407 * 10.1 0.1 1.7 0.02 97.6 0.1 31.3 0.02 23.0 0.1 249 0.1 218
Pb [ppm] 17 ** <0.1 0.2 0.004 1.5 0.01 1.2 0.01 1.1 0.01 9.1 0.1 4
As [ppm] 36 * <0.1 0.1 0.002] 0.1 0.01 0.5 0.01 6.7 0.01 22.7 0.1 6
Ti [ppm] 6294 * 0.1 0.02 0.1 0.01 0.2 0.01 0.2 0.01 25 0.4 7.7 0.04] 6283
Ni [ppm] 80 02 0.003 01 001 04  0.01 04 001 2.1 01| 227 0.1 54
V [ppm] 137 ** <0.1 <0.1 <0.1 0.2 0.01 1.2 0.01 55 0.03 130
Cu [ppm] 41 * 0.1 0.002 0.3 0.003| 1.6 0.01 0.4 0.01 1.9 0.02 NA? < 37|
Rb [ppm] 28 ** 0.1 0.001 <01 <01 <0.1 <0.1 0.1 0.002 28|
Sr [ppm] 24 ** 1.1 0.005] 0.9 0.01 09 0.01 0.8 0.01 0.6 0.004 0.4 0.01 19
Y [ppm] 42 > 0.6 0.002] 0.1 0.001 0.0 0.001 0.1 0.001 0.7 0.001 0.9 0.001 40|
Zr [ppm] 805 * <0.1 NA? <01 NA? NA? NA? <805
Cs [ppm] 3 ** 0.14 0.001] <0.01 <0.01 <0.01 <0.01 0.03 0.001 3
La [ppm] 50 ** 0.11 0.001 0.01 0.001] <0.01 0.02 0.001 1.25 0.02 1.00 0.004 48
Ce [ppm] 90 > 0.25 0.002] 0.04 0.001 0.11 0.003 0.12 0.001 3.42 0.01 2.71 0.003 83
Dy [ppm] NA' 0.07 0.001 0.03 0.001 0.01 0.001 0.04 0.002 0.24 0.005 0.28 0.005 ND
Er [ppm] NA' 0.03 0.001 0.01 0.001] <0.01 0.02 0.001 0.08 0.002 0.11 0.001 ND
Yb [ppm] NA' 0.02 0.001] <0.01 <0.01 0.02 0.001 0.06 0.001 0.09 0.002 ND
Hf [ppm] NA' <0.01 002 0004 <001 <0.01 <0.01 031 001 ND|
Th [Ba/kg] 54.7 <0.1 <01 <01 0.002 0.6 0.1 9.7 0.2 10.3 0.8 34
U [Ba/kg] 92.8 <0.1 1.5 0.003] 0.3 0.003 0.5 0.004 2.7 0.01 4.4 0.03 83
Ra [Ba/kg] 69.5 4.9 0.7 2.2 0.3 2.2 0.2 11 0.1 <84 4.7 0.5 54

* standard deviation (SD) < 5 %; ** standard deviation (SD) < 10 %; *** standard deviation (SD) < 20 %
NA": element was not analysed; NAZ: no calibration curve was obtained; ND = not detectable

Like uranium and thorium, radium shows much lower activities in sample 127b than in all

other weathering products. The distribution of radium among the soil phases resembles

much more the distribution of radium in the rock samples (Figure 48). Only 21% of radium is

dissolved during sequential extraction. Most dissolved radium was found in the fraction of the

crystalline Fe oxides and the mobile exchangeable phase.
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Figure 48: Radionuclide activities among extraction phases of sample 127b, weathering
product of Gedinnian sandstone. (I = mobile exchangeable, Il = exchangeable, lll = Mn oxides,
IV = organic matter, V = amorphous Fe oxides, VI = crystalline Fe oxides, Res = extraction
residual)

This weathering product is special in that uranium activities exceed radium activities
in the total sample (AR %*Ra/**U = 0.7), which is unique for the Gedinnian samples. Radium
is depleted, rather than enriched. Due to the different potentials of uranium and radium to be
leached from rocks, radium can be dissolved to a higher degree than uranium. Radium is
mainly located in microfractures and along grain boundaries, while uranium occurs
preferentially in mineral lattices. This leads finally to lower radium activities in the extraction
residual, and - because of the better mobility of uranium in soils - to higher radium activities
in the soil phases, which is documented by ARs #*Ra/**®U > 1 (Table 27).

Apart from quartz, sample 127b consists of an assemblage of weathering-resistant
minerals such as muscovite/illite, kaolinite, chlorites, and stable heavy minerals. It can be
assumed that this sample was extensively leached and has to be considered as a
weathering residue, in contrast to the other weathering products, which derive from
enrichment zones with high contents of various oxides and hydroxides of Fe, Mn, Ti and Al

besides clay minerals and chlorites.
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7.3.1.3 Comparison of the distribution of uranium, radium and thorium in rocks and
weathering products

The distribution of thorium is about equal for all weathering products and the parent
rocks. Most thorium is bound in the extraction residual, followed by variable proportions in
the Fe oxide fractions. Less than 5% of total thorium was determined in the fractions | — IV.

Uranium speciations in the weathering products differ from each other and differ very
significantly from the speciations in the parent rocks. Whereas uranium in the rock samples
was most abundant in the extraction residual and only of secondary importance in the Fe
oxide phases, uranium in the weathering products from enrichment zones (132b, 134, 136b)
occurs mostly in the fractions of the Fe oxide phases. Only small proportions of uranium are
left in the extraction residual. Uranium is intensively leached during weathering and the
weathering residue, presented by sample 127b, shows only low activity, pointing to low
percentages of inherited rock minerals. The high mobility of uranium during weathering is
also supported by less than 0.5% of total U occurring in the mobile exchangeable fraction.

While uranium in the samples of the enrichment zones is mainly associated with Fe
oxides, radium is most abundant in the extraction residual, leading to disequilibrium in the
uranium decay series. The weathering residue 127b, containing more primary uranium-
bearing minerals, is the only sample with ARs ?*°Ra/***U < 1 in the total sample and in the
extraction residual. In contrast to uranium, radium in the weathering products is associated
with minerals that remain in the extraction residual, consisting mainly of pedogenic clay
minerals. Of secondary importance is the adsorption of radium onto the surfaces of various
oxides/hydroxides of Si, Mn, Fe, Al, Zr and Ti, which provide the greatest proportion of
unspecific adsorption sites or onto the surfaces of organic matter or clay minerals. Thirdly,
radium is occluded in Mn oxides and crystalline Fe oxides.

A last point of note is the apparently different bonding of *Ra and #**Th in the
weathering products. In soil sample investigations it is often discussed, whether %?Th can be
used as an analogue for ?Th, since #°Th has a sufficiently long half-life in relation to soil
forming processes (e.g. GREEMAN 1992, ROTH 1997, EDSFELDT 2001). For the
weathering products investigated in the present study the occurrence of %*?Th seems to differ
from that of 2*°Th. Activities of 2°Th are about ten times greater than activities of 2*Th (Table
16). 2°Th and #*°Ra are in equilibrium and it has been stated that the geochemistry of ?**Ra
is entirely governed by the geochemical behaviour of 2°Th, if they are in equilibrium
(MOLINARI & SNODGRASS 1990). This would mean, conversely, that the speciations of
226Ra would reflect the speciations of ?*°Th, pointing to different geochemical behaviour of
#0Th and ?**Th in the weathering products, which is implausible. It is more likely that the
different activities of ?*°Th and ?**Th in the weathering products, since the activities of *®U

and #*?Th are equal in the sandstones, result from a separation of the more mobile ?**U from
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232Th at the beginning of weathering processes. A higher proportion of ?**Th was left to in the
weathering residue since thorium complexes are less soluble than uranium complexes. This
is confirmed by high ??Th activities in the weathered sample 127b. ?*®U was transported over
longer distances, until it was partly precipitated with or adsorbed by oxyhydroxides. The
intense weathering of the Gedinnian sandstones must have been completed more than
10 000 years ago, because ?*°Th and %*Ra are in secular equilibrium. Nevertheless, it can
be assumed that some relocation of radium took place in the weathering products, as the
distribution of radium and thorium differs.

The results of this study disprove the suggestion made by GREEMAN & ROSE
(1996), that radium in Fe oxides is produced by %*°Th in thick pedogenetic coatings, buried
deeper than the ?*?Rn recoil length. It is shown that thorium and radium are in fact both

attributed to Fe oxides/hydroxides, from where radon can escape easily.

7.3.1.4 Gedinnian quartzite and quartz vein

Both of these samples consist primarily of quartz, which is accompanied in the
quartzite sample 133a by low proportions of muscovite, clay minerals, chlorites, goethite,
and hematite in the cement/matrix. Some opaque minerals occur in the thin section (Figure
49), most probably ore mineral grains. The quartz vein sample 126 contains, besides quartz,
red to reddish brown coatings on fracture surfaces and encrustations of hematite and

ferrihydrite.

Figure 49: Fine-grained quartzite (133a) of Gedinnian age with strongly recrystallised,
interlocked quartz crystals (mean @ 0.2 mm) coated by authigenic quartz in a cement/matrix of
clay minerals, chlorite, some muscovite, goethite and hematite. The mono- and polycrystalline
quartz crystals show sutured contacts and partly undulose extinction. In the lower part, a layer
of opaque ore mineral grains occurs. Length of scale bar is 1 mm.
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Table 31: Analytical results of the quartzite 133a. For analytical methods see Table 18.

| Il 1l Y \Y Vi
133a original sample exc::a %l:zable exchangeable Mn-Oxides organic matter ag:e o;z:;;u: ;Z?;EZ: residual™**|
SD SD SD SD SD SD SD

Al [ppm] 26880 * NA 31 0.3 39 6 166 8| 1330 13 3071 65.6 < 22240
Mg [ppm] 9732 * 85 19 38 1 47 7] 52 3| 450 4 1272 21.80 7790
Fe [ppm] 32100 * 4 1 17 3] 128 22, 450 39 2577 96 5680  111.6 23240
Zn [ppm] 74 * 17 0.3 14 1 25 0.7 17 0.1 8.4 0.2 19.8 0.9 38
Ba [ppm] 64 * 7.3 0.6 1.3 0.04 3.2 0.5 0.5 0.02 15 0.04 0.9 0.02 49
Mn [ppm] 534 * 94.6 10.3] 36.9 4.7 87.6 13.1 227 0.7] 79.1 5.7 40.1 1.2 173
Pb [ppm] 18 * <01 1.7 0.1 43 0.7 17 0.1 3.1 0.2 24 0.2 4
As [ppm] 10 * <0.1 0.1 0.01 0.1 0.01 0.3 0.01 2.8 0.1 3.7 0.03 <4
Ti [ppm] 1354 * 0.2 0.04 0.1 0.01 0.3 0.1 0.5 0.01 3.1 0.04 5.8 0.1 1344
Ni [ppm] 31 * 14 0.1 0.5 0.1 0.8 0.2 0.9 0.1 4.5 0.2 5.6 0.2 18
V [ppm] 21 * <0.1 <0.1 0.1 0.02 0.1 0.01 1.3 0.03 2.8 0.1 17|
Cu [ppm] 13 * 0.8 0.04 0.5 0.02 0.7 0.1 0.9 0.1 3.6 0.2 7.6 2.1 <4
Rb [ppm] 6 * 0.2 0.01 <01 0.1 0.01 <01 0.1 0.002) 0.1 0.005 <15
Sr [ppm] 10 * 1.9 0.1 0.8 0.02 1.2 0.2 0.8 0.02 0.5 0.02 0.4 0.01 <10
Y [ppm] 11 ** 0.1 0.003] 0.2 0.01 0.1 0.01 0.1 0.003] 0.4  0.005 0.4 0.01 10
Zr [ppm] 102 * 0.1 0.01 <0.1 0.1 0.02] 0.1 0.01 1.8 0.03 25 0.02 97
Cs [ppm] <3 > 0.10 0.01] <0.01 NA? <0.01 0.03  0.002 0.06 0.01 <3
La [ppm] 22 * 0.08  0.002 0.09  0.003 0.05 0.01 0.04  0.002 0.27 0.01 0.48 0.01 21
Ce [ppm] 44 0.11 0.005] 0.28 0.01 0.20 0.03 0.17  0.005] 0.91 0.04 1.09 0.04 41
Dy [ppm] NA' <0.01 0.04  0.001 0.02  0.003 0.02  0.001 0.13  0.002 0.15  0.002 ND
Er [ppm] NA' <0.01 0.02  0.001] <0.01 0.01 0.001 0.07  0.001 0.09  0.001 ND
Yb [ppm] NA' <0.01 0.01  0.001] <0.01 <0.01 0.08  0.001 0.08  0.001 ND
Hf [ppm] NA' NA? <0.01 0.01 0.00] <0.01 0.10  0.003 0.14  0.001 ND
Th [Barkg] 1.7 0.1 0.01 0.0  0.002 0.0 0.01 0.3 0.02 23 0.1 2.9 0.02 6|
U [Barkg] 14.1 <0.1 0.5  0.004 0.2 0.04 0.2 0.01 2.0 0.03 23 0.02 9
Ra [Ba/kg] 12.3 <13 0.4 0.5 25 0.3 <08 <50 <11 9
* standard deviation (SD) < 5 %; ** standard deviation (SD) < 10 %; *** standard deviation (SD) < 20 %

NA': element was not analysed; NAZ: no calibration curve was obtained; ND = not detectable

The activities of uranium, radium and thorium in the quartzite are similar to each other

(Table 31). In the quartz vein, Th and U activities are somewhat higher, at about 20 Bg/kg,

while Ra is depleted (9 Bg/kg). While concentrations of trace elements are negligible in the

quartz vein sample, about 3% of Al and Fe occur in the quartzite. They are likely to be bound

to oxides/hydroxides, as the highest concentrations of Fe and Al occur in the fraction of the

Fe oxides.

Uranium and thorium distribution in the quartzite 133a is similar to the distribution of both

radionuclides in the Gedinnian sandstones (Figure 50), except for much lower activities in

each fraction. The highest activities occur in the extraction residual, followed by the
proportions in the Fe oxide fractions. The activities in all other fractions are negligible for both
radionuclides.

The distribution of radium in the quartzite only differs from those of the Gedinnian
sandstones at first sight. Apart from the most important proportion of radium in the extraction
residual, the highest activities were found in the exchangeable fraction and the fraction of the
Mn oxides. No radium was detectable in the other fractions (Figure 50). For samples with
such low activities as are observed in this case (12 Bqg/kg) a general problem for the
association of radium with any fraction occurs, because the detection limits (0.8 — 1.5 Bg/kg)
for most fractions are higher than the expected radium activities. The Gedinnian samples

discussed so far, rarely showed more than 7% of total radium activity in one fraction, which
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would result in 0.8 Bqg/kg in this case. The lack of any detectable radium in the crystalline

fraction might nevertheless be caused by the high density of the rock, which lacks any

transecting fractures and consists mainly of quartz (Figure 49), as was the case for the

quartzitic sandstone 124.

Th-232 [Bq/kg] U-238 [Ba/kg] Ra-226 [Bq/kg]
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Figure 50: Radionuclide activities among extraction phases of sample 133a, a Gedinnian
quartzite. (I = mobile exchangeable, Il = exchangeable, lll = Mn oxides, IV = organic matter, V =
amorphous Fe oxides, VI = crystalline Fe oxides, Res = extraction residual)

The activity of radium in the fraction of the Mn oxides is similar to those in the other
sandstones. Only the percentage is higher, which corresponds to relatively high
concentrations of Mn in this fraction. The activity in the exchangeable fraction is nevertheless
enhanced compared to the other Gedinnian samples, pointing to a stronger specific
adsorption of radium to clay minerals in this sample.

The distribution of uranium and thorium in the quartz vein sample 126, which consists
only of quartz with thin coatings of hematite and ferrihydrite, is about equal (Figure 51). The
radionuclides are most abundant in the extraction residual. A higher mobility of uranium is
nevertheless documented by a much lower activity in the extraction residual, though the total
activities were about the same. The crystalline fraction is of secondary importance and in

contrast to all other Gedinnian samples, the bonding to ferrihydrite is of no significance.
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Table 32: Analytical results of the quartz vein sample126. For analytical methods see Table 18.

| I 1} [\ Vv VI
126 original sample exc:; (:gleeable exchangeable Mn-Oxides organic matter a’;r; ngihdoeuss (;ZS:;LI;Z: residual***
SD SD SD SD SD SD SD
Al [ppm] 3452 * NA? 6 0.3 8 1 47 2 113 4 229 4 < 3050
Mg [ppm] <600 * 53 3] 31 3| 27 2 25 0.4 43 1 104 2 < 600
Fe [ppm] 3659 * 2 0.1 43 16 73 6 653 36 629 4 1484 18 775
Zn [ppm] 19 > 1.3 0.1 0.9 0.2 2.0 0.5 NA? 1.8 0.3 7.9 0.4 <5
Ba [ppm] <30 * 32 0.1 0.7 0.01 1.2 0.3 0.3 0.03 0.5 0.03 <0.1 <30
Mn [ppm] <230 * 96.1 5.6 30.4 9.8 33.3 7.9 27.9 6.6 39.7 0.2 10.9 0.5 <300
Pb [ppm] 5 * <01 0.5 0.1 0.5 0.02 1.2 0.04 0.4 0.1 1.6 0.05] <4
As [ppm] 12 * <0.1 <0.1 <0.1 0.7 0.1 1.2 0.1 7.5 0.1 <4
Ti [ppm] 264  ** 0.1 0.01 0.1 0.004 0.2 0.1 0.5 0.02 0.7 0.1 0.9 0.02 262,
Ni [ppm] 17 ** 2.1 0.1 0.7 0.1 1.1 0.1 19 0.2 1.9 0.3 4.7 0.1 4
V [ppm] <5 ™ <01 NA? <01 0.2 0.03 0.2 0.03 0.4 0.01 <5
Cu [ppm] 4 > 0.6 0.01 1.0 0.01 0.7 0.2 15 0.2 14 0.2 NAZ? <4
Rb [ppm] <15 * 0.1 0.001 <0.1 <01 <01 <0.1 0.1 0.003 <15
Sr [ppm] <10 * 2.0 0.1 1.1 0.1 1.0 0.05 1.1 0.02 0.4 0.02 0.5 0.02 <10
Y [ppm] <10 * 0.1 0.01 0.1 0.01 0.0 0.05 0.2 0.01 0.3 0.01 0.4 0.01 <10
Zr [ppm] 16 * <01 NA2? 0.1 0.05 NA? 0.5 0.01 NA2? <15
Cs [ppm] <3 * 0.02  0.001] <0.01 <0.01 <0.01 <0.01 0.04  0.001 <3
La [ppm] 78 * 0.57 0.03] 0.36 0.03] 0.15 0.01 0.28 0.01 2.07 0.05 3.07 0.13] 72
Ce [ppm] > 150 0.86 0.07] 1.05 0.08| 0.39 0.03 0.77 0.01 4.74 0.11 6.97 0.30] ND
Dy [ppm] NA' <0.01 0.04  0.002 0.01  0.001 0.05  0.002 0.10  0.002 0.14  0.004 ND
Er [ppm] NA' <0.01 0.01  0.001] <0.01 0.02  0.002 0.04  0.001 0.04  0.002 ND
Yb [ppm] NA' <0.01 0.01  0.001}] <0.01 0.01  0.001 0.02  0.001 0.03  0.001 ND
Hf [ppm] NA' <0.01 NAZ? NA2 <0.01 <0.01 <0.01 ND
Th [Ba/kg] 20.4 <0.1 0.3 0.02 0.1 0.02 0.8 0.02 <01 2.1 0.04 17
U [Ba/kg] 18.9 <01 1.2 0.1 0.4 0.04 0.4 0.04 0.9 0.03 5.6 0.03 10
Ra [Ba/kg] 9.1 <13 <15 <15 <0.8 <50 0.6 3.7 0.4 <1
* standard deviation (SD) < 5 %; ** standard deviation (SD) < 10 %; *** standard deviation (SD) < 20 %
NA': element was not analysed; NAZ: no calibration curve was obtained; ND = not detectable
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Figure 51: Radionuclide activities among extraction phases of a Quartz vein sample from
Gedinnian host rock (126). (I = mobile exchangeable, Il = exchangeable, 1ll = Mn oxides, IV =
organic matter, V = amorphous Fe oxides, V| = crystalline Fe oxides, Res = extraction residual)

Radium occurs with only half the activity of uranium in the total sample. It is

detectable only in the fraction of the crystalline Fe oxides (Figure 51). As discussed for the

quartzite 133a, the low overall activity of radium leads to a high percentage of undetectable

radium in the single extraction phases. This result is therefore not discussed.
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7.3.1.5 Gedinnian schist

selected because schists are of minor importance in this geological unit.

and Sr, as well as much lower concentrations of Si, Fe, As and Zn, reflecting higher

Sample 131 was also taken from the outcrop in Hatrival. Only one rock sample was

Sample 131 shows much higher concentrations of Al, Mn, K, Na, Ti, Ba, Cr, Ga, Rb

concentrations of mica, clay minerals, chlorites and feldspars and lower concentrations of

quartz and Fe oxides. The content of oxides and hydroxides of Al and Mn is increased,

because not only higher total concentrations, but also higher concentrations in the oxide

fractions occur (Table 33).

Table 33: Analytical results of the Gedinnian schist 131. For analytical methods see Table 18.

| Il 1l Y] V VI
131 original sample excrrwr; (r);lzble exchangeable Mn-Oxides organic matter a:we o;zizoeuss ('::Zi::gg: residual™*|
SD* SD SD SD SD SD SD

Al [ppm] 202520 * 2 0.2 30 2 129 1 172 1 1052 8| 710 4 200430
Mg [ppm] 2941 * 71 0.6 25 0.3 30 0.2 26 0.1 42 0.3 53 04 2693
Fe [ppm] 6330 * <1 <1 114 1 22 0.3 141 1 588 3] 5465
Zn [ppm] 35 > 0.7 0.01 1.0 0.1 17.3 0.06 24 0.08] 4.0 0.1 3.6 0.2 <8
Ba [ppm] 1489 * 9.9 0.05 25 0.3 375 0.02 1.0 0.01 4.8 0.04 29 0.03 1431
Mn [ppm] 1413 * 25.8 0.1 9.2 0.1 1196 2 19.0 0.2 79.1 0.1 84.4 0.2 < 233
Pb [ppm] 54 > <0.1 0.1 0.001 39.0 0.2 1.2 0.02 1.8 0.02 1.7 0.02 10
As [ppm] 7 * <0.1 <0.1 0.3 0.01 0.2 0.01 1.6 0.01 26 0.02 <4
Ti [ppm] 11850 * 0.2 0.01 <01 1.1 0.02 0.6 0.01 <0.1 22 0.05 11846
Ni [ppm] 45 > 0.3 0.01 0.2 0.01 17.3 0.03] 1.2 0.01 9.6 0.01 11.3 0.2 5
V [ppm] 241 * <0.1 <0.1 0.7 0.02 0.1 0.002 1.2 0.01 0.9 0.01 238
Cu [ppm] 12 * 0.1 0.004 0.6 0.01 11.8 0.05] 1.3 0.02 22 0.003 NA? <4
Rb [ppm] 316 > 2.1 0.01 0.2 0.001 0.3  0.005 0.2  0.001 0.5 0.01 0.7 0.00 312
Sr [ppm] 610 * 57 0.02 14 0.01 24 0.01 1.3 0.01 26 0.01 15 0.01 595
Y [ppm] 63 * 0.3  0.001 0.5 0.01 0.5 0.003 0.2  0.002 1.3 0.004 1.6 0.01 59
Zr [ppm] 548 * <0.1 <0.1 24 0.03] 3.8 0.02 155  0.002 NA? < 527,
Cs [ppm] 22 * 0.88  0.004 0.07  0.001 0.07  0.001 0.03  0.001 0.06  0.001 0.13  0.003 21
La [ppm] 76 > 0.11 0.001 0.13  0.001 0.20  0.003 0.07  0.001 1.18  0.003 1.35  0.005 73
Ce [ppm] 87 * 0.14  0.003 0.34  0.003 2.00 0.01 0.20  0.002 3.29  0.005 3.50 0.02 78
Dy [ppm] NA* 0.03  0.001 0.12  0.002 0.16  0.002 0.04  0.002 0.47  0.001 0.41 0.01 ND
Er [ppm] NA? 0.02  0.001 0.06  0.002 0.08  0.001 0.02  0.001 0.19  0.003| 0.21 0.01 ND
Yb [ppm] NA* <0.01 0.04  0.001 0.07  0.005 0.02  0.001 0.17  0.001 0.20 0.003 ND
Hf [ppm] NA* <0.01 <0.01 0.08 0.01 0.18  0.001 0.87 0.01 0.76  0.003 ND
Th [Ba/kg] 143 <01 0.8  0.003 1.6 0.1 2.6 0.03 39.8 1.0 13.3 0.6 85|
U [Ba/kg] 74.2 <0.1 2.0 0.02 1.2 0.002 0.6 0.01 6.7 0.02 6.9 0.04 57,
Ra [Ba/kg] 76.5 52 0.7 2.7 0.4 115 1.1 1.6 0.2 <50 0.6 1.9 0.3 54

* standard deviation (SD) < 5 %;

* standard deviation (SD) < 10 %; *** standard deviation (SD) < 20 %
NA®: element was not analysed; NA2: no calibration curve was obtained; ND = not detectable

Uranium and radium activities in the schist are a little higher (75 Bqg/kg) relative to the

Gedinnian sandstones. While uranium and radium are in equilibrium, thorium is twice as high
(Table 33).

Thorium distribution in the schist does not differ significantly from that in the

Gedinnian sand- and siltstones. Only negligible activities occur in the first four fractions, while

the extraction residual is of most importance. The activities in the Fe oxide fractions are

nevertheless higher, especially for the fraction of the amorphous Fe oxides. Only low Fe

concentrations, but high Al concentrations, occur in this extraction step, so it can be deduced

that Th is bound to amorphous Al hydroxides rather than to Al substituted ferrihydrite (Table

33). Itis unlikely that Th and Al are associated with clay minerals in this step, as only
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negligible proportions of silicates are dissolved in this extraction step (LANDA & GAST 1973;
MCKEAGUE & SCHUPPLI 1985).

Th-232 [Ba/k U-238 [Ba/k Ra-226 [Bg/k
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Figure 52: Radionuclide activities among extraction phases of Gedinnian schist 131. (I = mobile
exchangeable, Il = exchangeable, lll = Mn oxides, IV = organic matter, V = amorphous Fe
oxides, VI = crystalline Fe oxides, Res = extraction residual)

The distribution of uranium in sample 131 is different. By far the highest proportion of
the uranium occurs in the extraction residual and only low proportions are dissolved during
sequential extraction (Figure 52). Due to the at least five times lower content of Fe oxides,
activities of uranium occurring in the Fe oxide fractions are much lower than for the
Gedinnian sand- and siltstones.

As for the Gedinnian sandstones, radium distribution in the rock is obviously different
from uranium distribution. Besides highest activities in the extraction residual, radium is most
abundant in the Mn oxide fraction, followed by the mobile exchangeable phase. A high
content of Mn oxides in this sample is confirmed by a Mn concentration more than eight
times higher in fraction Ill than in the other Gedinnian samples. Mn oxides primarily occur on
the rock fragment surfaces together with Fe oxides/hydroxides as dark brown to nearly black

encrustations.
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7.3.2 Siegenian schist and weathering product

A silty schist of Siegenian age (Sg2) (sample 77¢) and its weathering product
(sample 77a) were sampled from the northwestern part of Luxembourg, because relatively
high indoor radon activities occur above the Sg2 (median Sg2: 218 Bg/m? - median Eisléck:
128 Bg/m?; unpublished data, Radiation Protection Department of Luxembourg).

Compared to the Gedinnian schist, concentrations of Al, K, Mn, Na, Ti, Ba, Sr and Rb
are lower, but concentrations of Si, Fe and Mg are much higher.

The Siegenian schist shows about five times lower activities of all three radionuclides
than the Gedinnian schist. Uranium and radium are in equilibrium and thorium activity is
more than twice as high (Table 34).

By far the most thorium is found in the extraction residual (Figure 53). Compared to
the Gedinnian schist, about 20% less thorium is dissolved. Thorium can be attributed to a
higher percentage to clay minerals and silicates, which remain in the extraction residual.
Accordingly, lower proportions of thorium occur in the extraction phases. In agreement with
the Gedinnian schist, most thorium was determined in the fraction of the amorphous Fe
oxides, matching with the highest Fe concentrations.

Uranium in the Siegenian schist is, in contrast to thorium, about 15% more soluble
than in the Gedinnian schist. The distribution of uranium among the extraction phases is
nevertheless not significantly different to the Gedinnian schist, apart from the lower activities
(Figure 53).

Radium activities in all of the extraction phases are below the detection limits. All of
the radium can be attributed to the extraction residual. As for the Gedinnian quartzite and the
quartz vein, the detection limits of most fractions are higher than the expected radium
activities. This result is therefore not discussed further.

In the weathered silty schist (77a) all radionuclide activities are higher. Uranium and
radium are in equilibrium, whereas the thorium activity is higher. The enrichment factors are
nonetheless drastically lower than for the Gedinnian weathering products, and about the
same for U, Raand Th (1.3 — 1.4).

The distribution of uranium and thorium in the weathering product is nearly equal to
that of the parent rock (Figure 53). Compared to the rock sample, about the same activities
were determined in the various extraction steps, leading to higher activities in the extraction
residual (Table 34).
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Table 34: Analytical results of the Siegenian silty schist (77c) and its weathering product (77a).
For analytical methods see Table 18.

| Il Il Y \ Vi
77¢c original sample exc:; (:;Ileeable exchangeable Mn-Oxides organic matter a;we ogz:;c;is f:zs;jgzse residual***
SD SD SD SD SD SD SD
Al [ppm] 65230 * 3 0.2 116 1 32 0.3 844 4 NAZ? 3488 8| < 60740
Mg [ppm] 18130 * 116 1 54 1 38 0.1 144 0.3] 1464 13 1475 4 14830
Fe [ppm] 52830 * NA? NA? 89 0.4 809 1 7188 83 4825 4 < 39920
Zn [ppm] 146 * <0.1 <0.1 1.6 0.1 6.3 0.1 22.4 0.3 20.0 0.2 96
Ba [ppm] 182 * 4.0 0.1 0.8 0.01 0.7 0.01 0.7  0.001 17 0.1 0.6  0.004 173
Mn [ppm] 748 * 75 0.03 4.2 0.05 7.8 0.02 13.5 0.1 58.4 0.6 57.5 0.1 600
Pb [ppm] 48 > <0.1 0.4  0.005 0.5 0.01 1.0 0.01 3.6 0.1 4.8 0.1 38
As [ppm] 7 * <0.1 <01 <0.1 0.3  0.001 4.8 0.1 0.6 0.02 <4
Ti [ppm] 3616 * <01 <01 0.2 0.01 1.3 0.01 NA? 47 0.1 <3610
Ni [ppm] 73 > 0.2 0.01 0.3 0.02 0.1 0.01 1.8 0.02 10.2 0.01 8.8 0.04 51
V [ppm] 61 * <0.1 <01 <0.1 0.8 0.01 3.7 0.1 22 0.03 54
Cu [ppm] 22 * 0.1 0.01 0.3 0.01 0.4 0.01 11 0.01 7.8 0.01 NA? <13
Rb [ppm] 46 * 0.7  0.003 0.1 0.002 0.1 0.001 0.1 0.001 0.3 0.00 0.2  0.002 45
Sr [ppm] 19 * 1.3 0.001 0.9 0.01 0.8  0.001 0.8 0.01 0.5 0.01 0.8 0.02 14
Y [ppm] 25 * <01 0.1 0.004 <01 0.1 0.002) 0.4  0.004 0.3  0.003 25
Zr [ppm] 273 > <0.1 <0.1 <0.1 NA? NA? NAZ2 <273
Cs [ppm] 7 * 0.04 0.001] <0.01 0.01  0.001] <0.01 0.02  0.001 0.07  0.002 7]
La [ppm] 36 * 0.02  0.001 0.07  0.001 0.03  0.001 0.1 0.001 0.38 0.01 0.29  0.004 35
Ce [ppm] 50 0.02  0.002 0.12  0.001 0.06  0.002 0.22  0.002 0.73 0.01 048  0.003 49
Dy [ppm] NA' <0.01 0.02  0.001] <0.01 0.03  0.001 0.10  0.003 0.06  0.002 ND
Er [ppm] NA' <0.01 <0.01 <0.01 0.02  0.001 0.05  0.001 0.03  0.001 ND
Yb [ppm] NA' <0.01 <0.01 <0.01 0.01 0.001 0.05  0.001 0.03  0.002 ND
Hf [ppm] NA' <0.01 <0.01 <0.01 <0.01 0.10  0.003] <0.01 ND
Th [Barkg] 347 <01 0.1 0.002 0.1 0.01 1.0 0.1 43 0.2 1.2 0.1 28,
U [Ba/kg] 15.7 <0.1 0.3  0.001 0.1 0.005 0.2  0.003 1.7 0.004 3.1 0.002 10
Ra [Bq/kg] 14.1 <13 <15 <15 <0.8 <5.0 <11 14
* standard deviation (SD) < 5 %; ** standard deviation (SD) < 10 %; *** standard deviation (SD) < 20 %
NA': element was not analysed; NA2: no calibration curve was obtained; ND = not detectable
| 1] I [\ \Y Vi
T7a original sample excrr; (r)zljable exchangeable Mn-Oxides organic matter a,: o;zir:;uss ;ZS;:EQ: residual™|
SD SD SD SD SD SD SD

Al [ppm] 99820 * 6 0.1 <1 39 0.4 522 3] 2985 7] 3592 48 92680
Mg [ppm] 15990 * 101 1 <1 32 0.3 68 1 756 5] 1664 24 13370
Fe [ppm] 55970 * <1 NA? 81 1 340 2 5675 41 5188 14 < 44690
Zn [ppm] 166 * <01 <01 2.8 0.1 6.0 1.8 16.3 0.3 27.5 0.2 113]
Ba [ppm] 538 * 6.5  0.002 1.2 0.01 1.1 0.02 0.7 0.01 3.0 0.02 0.7 0.02 525
Mn [ppm] 743 * 8.3 0.04 45 0.01 13.0 0.02 10.4 0.02 38.8 0.2 64.3 0.2 604
Pb [ppm] 67 * <01 0.5  0.005 0.6 0.05 0.9 0.01 15.4 0.1 16.8 0.3 33
As [ppm] 11 * <01 <01 <01 0.2 0.01 8.1 0.01 1.2 0.01 <4
Ti [ppm] 5258 * <0.1 0.1 0.02 0.2 0.01 11 0.02 8.5 0.1 46 0.01 5243
Ni [ppm] 91 > 0.2  0.001 0.3 0.01 0.2  0.004 1.2 0.03 9.8 0.1 12.8 0.1 67|
V [ppm] 122 * <01 <01 0.1 0.01 0.6 0.01 3.9 0.02 2.0 0.02 115
Cu [ppm] 35 * 0.1 0.001 0.3 0.01 0.4  0.005 1.0 0.01 104 0.02 NA? <22
Rb [ppm] 157 > 1.4 0.01 0.1 0.001 0.2  0.003 0.1 0.002 0.6 0.01 0.3 0.01 154
Sr [ppm] 32 > 1.6 0.01 1.1 0.003] 0.7 0.01 09 0.004 0.6 0.01 0.6 0.02 27,
Y [ppm] 33 * <01 <01 <01 0.1 0.002 04  0.001 0.3 0.004 32
Zr [ppm] 186  ** <0.1 01 0002] <0.1 NA* NA* <0.1 <186
Cs [ppm] 8 * 0.07  0.001] <0.01 0.02  0.001] <0.01 0.03  0.001 0.05  0.001 8|
La [ppm] 42 * 0.01  0.001 0.05  0.001 0.04 0.01 0.07  0.001 0.36  0.003] 0.35 0.01 41
Ce [ppm] 59 0.01  0.001 0.09  0.001 0.07 0.01 0.15  0.001 0.73  0.004 0.59 0.01 57
Dy [ppm] NA' <0.01 0.01  0.001}] <0.01 0.02  0.001 0.11  0.002 0.07  0.002 ND
Er [ppm] NA' <0.01 <0.01 <0.01 <0.01 0.06  0.001 0.03  0.001 ND
Yb [ppm] NA' <0.01 <0.01 <0.01 <0.01 0.06  0.001 0.03  0.001 ND
Hf [ppm] NA' <0.01 <0.01 <0.01 <0.01 NA* <0.01 ND
Th [Ba/kg] 49.0 <01 0.2 0.01 0.1 0.01 1.0 0.1 4.9 0.1 2.3 0.2 40
U [Ba/kg] 21.5 <0.1 0.4 0.01 0.2  0.004 0.1 0.0 2.1 0.0 3.3 0.0 15
Ra [Bq/kg] 18.2 <13 <15 26 03] <08 <84 36 0.4 12

* standard deviation (SD) < 5 %; ** standard deviation
NA': element was not analysed; NAZ: no calibration curve was obtained; ND = not detectable

SD) < 10 %; *** standard deviation (SD) < 20 %

Apart from having the highest activities in the extraction residual, radium was found in

the Mn oxide phase and the crystalline Fe fraction. Activities in all other fractions were below

the detection limit. The affinity of radium to oxides of Fe and Mn is as high as for the
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Gedinnian weathering products, whereas the bonding in the mobile exchangeable fraction is

of less importance (Figure 53).
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Figure 53: Radionuclide activities among extraction phases of Siegenian silty schist (77c) and
its weathering product (77a). (I = mobile exchangeable, Il = exchangeable, lll = Mn oxides, IV =
organic matter, V = amorphous Fe oxides, VI = crystalline Fe oxides, Res = extraction residual)

The results of the Siegenian samples show some strong distinctions to the Gedinnian

samples. Apart from five times lower overall activities and the differences of the distribution

of uranium and thorium in the rock sample, the enrichment factors for Th, U and Ra in the

weathering product are drastically lower. The speciations of thorium are about the same for

the Siegenian and the Gedinnian weathering products, but radium, and especially uranium,

show inconsistent distributions. Whereas uranium in the Gedinnian weathering products

occurred preferentially in the fractions of the Fe oxides and only low proportions - less than

10% - were determined in the extraction residual, the latter fraction is of the greatest

significance (70%) for the Siegenian weathered silty schist.

The differences in distribution can be explained by the differences in mineral

composition. Though Fe concentrations are as high as for sample 134 (weathered Gedinnian

sandstone), only about 10% of the total iron was determined in each fraction of the Fe

oxides. Not only is the amount of Fe oxides/hydroxides low in comparison to the Gedinnian

weathered materials, but even more drastically, the amounts of Mn- and Ti oxides. The

elements are instead attributed to silicate minerals remaining in the extraction residual.
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7.3.3 Mesozoic sandstones

Many Mesozoic stratigraphic units contain mainly carbonatic rocks, which are not
suitable for sequential extraction. Not only the extraction scheme developed by ZEIEN
(1995), but also most other extraction schemes, require samples with less than 5%
carbonate. A fairly widespread rock type in the Gutland is the Luxembourg sandstone (/i2),
which has been investigated in an earlier study by ROTH (1997). The sequential extraction
scheme used in the previous survey was different from the one used in this thesis (see
Chapter 7.1.1), but the results for the Luxembourg Sandstone were plausible and further
investigations within the current thesis were not considered necessary.

ROTH (1997) investigated a soil profile above Luxembourg Sandstone located in
Ernzen, Germany (r 231 185/ h °*21 290), close to the border with Luxembourg. The soil
type is pseudogley.

Table 35: Profile description of Luxembourg sandstone (li2). Horizon description after

»,Bodenkundliche Kartieranleitung“ (AG BODENKUNDE 1982), soil type description after US-
Soil Taxonomy.

horizon soil type comments
Ap ) .
slightly loamy sand Mn-Fe concretions
(0-25 cm)
SBv Mn/Fe concretions,
sandy loam . ]
(25-56 cm) Depletion of clay minerals
Mn/Fe concretions,
BtS coatings of clay on soil
loamy sand ,
(56-94 cm) aggregates, accumulation of clay
minerals
(S)Bv Mn/Fe concretions up to 1 cm
sandy loam ]
(94-126 cm) diameter
Cv
sandstone
(> 126 cm)

The Luxembourg sandstone (/i2) is siliceous sandstone with calcitic cement.
Unweathered sandstone contains up to 30% CaCOs;, but consists mainly of quartz. Up to
10% heavy minerals occur in the Luxembourg sandstone (/i2), e.g. zircon, tourmaline, rutile,
garnet, anatase, brookite and staurolite (ROTH 1997; JUNGERIUS 1958). The radionuclide
concentrations are rather low (Th < 14 Bg/kg; U < 26 Bqg/kg; Ra < 22 Bq/kg), except for the
layer of the “surface taraudée” (Th: 26 Bag/kg; U: 118 Bq//kg; Ra: 121 Bq//kg).

Sequential extraction by ROTH (1997) shows that radium in the rock sample of the

Luxembourg sandstone (/i2) is mainly bound to Mn oxyhydroxides and partially adsorbed
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onto clay minerals. About 71% of total radium remains in the extraction residual, which

consists, for the extraction scheme used, primarily of detritical, primary and secondary

minerals (e.g. crystalline Fe oxides, quartz, zircon, pedogenic clay minerals) and stable
organic compounds.

Eighty seven percent of total uranium is left in the extraction residual. Dissolved
uranium was found in the fraction of Mn oxyhydroxides (8%) and in the organic fraction (5%).
In the latter silicatic minerals are also dissolved, which is most probably the reason for
uranium being found in this fraction, as no correlation to carbon could be established.

A much lower percentage (30%) of thorium is left in the extraction residual.
Sequential extraction does not provide sufficient information about the speciation of thorium,
but significant positive correlation of thorium with potassium led to the conclusion that
thorium was most probably adsorbed onto clay minerals (ROTH 1997).

About 84% of total iron was found in the extraction residual; it can therefore be

assumed, that uranium, radium and thorium were partly bound in crystalline Fe oxides.

Aktivitat [Bg/kg]]
0 10 20 30
0 1 ‘
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20 +
40 + SBv
60 +—
BtS
80 +
100 +
(S)Bv
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—O0—Th Cv
—a— U
140
Tiefe
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Figure 54: Activities of Ra, Th und U in the soil profile of the Luxembourg Sandstone (li2) (AP =
disturbance by ploughing; SBv = weathering horizon with depletion of clay minerals, gleying;
BtS = weathering horizon with accumulation of clay minerals, gleying; (S)Bv = accumulation of
clay minerals, slight gleying; Cv = sligthly weathered rocks).
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The dominant mineral in the soil samples/weathering products of the /i2 is quartz.
Accompanying minerals are illite, feldspar, ore mineral grains of Fe-/Mn oxides and some
kaolinite and chlorite. Carbonate concentrations are very low (Ca oxide 0.2 - 0.4 [weight%]).

Carbonate is dissolved during weathering and often precipitated in clefts in the sandstone.

The survey by ROTH (1997) revealed that in the course of weathering, pedogenic
clay minerals are accumulated in the BtS horizon. Fe and Mn oxyhydroxides are precipitated
as coatings on mineral grains, in voids, and along fractures if the permeability of soils is low,
or as concretions in the soils if the permeability is high. All radionuclides are up to twice as
high, which is also the case for the samples investigated in this thesis.

Radium in the weathering products is bound to Mn oxyhydroxides, to clay minerals
and most probably to crystalline Fe oxides.

Uranium is found mainly in the extraction residual, as is thorium. Uranium is also
found in the oxidic phase.

Sequential extraction together with analysis of correlation shows that the
radionuclides are significantly positively correlated with typical terrigenous elements such as
Al, K, Ti, Ce, Ga, Rb, Y. Precipitation with Fe and Mn oxyhydroxides appears to be only of

second importance.

For the investigations in this thesis, samples of Buntsandstein age have been
selected. Upper Buntsandstein outcrops are relatively widespread in river valleys and along

the border to the Devonian basement in the north of Luxembourg.

Figure 55: Fine-grained sandstone of Buntsandstein (Lower Triassic) age (98). Badly sorted
quartz crystals and detritus of Palaeozoic rocks coated with hematite. The detritus consists
partly of fragments of sandstones and partly of foliated rock fragments, as shown by the
internal grain fabric. Length of scale bar is 200 ym.
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The sandstone sample 98 consists of badly sorted quartz crystals and detritus of
Palaeozoic rocks, which are coated with hematite (Figure 55). Besides quartz, other
dominant minerals are chlorites, illite and kaolinite. Heavy minerals are less abundant than in
the Luxembourg Sandstone and the Devonian samples, with anatase, rutile and titanite as
major representatives.

Uranium and radium in the rock and in the weathering product (sample 102) are in
equilibrium, while thorium activities are about twice as high (Table 36).

Although thorium activities are elevated in the weathering product, the speciations do
not differ from those in the parent sandstone. Activities in the first three fractions are
negligible and thorium is most abundant in the extraction residual. As was the case for the
Siegenian samples, about 15% more thorium is left in the extraction residual than in the
Gedinnian samples and the excess thorium in the weathering product is found in the
extraction residual.

The highest activities among the extraction phases were determined in the crystalline
Fe oxide fraction and in the organic fraction, even for the rock sample, though Cogis < 1% for
both. One Gedinnian sandstone (127a) showed high proportions of thorium in the organic
fraction, too (Table 25). Hardly any relationship can be established between these two
sandstones and no specific elements occur with unusual concentrations in the organic
fraction of either sandstone.

Uranium activity in the weathering product is 1.6 times higher than in the sandstone,
but bound in similar fractions (Figure 56). Speciations resemble those of the Siegenian silty

schist and the excess uranium activity occurs in the extraction residual.
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Table 36: Analytical results of sandstone 98 of Buntsandstein age (so) and its weathering
product (102). For analytical methods see Table 18.

| Il 1l \Y \ Vi
98 original sample exc:; (:;Ileeable exchangeable Mn-Oxides organic matter a;we o;z:;c;is f:zzt;lgz: residual**
SD SD SD SD SD SD SD
Al [ppm] 58620 * 9 1 37 0.4 8 0.3 317 0.1 NA 1282 8| < 56970
Mg [ppm] 11770 * 362 1 93 0.0 51 0.3 64 0.1 254 1 686 3] 10260
Fe [ppm] 30660 * 28 10 NA?* 33 0.3 166 1 971 71 12074 22, < 17390
Zn [ppm] 49 * 0.4 0.05 <0.1 0.4 0.03] 1.0 0.1 2.1 0.2 26 0.1 43
Ba [ppm] 267 * 8.7 0.03 14 0.01 1.0 0.03 0.6 0.02 1.1 0.01 0.6 0.01 254
Mn [ppm] 262 * 1.7 0.04 10.4 0.01 2.0 0.01 25 0.01 59 0.02 23.2 0.1 206
Pb [ppm] 7 * <0.1 <0.1 <01 0.4  0.004 0.3 0.01 16 0.04 5
As [ppm] 5 * <0.1 <0.1 <0.1 0.4  0.005 1.0 0.02 0.8 0.01 <4
Ti [ppm] 4168 * <01 NA* 0.3 0.02 15 0.04 NA* 121 0.23 <4045
Ni [ppm] 43 = 0.6 0.03 0.6  0.002 0.2 0.004 0.6 0.02 19 0.03 4.6 0.01 34
V [ppm] 65 * <01 <01 <0.1 0.3 0.01 1.3 0.004 8.1 0.03 56
Cu [ppm] 4 * 0.1 0.01 0.3 0.01 0.3 0.01 0.3 0.01 0.8  0.004 NA* <4
Rb [ppm] 77 * 13 0.01 0.2 0.003 0.4  0.003 0.1 0.003 0.3  0.003 0.5 0.005 74
Sr [ppm] 99 ** 24 0.02 11 0.27 0.9  0.005 1.8 0.01 0.4 0.03 1.1 0.001 92
Y [ppm] 27 * <01 0.2 0.002 0.1 0.001 0.8  0.005) 0.3  0.001 0.4  0.001 25
Zr [ppm] 295 * <0.1 <0.1 <01 NA* NA* NA* <295
Cs [ppm] 14 * 0.84 0.01 0.08  0.001 0.22  0.003 0.06  0.001 0.10  0.001 0.22  0.002 12
La [ppm] 42 * NA* 0.13 0.01 0.04  0.001 0.30  0.002 0.16  0.001 0.26  0.001 <41
Ce [ppm] 92 NA* 0.28  0.001 0.10  0.004 0.91  0.003 0.39 0.01 0.56  0.002 <90
Dy [ppm] NA' <0.01 0.05  0.001 0.02  0.001 0.25  0.001 0.06  0.001 0.08  0.002 ND
Er [ppm] NA' <0.01 0.02  0.001] <0.01 0.07  0.001 0.04  0.001 0.06  0.003 ND
Yb [ppm] NA' <0.01 0.02  0.002] <0.01 0.04  0.001 0.04  0.001 0.07  0.003 ND
Hf [ppm] NA' <0.01 <0.01 <0.01 0.01  0.002 0.13  0.001] <0.01 ND
Th [Barkg] 41.0 <01 0.2 0.01 0.1 0.005 3.1 0.1 1.3 0.04 3.2 0.3 33
U [Ba/kg] 20.2 <0.1 04  0.001 0.1 0.01 0.2  0.002 0.6  0.003 6.9 0.0 12
Ra [Bq/kg] 23.0 <13 2.0 0.3 24 0.4 25 0.4 <5.0 3.3 0.5 13
* standard deviation (SD) < 5 %; ** standard deviation (SD) < 10 %; *** standard deviation (SD) < 20 %
NA': element was not analysed; NA2: no calibration curve was obtained; ND = not detectable
| 1] 11 [\ \Y Vi
102 original sample excrr; (r);lfable exchangeable Mn-Oxides organic matter a'[_ne o:,zir:joeis ;Zi::gz: residual***
SD SD SD SD SD SD SD

Al [ppm] 80453 * 11 1 29 0.2 21 1 591 1 1717 11 1620 6 76465
Mg [ppm] 15250 * 518 4 705 3| 78 1 109 0.3 489 1 759 4 12592
Fe [ppm] 45624 * 34 1 <1 56 0.3 377 2 2590 11] 15980 611 26586
Zn [ppm] 71 * 1.0 0.1 0.3 0.01 0.9 0.02 22 0.1 3.8 0.6 5.1 0.1 57
Ba [ppm] 404 ** 24.3 0.1 3.7 0.05] 17 0.01 0.8 0.01 3.3  0.004 1.4 0.03] 369
Mn [ppm] 383 * 5.1 0.02 31.8 0.8 6.4 0.02 15.8 0.1 18.6 0.1 46.1 1.1 259
Pb [ppm] 12 = <01 0.1 0.003] 0.1 0.005 1.0 0.02 1.0  0.001 26 0.02 8|
As [ppm] 15 * 0.1 0.01 0.1 0.001 0.1 0.02 15 0.01 6.8 0.03] 2.3 0.02 4
Ti [ppm] 5521 * <0.1 <01 0.7 0.1 23 0.04 15.4 0.1 154 3] 5348
Ni [ppm] 56 0.4 0.01 1.0 0.001 0.2 0.01 12 0.01 3.9 0.02 5.1 0.04 44
V [ppm] 98  ** <01 <01 0.3 0.04 0.6  0.003] 3.5  0.003 12.8 0.05] 80
Cu [ppm] 12 = 0.1 0.003] 0.2 0.01 0.3 0.01 0.8 0.01 1.3 0.02 <01 9
Rb [ppm] 127 3.4 0.01 0.4  0.001 0.7 0.01 0.2  0.003 1.0 0.01 0.9 0.01 120
Sr [ppm] 211 * 4.0 0.03 17 0.02 11 0.02 1.9 0.01 0.8 0.01 15 0.02 200
Y [ppm] 37 <01 0.3 0.003] 0.1 0.002 1.2 0.005 0.5  0.002 0.4 0.00| 35
Zr [ppm] 482 <01 <01 <01 <01 <01 <01 482
Cs [ppm] 19 * 2.14 0.01 0.27  0.002 0.41  0.004 0.10  0.001 0.33  0.002 0.35  0.001 16
La [ppm] 67 <0.01 0.16  0.003] 0.05  0.001 0.49  0.001 0.32  0.001 0.27  0.002 65
Ce [ppm] 118 NA? 0.31  0.004 0.10  0.001 1.35 0.01 0.75  0.003 0.59 0.01 114
Dy [ppm] NA' <0.01 0.05  0.001 0.02  0.001 0.33  0.001 0.12  0.003 0.09  0.001 ND
Er [ppm] NA' <0.01 0.02  0.001}] <0.01 0.11  0.001 0.07  0.001 0.07  0.001 ND
Yb [ppm] NA' <0.01 0.02  0.001}] <0.01 0.07  0.001 0.07  0.001 0.07  0.001 ND
Hf [ppm] NA' <0.01 <0.01 <0.01 0.07  0.003} <0.01 0.06 0.01 ND
Th [Ba/kg] 58.7 <01 0.1 0.01 0.1 0.003 4.0 0.1 24 0.1 42 0.05] 48,
U [Ba/kg] 32.8 0.2 0.02 0.4 0.04 0.2  0.004 0.2  0.001 1.0 0.01 6.9 0.04] 24
Ra [Bq/kg] 327 1.8 03] <15 25 0.4 1.8 03] <84 238 0.3] 24

* standard deviation (SD) < 5 %; ** standard deviation
NA": element was not analysed; NAZ: no calibration curve was obtained; ND = not detectable

SD) < 10 %; *** standard deviation (SD) < 20 %
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Figure 56: Radionuclide activities among extraction phases of a sandstone of Buntsandstein
age (98) and its weathering product (102). (I = mobile exchangeable, Il = exchangeable, lll = Mn
oxides, IV = organic matter, V = amorphous Fe oxides, VI = crystalline Fe oxides, Res =
extraction residual)

The similarity of bondings in the rock and in the weathering sample also applies for
radium (Figure 56). Only the activities in the exchangeable phases diverge (Table 36). While
radium activities in the exchangeable fraction exceed those of the mobile exchangeable
fraction in the rock sample, the situation is reversed for the weathering product. However, the
measured activities are very low and close to the detection limits. In contrast to the Siegenian
schist, radium distribution is equal to the distribution in the Gedinnian rocks and weathering
products, though the activities are lower. Most radium is found in the extraction residual.
Radium, dissolved during weathering, is mainly bound to Mn oxides and crystalline Fe
oxides. Adsorption onto the surface of clay minerals, bonding to organic matter, or

precipitation with various oxides/hydroxides of Fe, Mn, Al, and Ti is of less importance.
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7.4 Radium speciation and emanation

The results of sequential extraction show a clear difference in the geochemistry of
Gedinnian rocks and their accompanying weathering products. Much more radon is released
from weathering products than from their parent rocks, because of radium enrichment and
high emanation coefficients. Besides this, it is likely that the speciation of radium influences

radon emanation (Table 37).

Table 37: Radon activity concentrations1, emanation coefficients and radium activities of
sequentially extracted Gedinnian samples.

Radon Radium Emanation
[Ba/kg*]' [Ba/kg] [%]
Mesozoic samples
Sandstone 98 1.2 23.0 5
Weathered sandstone 102 0.8 32.7 2
Siegenian samples
Silty schist 77¢c 1.1 141 8
Weathered silty schist 77a 26 18.2 14
Gedinnian sand- and siltstones
124 14 64.6 2
127a 1.5 26.4 6
132a 4.2 53.1 8
135 1.5 34.8 4
136a 1.3 58.9 2
137 1.5 48.1 3
Sandy Gedinnian weathering products
127b 1.6 69.5 2
134 58.3 339.3 17
136b 127.7 769.0 17
Gedinnian schist
131 2.1 76.5 3
Gedinnian quartzite
133a \ 0.3 12.3 3
Quartz vein in Gedinnian host rock
126 | 1.3 9.1 15

" Radon activity concentration referring to the released radon in sample pore gas related to weight of emanating
material at secular equilibrium — see Equation 4

Table 37 shows the radium activities of the samples together with the radon activity

concentrations and the emanation coefficients.

Regarding Gedinnian sandy rock samples, it is remarkable that the radon activity
concentration of the siltstone is about three times higher than that of the sandstones. The

sequential extraction of the siltstone showed that radium was distributed either as mobile
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exchangeable cations or in the extraction residual. As the proportion of radium in the mobile
exchangeable fraction is not higher than for the sandstones, the reason for the higher radon
emanation is most probably the smaller grain size of the siltstone, which results in a greater
internal surface area.

Radon release of the Gedinnian schist is in between the values for sandstones and
siltstone (Table 37). Nevertheless, the emanation coefficient is as low as for the sandstones.

The quartzite releases only small quantities of radon, because of its smooth grain
surfaces and low content of iron hydroxides and clay minerals, resulting in an emanation
coefficient similar to the sandstones and the schist (Table 37).

The amount of radon that is released from the quartz vein sample is low, but the
emanation coefficient is higher than for the sandy weathering products (Table 37). The
results of the sequential extraction had shown that radium in this sample is associated with
crystalline Fe oxides to a high degree (Figure 51). Iron oxides are located on the quartzite as
coatings, from where radon is easily released into the pore space. The emanation coefficient
is therefore high, even though the radium activity of the bulk sample is low.

Much higher radon activity concentrations were determined for the Gedinnian
weathering products than for the parent rocks. The emanation coefficients of the weathered
materials are at least twice as high, except for sample 127b. Sequential extraction of sample
127b showed that the distribution of radium in the weathering product is similar to the
distribution of radium in the rock samples (Figure 48), leading to equally low radon release.
This sample represents a weathering residue, consisting mainly of quartz and an
assemblage of weathering-resistant minerals such as muscovite/illite, kaolinite, chlorites and
stable heavy minerals (see Chapter 7.3.1.2).

All other weathered samples derive from enrichment zones with high amounts of
various oxides and hydroxides of Fe, Mn, Ti and Al, as well as clay minerals and chlorites.
Sequential extraction has proven that radium is preferentially bound to pedogenic clay
minerals, adsorbed onto the surface of various oxides/hydroxides or clay minerals and
occluded in Mn- and crystalline Fe oxides. A great deal of radium is therefore bound on the
internal surfaces of weathering materials, from where radon can escape easily.

High emanation coefficients of the Gedinnian weathering products are not so much
conditional on the total activity of radium, but on the distribution of radium. Typically, high
internal surface areas of weathering materials, usually due to small grain size and corrosion
of the grains, together with the enrichment of radium with clay minerals and Fe/Mn oxide

coatings on grains surfaces, lead to high emanation coefficients of weathering products.

Though radium activities of the Siegenian rock and its weathering product are similar,

the radon release and the emanation of the latter are about twice as high.
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In contrast to the Gedinnian and the Siegenian samples, radon release from the
weathering product of the Mesozoic sample is not elevated. Regarding the Buntsandstein
samples, the emanation is not very different for the weathering product than it is for the
parent rock. The sandstone even releases slightly more radon (1.2 Bg/kg) than the
weathering product (0.8 Bg/kg) and has a slightly higher emanation coefficient, too.

Emanation of the Luxembourg Sandstone was investigated in the current study. The
measurements showed the same results as for the Buntsandstein samples. Emanation

coefficients and radon release are about equal (Appendix 4,Tables A4-1 to A4-4).

In order to verify the most important speciation of radium for radon emanation, the
correlation of radium activity, radon activity concentration and emanation coefficient with
radium activity in the extraction steps was determined. The calculations were carried out
separately for rocks and weathering products. Calculation of correlation coefficients for rock
samples showed no significant correlation. The emanation of radon from the rock samples is
independent of the distribution and speciation of radium.

The results for the weathering products, as detailed in Table 38, show significant
correlations, though the statistical information on the basis of only a few samples (n=5) is not
very reliable. The statistically significant correlation coefficients show evidence of a
correlation between radon emanation and the speciation of radium. Total radium correlates
with total Fe and with Fe in the fraction of the crystalline Fe oxides. Radon activity
concentrations and emanation coefficients correlate with Fe in the crystalline Fe oxide
fraction as well, as well as with radium in the same fraction.

Mn in the Mn oxide fraction correlates with radium, radon activity concentration and

the emanation coefficient.

Table 38: Correlation coefficients for radon and emanation of weathering products with Ra, Fe
and Mn in selected extraction phases. Values are significant on the 0.05 confidence level; n =5
(I = mobile exchangeable, Il = exchangeable, lll = Mn oxides, IV = organic matter, V =
amorphous Fe oxides, VI = crystalline Fe oxides, Res = extraction residual)

T 7

e s £ = £ 2 s § ¢ E

e L ¢ & & & & & & & s
Ra (total) 0.95 0.96 0.99 0.99 1.00 0.96
Rn [Bq/kg*]’ 0.97 0.99 0.99 1.00 0.95 0.97
E [%] 0.95 0.98 0.97

" radon activity concentration referring to the released radon in sample pore gas related to weight of
emanating material at secular equilibrium
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EDSFELDT (2001) found emanation and radon in soil samples best correlated with
the oxide fractions. It was not differentiated between the three oxidic phases (Mn oxides,
amorphous Fe oxides, and crystalline Fe oxides), so it cannot be determined, whether each
of the oxide fractions correlates significantly positively, or only the total amount of oxide-
bound radium. The correlation with exchangeable-bound radium was only weak for radon
and not significant for emanation. In contrast to the results of the present study, EDSFELDT

(2001) found radon significantly positively correlated with residual radium.

The assumption that the speciation of radium influences radon emanation only holds
for weathering products. In the course of weathering rocks are mechanically disintegrated,
pedogenic clay minerals with high specific surface areas are formed and mineral grains are
corroded and coated with Fe-/Mn oxides. Radium enriches during weathering, preferentially
bound to pedogenic clay minerals and various oxides, which also provide high specific
surface areas. Bonding to Fe-/Mn oxides is especially important, as oxides tend to build
extensive coatings on weathered and corroded rocks, providing high internal surfaces in
addition. The general difference in emanation of Palaeozoic and Mesozoic weathering
products compared to their parent rocks is most probably due to the abundance of
precipitation of Fe-/Mn oxides in the Palaeozoic weathering products, which indicates an
intense weathering grade. The higher the weathering grade, the higher the resultant radon
activity concentration.

In rocks, the speciation of radium does not influence radon emanation. The release of
radon from rocks is governed exclusively by the distribution of the radium atoms, the internal

structure of the rock and the particle size distribution.
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8 Conclusion

The current study shows that the activities of thorium, uranium, and radium are
generally higher for Palaeozoic rocks of the Eisléck than for Mesozoic rocks of the Gutland.
This is in contrast to earlier studies by KIES et al. (1996). The difference is even more
distinct for the weathering products of the rocks.

Weathering products are generally enriched in radionuclide activities, but enrichment
factors are not equal for uranium, radium, and thorium. While radium enrichment is generally
highest, thorium enrichment is lowest. Due to the higher mobility of uranium, clear departures
from equilibrium occur in the 2*®U series for about one third of the weathering products. It is
assumed that enrichment of ?Ra in weathering products is initially caused by an enrichment
of #°Th during weathering. The highest radium activity concentrations occur in samples with
230Th activities above 120 Bg/kg.

The differences in enrichment of natural radionuclides (Th, U, and Ra) in weathering

products are governed by their geochemical affinities, analysed by sequential extraction:

Thorium distribution is relatively uniform for rocks and weathering products. Most
thorium occurs in the extraction residual, followed by variable proportions in the two iron
oxide fractions. Activities in all other fractions are generally lower than 5% of total thorium.
Clay-rich samples appear to have about 15 — 20% higher proportions of thorium left in the

extraction residuals.

Radium in rocks and weathering products is most abundant in the extraction residual,
followed by second highest activities in the mobile exchangeable fraction - reflecting
unspecific adsorption - or in the fraction of the crystalline iron oxides (hematite and goethite).
In weathering products radium is also abundant in the Mn oxide fraction, and the proportion
of radium in the extraction residual is enhanced due to the precipitation together with

pedogenic clay minerals.

Uranium bonding differs considerably from that of radium. Uranium in rocks is most
abundant in the extraction residual. Compared to radium, the activities in the extraction
residual were generally lower for uranium. The second most important fraction for uranium is
always the fraction of the crystalline iron oxides, with activities usually exceeding those of
radium in this fraction. In contrast to radium, the fraction of amorphous iron oxides
(ferrihydrite) is the third most significant fraction, while uranium activities in the mobile

exchangeable fraction are negligible.

A significant change of preferentially bonding is evident between rocks and
weathering products. Most uranium in weathering products is dissolved during sequential
extraction, leaving less than 10% of total uranium in the extraction residual. The higher

mobility of uranium during weathering is furthermore underlined by much lower overall
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uranium activities in all weathering products, in comparison to radium. While radium is
enriched up to 14 times, uranium activities are elevated only 9 times. Uranium is most
abundant in the fractions of crystalline iron oxides, followed by high proportions in the
amorphous iron oxide phase. Less than half of the total activities are distributed among the
remaining fractions. Again, activities in the mobile exchangeable fraction are less than 0.1%
of total uranium. Unspecific adsorption to negatively charged soil particles is evidently of no

significance for uranium, which rather forms stable and mobile complexes.

The enhanced radium activities of the Palaeozoic weathering products are reflected
by higher emanation coefficients and higher radon activity concentrations. The
availability of radon in the ground and the transfer into houses depends primarily on the
release of radon from weathering products, and much less on the radon release of rocks.
While rock samples of different stratigraphic units do not show considerably different radon
activity concentrations, the weathering products of rocks of Palaeozoic age have about twice
the radon activity concentrations of weathering products of Mesozoic rocks. By far the
highest radon activity concentrations were measured for weathered materials with more than
10% Fe,0;. Although radium in the weathering products is mainly bound to pedogenic clay
minerals, it is rather the amount of radium bound in crystalline iron oxides/hydroxides
(goethite, hematite) and in Mn oxides that is the cause for enhanced radon emanation, as

can be seen from Table 38.

The high indoor radon activities occurring in the Eisléck arise for a variety of reasons.
The Devonian bedrock was strongly faulted and folded by the variscian orogeny, which
provides pathways for advective transport of radon. The folding and faulting of the
Palaeozoic bedrock is of importance, because it provides more pathways for advective
transport of radon than in the mainly undisturbed, relatively flat-lying Mesozoic strata, which
are generally cut by few fault systems, causing only local structural radon anomalies. The
interrelation of strong foliation and radiometric anomalies was also shown by
DEHANDSCHUTTER et al. (2004). Intense weathering phases during Permotriassic times
under arid climate conditions and during Late Cenozoic to Early Tertiary times under tropical
to subtropical conditions (MEYER 1998) led to precipitation of Fe-/Mn oxides in fissures and
fractures in deep weathering zones of several hundred metres in depth (MUCKENHAUSEN
1958, KNAPP 1980, FELIX-HENNINGSEN 1990 cum lit, MEYER 1998). Enrichment of
radium along faults, shear zones, caverns and fractures of the deeply weathered Palaeozoic
bedrock together with Fe/Mn oxides, which provide high specific surface areas, leads to high

radon activity concentrations.
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Soils above the Palaeozoic bedrock are generally poorly developed and show high
permeability (Figure 3), while the less permeable soils above the flat-lying Mesozoic
bedrocks with clayey interlayers, characteristic for most Mesozoic stratigraphic units, build up
natural barriers for the vertical migration of radon. High radium and radon activities of
Mesozoic calcitic precipitations or veins (Jurassic and Middle Keuper) do not lead to
generally higher indoor radon activities, because they are usually covered by interlayers of
low permeability. The only enhanced indoor radon activities above Upper Muschelkalk (mo)
have the same causes as those of the Palaeozoic of the Eisléck. Radium is adsorbed on
dissolution residuals with high specific surface areas (clay minerals and Fe-/Mn oxides) at
fractures and joints in the dolomites. In addition, the partial karstification of the mo provides

pathways for advective transport of radon.
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Table A1: Sample sites.
Table A2: Analyse of radionuclides of all samples, grouped by stratigraphic units.
Table A3: Chemical analyse of all samples, grouped by stratigraphic units.

Table A4-1: Radium activities, radon activity concentrations and emanation coefficients (E)

of rocks and weathering products.
Table A4-2: Emanation coefficients (E) of rocks.
Table A4-3: Emanation coefficients (E) of weathering products.

Table A4-4: Radon activity concentrations (referring to the released radon in sample pore
gas, related to the weight of the emanating material under equilibrium

conditions) of rocks and weathering products.

Table A5: Analytical results for two samples, which were extracted in 3 parallel sessions
and measured at least 9 times for each fraction. Results are given with standard

deviation (SD) and coefficient of variation (RSD).

Map A6: General geological map of Luxembourg, Sampling sites.

139



Table Al: Sample sites.

sample number classification rock type x (R) y (H)
Middle Dogger "Limestone of Haut-Pont" (dom3)
188 rock limestone 58320 66 600
189 rock limestone 58320 66 600
191a wp <2mm limestone 58320 66 600
191b rock limestone 58320 66 600
Lower Dogger "Minette" (dou)
192a wp <2mm limestone 57740 66 790
192b rock limestone 57740 66 790
192mA wp <2mm limestone 57740 66 790
193a wp <2mm calcite vein 57740 66 790
193b wp >2mm calcite vein 57740 66 790
194a wp <2mm limestone 57740 66 790
194b rock limestone 57740 66 790
Middle Lias "Upper Spianatus" (Im3b)
183 rock sandstone 61910 72300
184 rock Fe ore 61940 72405
185a wp <2mm sandstone 61940 72405
185b rock sandstone 61940 72405
186a wp <2mm sandstone 61930 72450
186b rock sandstone 61930 72450
187 rock sandstone 61930 72450
Middle Lias "Lower Spianatus"” (Im3a)
180a wp <2mm marl 61930 72340
180b rock marl 61930 72340
181 rock limestone 61930 72340
182a wp <2mm marl 61925 72340
182b rock marl 61925 72340
Lower Lias "Marl and Limestone of Strassen" (li3)
123a wp <2mm calcite vein 85100 64440
123b wp >2mm calcite vein 85100 64440
138a rock sandstone 85100 64 440
138b wp <2mm sandstone 85100 64440
139b rock marl 85100 64 440
176 rock marl 73850 75370
177 f marl 73850 75370
178a wp <2mm marl 73850 75400
178b rock marl 73850 75400
179a wp <2mm marl 73850 75400
179b rock marl 73850 75400
179c rock marl 73850 75400
195 rock marl 88710 64490
Lower Lias "Luxemburger Sandstein" (li2)
20 rock sandstone 78900 91510
81 wp <2mm sandstone 81460 76860
82 rock sandstone 81460 76860
83 wp <2mm sandstone 81460 76860
103 rock sandstone 88700 89710
104a wp <2 mm sandstone 88700 89710
104b rock sandstone 88700 89710
106 wp >2mm sandstone 88650 89700
107 wp <2mm sandstone 88650 89700
115a rock sandstone 85100 64 440
115b rock sandstone 85100 64 440
116 wp >2mm calcite vein 85100 64440
117 wp >2mm sandstone 85100 64440
118 rock sandstone 85100 64440
119a wp <2 mm sandstone 85100 64440
119b rock sandstone 85100 64 440
120 rock sandstone 85100 64440
140 rock sandstone 85100 64440



Table Al (continued): Sample sites.

sample number  classification rock type x (R) y (H)
Upper Keuper "Rhat" (kol)
175 rock sandstone 79105 85395
Middle Keuper "Steinmergelkeuper " (km3)
108a rock marl 88680 89550
108b wp <2 mm marl 88680 89550
109a wp >2 mm calcite vein 88680 89550
109b wp <2 mm calcite vein 88680 89550
110 rock marl 88680 89550
111 wp >2 mm calcite vein 88680 89550
112a rock dolomite 88680 89550
112b wp <2 mm dolomite 88680 89550
113 wp >2 mm calcite vein 88680 89550
114 rock dolomite 88680 89550
169a wp <2 mm marl 73850 84680
169b rock marl 73850 84680
171a wp <2 mm marl 79215 85240
171b rock marl 79215 85240
172a wp <2 mm marl 79210 85275
172b rock marl 79210 85275
173 wp <2 mm marl 79190 85320
174 wp <2 mm marl 79160 85360
Middle Keuper "Schilfsandstein" (km2s)
85 rock sandstone 93105 80840
86 rock sandstone 93105 80840
87a rock sandstone 93105 80840
88a rock sandstone 93105 80840
88b wp <2 mm sandstone 93105 80840
Middle Keuper "Pseudomorphosenkeuper” (km1)
141a rock sandstone 71410 95360
141b wp <2 mm sandstone 71410 95360
142 rock sandstone 71410 95360
143a rock marl 74220 92670
143b wp <2 mm marl 74220 92670
143d wp <2 mm marl 74220 92670
144b wp <2 mm marl 74220 92670
145a wp <2 mm marl 74220 92670
145b rock marl 74220 92670
146a wp <2 mm marl 74220 92670
146b rock marl 74220 92670
147b wp <2 mm marl 74220 92670
148a rock dolomite 74220 92670
148b wp <2 mm dolomite 74220 92670
Upper Muschelkalk (mo2)
16 rock sandstone 76 650 94 940
17 wp <2 mm sandstone 76 650 94 940
21 wp <2 mm dolomite 76 020 96 860
22 rock dolomite 76 020 96 860
54 wp >2 mm dolomite 91650 83530
89 rock dolomite 91650 83530
90a rock marl 91650 83530
90b wp <2 mm marl 91650 83530
91 wp >2 mm calcite vein 91650 83530
92 wp <2 mm marl 91650 83530
163a wp <2 mm dolomite 98200 95260
163b rock dolomite 98200 95260
164 rock marl 98200 95260
165a wp <2 mm marl 98200 95260
165b rock marl 98200 95260
166 rock dolomite 99150 96 050
167a wp <2 mm dolomite 99150 96 050
167b wp >2 mm dolomite 99150 96 050
168a wp <2 mm dolomite 99150 96 050
168b rock dolomite 99150 96 050



Table Al (continued): Sample sites.

sample number classification rock type x (R) y (H)
Upper Muschelkalk (mo1)
33 wp >2 mm calcite vein 86 360 105 000
34a wp <2 mm dolomite 86 360 105 000
34b wp >2 mm dolomite 86 360 105 000
35 rock dolomite 86 360 105 000
39 rock dolomite 91770 100 195
84 rock dolomite 95840 74780
93 rock dolomite 97 650 85820
95 wp >2 mm dolomite 97 650 85820
96 wp >2 mm calcite vein 97 650 85820
97a wp <2 mm dolomite 97 650 85820
97b wp >2 mm dolomite 97 650 85820
Middle Muschelkalk (mm)
32 rock dolomite 86 180 105 630
Lower Muschelkalk (mu)
19 rock sandstone 83100 107570
157a wp <2mm sandstone 104 500 96 180
158a wp >2mm sandstone 104 500 96 180
158b wp >2 mm sandstone 104500 96 180
159a wp <2mm sandstone 104 500 96 180
160 rock sandstone 104500 96 180
161 rock marl 104500 96 180
162 rock sandstone 104500 96 180
Buntsandstein (so)
15 rock sandstone 84 760 107 150
53 rock sandstone 83420 108 125
98 rock sandstone 104550 93750
99 wp >2mm sandstone 104 550 93 750
100 rock sandstone 104550 93750
101 rock sandstone 104550 93750
102 wp <2mm sandstone 104 550 93 750
Upper Emsian (E3)
6 rock schist 55280 114375
28 wp >2 mm schist 62 780 114 350
29 rock schist 62 780 114 350
42 rock schist 75880 122150
50 rock siltstone 61490 113670
56a wp <2 mm schist 76 100 123570
56b rock schist 76 100 123570
66 wp <2 mm schist 72 225 120545
70a rock schist 68 070 120 805
70b rock schist 68 070 120 805
7la rock schist 68 070 120 805
71b rock quartz vein 68 070 120 805
73 rock schist 76 250 132 505
Middle Emsian "Quarzit von Berlé" (E2q)
43 rock quartzite 61460 113665
48 rock quartzite 61655 113440
67a rock quartzite 71650 120690
67b rock quartzite 71650 120690
Middle Emsian "Bunte Schiefer von Clerf" (E2)
8 rock schist 55670 114710
55a wp <2 mm schist 76 670 124 155
55b rock schist 76 670 124 155
68 wp >2mm sandstone 71275 120915
69 rock sandstone 72275 121915



Table Al (continued): Sample sites.

sample number  classification rock type X (R) y (H)
Lower Emsian (Elb)
13 rock sandstone 71335 124585
45 wp sandstone 63265 113 205
72 rock siltstone 68 380 122 340
149 rock schist 70 650 129980
150 rock quartzite 70 650 129980
Lower Emsian (Ela)

1 wp <2 mm schist 54 200 105 400
7 rock schist 54 200 105 400
18 wp schist 84 270 108 240
23 rock siltstone 57 620 116 895
46 rock sandstone 63400 111620
49 rock schist 57225 118080

Upper Siegenian (Sg 3)
2a rock schist 53060 101 720
2b rock schist 53060 101720
2c wp > 2 mm schist 53060 101 720
3 wp <2 mm schist 52870 101220
4 rock schist 52870 101220
5 rock schist 52870 101220
9 rock schist 58 630 119 240
10 rock schist 60 680 123 560
11 rock schist 60 680 123 560
12 rock schist 60 680 123 560
24 wp <2 mm schist 68 850 103 100
25a wp > 2 mm schist 68 720 103 200
25b wp <2 mm schist 68 720 103 200
26 wp <2 mm schist 68 720 103 200
27 rock schist 68 720 103 200
30 wp <2 mm schist 65030 105920
31 rock schist 65030 105920
36 rock siltstone 63620 110820
37 rock siltstone 63620 110820
a7 rock schist 57 660 117 690
74 rock siltstone 74200 131575
75 rock guartz vein 74200 131575
76 rock schist 68 480 132890
78 rock siltstone 68 985 134470
79 rock schist 69 935 134 395

Middle Siegenian (Sg 2)
38 rock siltstone 57 350 120200
44 rock schist 56 670 118 690
51 rock schist 56 790 120 040
77a wp <2 mm schist 65495 135 315
77b rock siltstone 65495 135 315
77c rock schist 65495 135 315
154a wp <2 mm schist 57 060 120 150
154b wp >2 mm schist 57 060 120 150
155a wp <2 mm schist 57 060 120 150
155b rock schist 57 060 120 150
156 rock schist 57 060 120 150

Lower Siegenian (Sg 1)
40 rock schist 55365 118485
41 rock schist 55495 118620



Table Al (continued): Sample sites.

sample number  classification rock type x (R) y (H)
Gedinnian (Ged)

124 rock sandstone %66 020 *°42 050
125a wp >2 mm sandstone %66 020 *°42 050
125b wp <2 mm sandstone %66 020 *°42 050

126 rock quartz vein  °66 020 *°42 050
127a wp > 2 mm sandstone %66 020 *°42 050
127b wp <2 mm sandstone %66 020 *°42 050
128a rock sandstone %66 020 *°42 050
128b wp <2 mm sandstone %66 020 *°42 050

129 rock sandstone %66 020 *°42 050

130 rock sandstone %66 020 *°42 050

131 rock schist  °66 020 *°42 050
132a rock siltstone %66 020 °°42 050
132b wp <2 mm siltstone  °66 020 *°42 050
133a rock quartzite ®66 020 42 050

134 wp <2 mm sandstone %66 020 *°42 050

135 rock sandstone  °66 020 42 050
136a rock sandstone %66 020 *°42 050
136b wp <2 mm sandstone %66 020 *°42 050

137 rock sandstone %66 020 *°42 050

Hatrival, Belgium
Hatrival, Belgium
Hatrival, Belgium
Hatrival, Belgium
Hatrival, Belgium
Hatrival, Belgium
Hatrival, Belgium
Hatrival, Belgium
Hatrival, Belgium
Hatrival, Belgium
Hatrival, Belgium
Hatrival, Belgium
Hatrival, Belgium
Hatrival, Belgium
Hatrival, Belgium
Hatrival, Belgium
Hatrival, Belgium
Hatrival, Belgium
Hatrival, Belgium

N.B.: Coordinate systems are LUREF for Luxembourg and LAMBERT for Hatrival, Belgium
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Table A4-1: Radium activities, radon activity concentrations and emanation coefficients (E)
of rocks and weathering products.

sample e 226Ra SD 222Rn SD E SD
classification rock type

number [Ba/kg] [Ba/kg] | [Ba/kg] [Ba/kg] [%] [%]
Middle Dogger "Limestone of Haut-Pont " (dom3)
189 rock limestone 12.8 0.5 1.4 0.11 11 9
191a wp <2 mm limestone 21.4 1.8 3.4 0.32 16 13
191b rock limestone 13.6 0.5 1.1 0.12 8 12
Lower Dogger "Minette " (dou)
192a wp <2 mm limestone 18.4 1.8 0.9 0.08 5 13
192b rock limestone 17.9 0.5 2.2 0.15 12 7
193b wp > 2 mm calcite 6.6 0.4 0.5 0.09 7 21
194a wp <2 mm limestone 134 0.5 1.8 0.20 13 12
194b rock limestone 15.9 0.5 15 0.19 9 13
Middle Lias " Upper Spianatus " (Im3b)
183 rock sandstone 9.0 0.8 0.9 0.11 10 13
184 rock Fe ore 39.7 0.7 2.2 0.06 5 3
187 rock sandstone 19.6 0.5 1.7 0.43 9 26
185a wp <2 mm sandstone 24.1 1.0 2.1 0.20 9 10
185b rock sandstone 21.3 0.7 2.0 0.24 9 12
Middle Lias " Lower Spianatus " (Im3a)
180a wp <2 mm marl 28.7 0.7 1.3 0.18 4 14
180b rock marl 25.2 0.8 15 0.22 6 15
182a wp <2 mm marl 37.0 0.9 2.5 0.25 7 12
182b rock marl 30.3 0.7 2.0 0.25 7 14
Lower Lias "Marl and Limestone of Strassen " (li3)
176 rock marl 53.1 0.9 29 0.15 5 5
138a rock sandstone 13.7 0.9 0.5 0.05 4 10
179a wp <2 mm marl 44.8 0.7 13 0.08 3 6
179c rock marl 40.9 0.7 3.1 0.48 8 16
Lower Lias "Luxemburger Sandstein" (li2)
20 rock sandstone 51 0.8 0.8 0.18 16 23
83 wp <2 mm sandstone 4.9 0.7 0.4 0.07 8 22
103 rock sandstone 2.2 0.3 0.3 0.07 15 28
106 wp > 2 mm sandstone 19.1 0.7 0.8 0.15 4 18
120 rock sandstone 21.3 0.6 1.2 0.23 5 20
140 rock sandstone 3.9 0.8 0.3 0.15 8 48
Upper Keuper "Rhat" (kol)
175 rock sandstone 18.1 0.7 1.1 0.13 6 12




Table A4-1 (continued): Radium activities, radon activity concentrations and emanation coefficients (E)
of rocks and weathering products.

sample e 226Ra SD 222Rn SD E SD
classification rock type

number [Ba/kg] [Ba/kg] | [Ba/kg] [Ba/kg] [%] [%]
Middle Keuper " Steinmergelkeuper " (km3)
111 wp > 2 mm calcite 87.6 0.4 3.1 0.44 4 7
114 rock dolomite 78.0 1.0 6.1 0.34 8 6
169a wp <2 mm marl 24.4 0.7 1.7 0.19 7 11
171a wp <2 mm marl 38.5 0.8 2.8 0.17 7 6
171b rock marl 334 1.0 2.0 0.06 6 3
Middle Keuper "Schilfsandstein" (km2s)
85 rock sandstone 19.9 1.2 1.8 0.20 9 12
87a rock sandstone 30.7 0.7 3.8 0.31 12 9
88a rock sandstone 41.3 0.8 7.6 0.91 18 12
88b wp <2 mm sandstone 46.1 0.6 8.5 0.18 18 3
Upper Muschelkalk (mo2)
17 wp <2 mm sandstone 57.1 0.6 5.8 0.35 10 6
21 wp <2 mm dolomite 97.0 3.1 19.7 0.59 20 3
22 rock dolomite 33.6 1.2 2.2 0.73 6 34
92 wp <2 mm marl 31.7 14 11.7 0.47 37 4
166 rock dolomite 24.3 0.9 21 0.50 9 25
163b rock dolomite 13.7 0.7 1.8 0.20 13 12
90b wp <2 mm marl 80.9 2.1 7.6 0.51 9 7
Upper Muschelkalk (mo1)
84 rock dolomite 12.0 0.8 1.0 0.13 9 13
93 rock dolomite 5.0 0.6 0.5 0.08 11 18
Middle Muschelkalk (mm)
32 rock dolomite 18.4 0.8 11 0.29 6 26
Lower Muschelkalk (mu)
160 rock sandstone 33.9 0.9 1.2 0.12 4 10
161 rock marl 42.0 0.9 1.1 0.23 3 20
157a wp <2mm sandstone 49.2 0.5 2.6 0.23 5 9
158a wp <2mm sandstone 31.3 0.6 0.2 0.06 1 25
159a wp <2mm sandstone 33.4 0.5 1.2 0.18 4 15
Buntsandstein (so)
53 rock sandstone 24.3 0.5 14 0.27 6 20
98 rock sandstone 23.0 0.5 1.2 0.19 5 16
101 rock sandstone 34.2 0.3 11 0.14 3 13
102 wp <2 mm sandstone 32.7 0.4 0.8 0.14 2 18




Table A4-1 (continued): Radium activities, radon activity concentrations and emanation coefficients (E)
of rocks and weathering products.

sample e 226Ra SD 222Rn SD E SD
classification rock type

number | , [Ba/kg] [Ba/kg]|[Ba/kg] [Ba/kg] [%] [%]
Upper Emsian (E3)
42 rock schist 35.3 0.6 2.0 0.40 6 20
50 rock siltstone 31.7 0.7 2.7 0.42 9 16
66 wp <2 mm schist 44.9 0.6 5.2 0.62 12 12
56b rock schist 33.4 0.4 2.4 0.25 7 11
70a rock schist 38.1 0.6 2.7 0.18 7 7
7la rock schist 35.5 0.6 15 0.16 4 11
71b rock quartz vein <2.87 < <
Middle Emsian "Quarzit von Berlé" (E2q)
48 rock quartzite 6.9 0.4 0.6 0.11 9 21
67a rock quartzite 4.9 2.0 0.3 0.06 6 26
67b rock quartzite <3.05 0.4 0.06 >12
Middle Emsian "Bunte Schiefer von Clerf" (E2)
8 rock schist 35.7 0.6 25 0.30 7 12
68 wp > 2 mm sandstone 38.1 0.5 3.0 0.21 8 7
69 rock sandstone 33.9 21 25 0.23 7 10
55b rock schist 32.0 0.4 2.3 0.16 7 7
Lower Emsian (Elb)
13 rock sandstone 36.4 0.5 0.7 0.16 2 25
45 wp sandstone 374 0.6 3.9 0.20 11 6
72 rock siltstone 35.2 0.6 1.7 0.17 5 10
149 rock schist 33.2 0.6 0.9 0.17 3 18
Lower Emsian (Ela)
1 wp <2 mm schist 43.6 1.6 5.1 0.30 12 6
18 wp schist 335 0.8 6.4 0.25 19 5
23 rock siltstone 24.6 1.1 15 0.33 6 21
46 rock sandstone 24.4 0.6 3.1 0.42 13 14
49 rock schist 39.6 1.8 1.9 0.32 5 17
Upper Siegenian (Sg 3)
3 wp <2 mm schist 35.2 0.5 3.2 0.48 9 15
4 rock schist 22.7 0.8 1.9 0.23 8 12
11 rock schist 23.3 0.6 2.0 0.20 9 10
12 rock schist 27.4 0.9 2.6 0.18 10 7
24 wp <2 mm schist 33.6 0.6 4.7 0.23 14
26 wp <2 mm schist 28.1 0.5 4.4 0.35 16 8
27 rock schist 27.8 0.8 2.1 0.23 7 11
30 wp <2 mm schist 62.8 0.9 5.8 0.35 9 6
74 rock siltstone 17.4 0.7 1.7 0.20 10 12
78 rock siltstone 22.6 0.7 1.0 0.17 4 18
25b wp <2 mm schist 44.0 0.6 4.7 0.23 11 5
2 rock and wp schist 29.2 0.6 2.9 0.19 10 18
2c wp > 2 mm schist 36.2 0.7 1.9 0.27 5 14




Table A4-1 (continued): Radium activities, radon activity concentrations and emanation coefficients (E)
of rocks and weathering products.

sample e 226Ra SD 222Rn SD E SD
classification rock type

number | , [Ba’kg]l [Ba’kg]|[Ba’kg] [Ba/kg] [%] [%]
Middle Siegenian (Sg 2)
38 rock siltstone 26.5 11 12 0.15 5 12
44 rock schist 36.5 0.7 2.6 0.39 7 15
156 rock schist 25.1 0.7 14 0.12 5 9
154a wp <2 mm schist 51.8 0.6 9.0 0.63 17 7
155a wp <2 mm schist 139.5 0.7 17.5 0.70 13 4
77a wp <2 mm siltstone 18.2 0.6 2.6 0.21 14 9

Lower Siegenian (Sg 1)

41 rock schist 27.0 0.7 2.2 0.42 8 20

Gedinnian (Ged)

124 rock sandstone 64.6 0.5 14 0.16 2 11
126 rock quartz vein 9.1 0.9 1.3 0.15 15 12
131 rock schist 76.5 0.7 2.1 0.29 3 14
134 wp <2 mm sandstone 339.3 0.7 58.2 1.89 17 3
135 rock sandstone 34.8 0.8 15 0.18 4 12
137 rock sandstone 48.1 5.0 15 0.07 3 6
128a rock sandstone 113.8 0.3 34 0.21 3 6
128b wp <2 mm sandstone 511.5 0.8 16.6 0.33 3 2
132a rock siltstone 53.1 0.9 4.1 0.25 8 6
133a rock quartzite 12.3 0.7 0.3 0.05 3 19
136a rock sandstone 58.9 1.2 1.3 0.14 2 11
136b wp <2 mm sandstone 769.0 0.7 127.7 11.05 17 9



Table A4-2: Emanation coefficients (E) of rocks.

2%Ra [Bg/kg] E [%]
rocks

median range median range
dom3 12.8 75-136 9 8-11
. |dou 16.9 15.9-17.9 11 9-12
@ (Im3b 21.3 9.0-39.7 5-10
€ lim3a 25.2 13.7-30.3 6-7
o | 7 uis 29.8 13.7-53.1 4-8
8 Li2 14.9 2.2-120.7 11 5-16

2 kol 18.1 - 6 —
= km3 410  18.2-319.8 7 6-8
§ km2s 325 19.9-41.3 12 9-18
-‘E" mo 18.7 5.0-39.5 9 6-13
mm/mu 31.2 18.4-42.0 4 3-6
so 24.3 14.0-34.2 5 3-6
E3 35.4 25.3-43.3 7 4-9
E2q 5.6 49-6.9 7 6-9

o | [|E2 33.9 32.0-35.7 7 7
g g Elb 35.2 33.2-36.4 3 2-5
2 | = |Ela 32.1 24.4-48.1 6 5-13
o |0 |sg3 27.4 3.9-459 9 4-10
Sg1/Sg2 25.1 14.1-44.2 6 5-8
Ged 48.2 9.1-113.8 3 2-15

Table A4-3: Emanation coefficients (E) of weathering products.

weathering **Ra [Bq/kg] E [%]
products median range median range
dom3 21.4 — 16 —
, |dou 17.9 6.6-29.1 7 5-13
2 |Im3b 27.1 24.1-30.2 9 —
S lim 3a 32.9 28.7-37.0 6 4-7
o | 7 uis 415 11.8-4438 3 —
5 Li2 13.8 4.9-42.9 6 4-8
2 kol NA NA
= km3 677  24.4-264.0 7 4-7
§ km2s 46.1 — 18 —
-‘E" mo 33.7 8.9-97.0 15 9-37
mm/mu 326 31.3-49.2 4 1-5
s0 31.9 31.2-32.7 2 -
E3 449  40.6-101.2 12 —
E2q NA NA
o |e [E2 54.0 38.1-70.0 8 —
g g Elb 37.4 — 11 —
% |2 |Ela 38.6 33.5-43.6 15 12-19
o |2 |sg3 34.4 28.1-62.8 10 5-16
Sg1/Sg2 420  18.2-139.5 14 13-17
Ged 4254  26.4-1249.0 17 3-17



Table A4-4: Radon activity concentrations (referring to the released radon in sample pore gas,
related to the weight of the emanating material under equilibrium conditions) of rocks and
weathering products.

222Rn [Bg/kg*]
rocks weathering products
median range median range
dom3 1.2 11-1.4 3.4 —

. |dou 1.8 15-2.2 0.9 0.5-1.8

@ (Im3b 1.8 0.9-2.2 2.1 —

€ lim3a 17 15-2.0 1.9 13-25

o | " s 2.9 05-3.1 13 —

8 li2 06 03-1.2 06 0.4-0.8
2 ko 1.1 — NA

= km3 4.1 2.0-6.1 2.8 1.7-3.1

é km2s 3.8 1.8-7.6 8.5 —

-‘é mo 1.8 05-2.2 9.6 5.8-19.7
mu/mm 11 11-1.2 12 0.2-2.6
so 1.2 1.1-14 0.8 —
Ems3 2.4 15-27 5.2 —
Ems2q 0.4 0.3-0.6 NA

o | < |[Ems2 2.5 2.3-25 3.0 —

g g Ems1b 0.9 07-17 3.9 —

2 | 3 [Emsla 1.9 15-3.1 5.7 51-6.4

& | O lsg3 2.0 1.0-2.9 45 19-58
Sg1/Sg2 18 1.2-2.6 9.0 2.6-17.5
Ged 15 0.3-4.1 58.2 16.6 - 127.7




Table A5: Analytical results for two samples, which were extracted in 3 parallel sessions and
measured at least 9 times for each fraction. Results are given with standard deviation (SD) and
coefficient of variation (RSD)

mobile exchangeable echangeable Mn oxides (Ill) Organic amorphous crystalline
136a fraction (I) fraction (Il) matter (IV) Fe oxides (V) Fe oxides (VI)
Mean SD RSD| Mean sSD RSD| Mean SD RSD Mean SD RSD| Mean SD RSD| Mean SD RSD
[mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mglkg]
Zn 0.3 0.1 0.23 1.6 0.5 0.31 1.1 0.3 0.31 0.4 01 0.13 8.5 0.7 0.08 30.3 6.7 0.22
Al 8 2 0.19 91 16 0.18 44 6 0.14 147 49 0.33 1056 54 0.05 2236 357 0.16
Ba 7.3 0.1 0.01 1.6 0.2 0.14 2.2 0.1 0.06 0.3 0.1 0.22 3.2 0.6 0.20 2.7 0.5 0.17
Mg 65 5 0.08 40 6 0.14 19 3 0.14 20 2 01 226 24 011 448 39 0.09
Mn 33.3 1.4 0.04 19.6 2.8 0.15 28.3 24 0.08 8.3 1.2 0.14 32.8 1.8 0.06 51.8 12.5 0.24
Fe 4 1 0.28 47 10 0.21 58 8 0.13 145 11 0.08 2535 191 0.08 7808 1389 0.18
Pb 0.0 0.0 0.10 3.2 0.4 0.14 24 0.2 0.08 1.0 0.2 0.22 3.1 0.2 0.06 7.5 0.3 0.04
As 0.1 0.0 0.13 0.2 0.0 0.13 0.1 0.0 0.13 0.3 0.0 0.14 5.9 0.4 0.06 17.7 4.3 0.25
Ti 0.3 01 0.31 <0.1 0.4 0.1 0.24 0.5 01 0.27 4.7 0.3 0.06 5.0 0.8 0.17
Ni 0.8 0.0 0.04 0.8 0.1 0.14 0.4 0.1 0.19 0.5 0.1 0.20 5.6 0.3 0.06 171 3.1 0.18
\ <01 0.0 0.22 0.1 0.0 0.11 0.3 0.0 0.11 0.1 0.0 0.09 1.8 0.1 0.05 4.4 0.8 0.18
Cu 0.6 0.2 0.38 1.0 0.0 0.01 0.7 0.0 0.08 0.7 0.2 0.27 4.9 0.5 0.10 16.1 1.6 0.10
Rb 1.2 0.0 0.01 0.2 0.0 0.14 0.3 0.0 0.04 0.0 0.0 0.17 0.4 0.1 0.18 0.5 0.1 0.28
Sr 3.4 0.2 0.05 0.9 0.2 0.17 1.3 0.0 0.03 0.5 0.1 0.12 1.3 0.1 0.08 11 0.2 0.16
Y 0.2 0.0 0.09 0.5 0.1 0.14 0.3 0.0 0.02 0.1 0.0 0.10 0.7 0.1 0.10 1.3 0.2 0.19
Zr <01 0.0 0.20 0.1 0.0 0.13 0.2 0.0 0.14 0.5 0.0 0.06 <01 NA
Cs 0.4 0.0 0.01 0.0 0.0 0.13 0.1 0.0 0.03 NA 0.0 0.0 0.26 0.1 0.0 0.32
La 0.16 0.01 0.05 0.16 0.04 0.24 0.10 0.00 0.04 0.03 0.00 0.08 0.45 0.01 0.03 0.69 0.10 0.15
Ce 0.21 0.01 0.05 0.36 0.05 0.14 0.23 0.00 0.02 0.08 0.01 0.11 1.34 0.04 0.03 1.54 0.20 0.13
Dy 0.02 0.00 0.10 0.12 0.02 0.14 0.05 0.00 0.03 0.02 0.00 0.16 0.18 0.01 0.07 0.31 0.05 0.17
Er 0.01 0.00 0.08 0.06 0.01 0.12 0.03 0.00 0.03 0.01 0.00 0.10 0.09 0.01 0.09 0.16 0.03 0.18
Yb 0.01 0.00 0.14 0.05 0.01 0.12 0.02 0.00 0.02 0.01 0.00 0.23 0.08 0.01 0.09 0.15 0.02 0.17
Hf <01 0.03 0.01 0.19 0.02 0.00 0.11 <01 <01 0.32 0.04 0.12
Th <0.01 0.09 0.02 0.18 0.04 0.00 0.09 0.16 0.04 0.27 1.49 0.09 0.06 1.73 0.33 0.19,
U 0.01 0.00 0.27] 0.21 0.04 0.17 0.10 0.00 0.03 0.02 0.00 0.15 0.41 0.05 0.12 0.73 0.04 0.05
mobile exchangeable echangeable Mn oxides (lll) Organic amorphous crystalline
136b fraction (I) fraction (ll) matter (IV) Fe oxides (V) Fe oxides (VI)
Mean sb RSD| Mean SD RSD| Mean SD RSD Mean SD RSD| Mean sb RSD| Mean sb RSD
[ppm] __ [ppm] [ppm] __ [ppm] [ppm] _ [ppm] [ppm] __ [ppm] [ppm] __ [ppm] [ppm] __ [ppm]
Zn 5.5 0.2 0.04] 0.6 0.1 0.22 35.8 1.6 0.04] 21.4 1.4 0.07 49.2 1.4 0.03 61.8 5.1 0.08
Al 52 2 0.04 27 4 0.16 52 7 0.14] 795 106 0.13 4940 88 0.02 6332 393 0.06
Ba 46.4 1.1 0.02 4.7 0.3 0.06 69.8 2.8 0.04] 0.7 0.1 0.09] 1.7 0.4 0.23 3.0 0.7 0.22
Mg NA 56 2 0.04 86 4 0.05 25 2 0.09 94 11 0.12] 67 10 0.15
Mn 129 2 0.01 15.8 0.3 0.02 3619 38 0.01 200 8 0.04 1280 36 0.03 208 9 0.04
Fe 7 2 0.22 24 4 0.18 189 25 0.14] 870 42 0.05 12882 369 0.03] 44012 2921 0.07
Pb 0.5 0.0 0.08 1.4 0.2 0.12 219 3 0.01 151 5 0.03 60.5 1.9 0.03 54.1 7.2 013
As 0.1 0.0 0.13 0.1 0.0 0.08 0.2 0.0 0.17 1.2 0.1 0.07| 81 2 0.03 153 3 0.02
Ti 1.2 0.1 0.07| 1.0 0.1 0.15 1.4 0.0 0.03 6.3 0.3 0.04 NA 212.9 1.8 0.01
Ni 3.5 0.1 0.02 <01 34.9 0.4 0.01 10.0 0.5 0.04 111 3 0.03 42.9 1.9 0.05
\4 <01 <01 2.5 0.3 0.11996 1.4 0.1 0.089] 12.3 0.3 0.024] 35.7 0.8 0.023
Cu 0.6 0.1 0.13 1.0 0.1 0.13 18.8 0.1 0.01 24.0 0.7 0.03] 37.5 1.0 0.03 0.8 0.0 0.06
Rb 5.1 0.1 0.01 0.5 0.0 0.02 1.0 0.0 0.04] 0.0 0.0 0.15 0.5 0.1 0.27 0.6 0.0 0.05
Sr 7.9 0.1 0.01 1.2 0.1 0.06 1.6 0.2 0.11 0.8 0.1 0.07| 0.8 0.1 0.09 0.7 0.1 0.11
Y 6.4 0.1 0.02] 1.4 0.0 0.03 3.5 0.3 0.10 2.5 0.1 0.06] 6.2 0.1 0.02] 3.5 0.1 0.03
Zr 0.2 0.0 0.28 NA 0.2 0.0 0.21 NA <01 213 0.4 0.02
Cs 4.7 0.1 0.02] 0.9 0.0 0.03 0.8 0.0 0.05 0.0 0.0 0.24 0.2 0.1 0.33 0.2 0.0 0.15
La 2.03 0.03 0.01 0.22 0.01 0.03, 0.90 0.10 0.11 0.47 0.04 0.09, 1.12 0.09 0.08 0.72 0.22 0.31
Ce 4.89 0.08 0.02 0.67 0.03 0.04 9.99 0.14 0.01 7.73 0.42 0.05 34.09 0.64 0.02] 14.65 2.63 0.18
Dy 0.74 0.02 0.03 0.29 0.01 0.03, 0.83 0.07 0.09 0.60 0.03 0.06, 1.67 0.03 0.02 0.95 0.07 0.07
Er 0.39 0.01 0.03] 0.13 0.00 0.03 0.39 0.03 0.08 0.36 0.01 0.04 0.87 0.02 0.02 0.54 0.03 0.05
Yb 0.24 0.01 0.03 0.08 0.00 0.03, 0.28 0.02 0.06 0.40 0.01 0.03, 0.84 0.02 0.02 0.54 0.02 0.04
Hf <01 NA 0.06 0.01 0.12 <01 <01 0.61 0.08 0.13,
Th <0.01 0.01 0.32 0.02 0.00 0.18 0.16 0.02 0.10 1.40 0.19 0.13 NA 5.20 0.42 0.08
U 0.02 0.00 0.06] 4.87 0.05 0.01 5.67 0.95 0.17 1.22 0.15 0.12] 11.04 0.20 0.02 8.21 0.46 0.06
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>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice




