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1. Introduction and objectives

In average, the population receive a total effective dose of 2.4 tifserg natural sources,
terrestrial radioactivity is the responsible of approximately §2.22 mSv ) (UNSCEAR,

2008) Gamma radiation is the principal sourck natural externalkradiation, which
contributes with 0.48 mSy™ to the total effective dose. Internal exposure occurs by
inhalation or ingestion of radionucliqd@ NSCEAR, 2008) Radon is the main source of
internal exposure to natural ionizing radiation (1.15 m&vand represestthe second cause

of lung cancer after smokif@/ NSCEAR, 2000)

Due to the risk that the internal and external exposure to the natural radioactivity represents
for human health, national and supranational institutions have established normative to
minimize the riskin the European Uniothe European Commission propd#n thenewest
Euratom Basic Safety Standards (B&8houncedn December 2018Council Directive
2013/59/Euratom 203}3o0 establish reference level for indoor radon concentration and to
develop national radon action plan aiming to minimize radon risk expo$teseinclude

to assess relevant paramefersindoor radorsuch as permeability?’Ra concentration and
provide scientifically based maps of potential natural radioactivity hazar this
framework, the Hungarian Government establistiesl highest Vilae determined by the
Directive, 300 Bq m?for indoor radon concentrations in workplacpablic buildingsand
dwellings througlGovt. Decree 487/201%ffective as ofanuary 2016. Complementing the
national efforts to identify and document the radoonprareas, the Joint Reseatintre

(JRC) leads and permanently develops the European Atlas of Natural Radiation project since
2006 (Bossew et al., 2015, 2013; Cinelli et al., 2018; De Cort et al., 2014t project
includes the European maps of annual cogmyodose, indoor radon, uranium, thorium and
potassium concentration in soil and in bedrock, terrestrial gamma dose rate, soil permeability,
and geogenic radon. Digital version of the atlas isadiyeavailablgCinelli et al., 2018)

This research aims to asses important information for the use/formulation of predictive
models and for construction of maps regarding to the sourcestwfal radioactivity with

final goal to identify areas where natural radiation is elevated by the understanding its

relationship with local geology and properties of the soil and rocks. In this framework, this



project focusesn the detailed study ofrt@strial natural radioactivity through the evaluation

of the most important sources of external and internal expoambientgamma dose
equivalent rate and soil gas radon activity concentration respectividlis research is
conducted in a granitic age considering that elevated radiation levels generally are
associated with this type of acidic igneous ro@sISCEAR, 20003ue to its formational
process.

The characterization of the study area in terms of ambient gamma dose equivalent rate, as
the main contbutor of external exposure, started with an extensive field campaign in the
largest granitic outcrop in Hungary located in the western side of the Velence Hills. A
detailed spatial analysis of the measured ambient gamma dose equivalent rate wasgperforme
Digital spatial analysis methods were applied to the measured data in order to identify spatial
pattern such as anomalies, heterogeneities and linear features. The identified features were
then related to the underlyirggological formationgnd geolgical structures such as faults

and dikes by means of GIS spatial analysis techniques and statistical correlation.analysis
This research contributes with the application glie novel technique in this fieJdvhich
werealreadyapplied successfullynia different area for soil gas radon concentration and for
ambient gamma dose equivalent rdet with lower resolution (Szabo et al., 2014, 2017)
Also, this study contributethe identification the influence of geological features in the
ambientgamma dose equivalent ra{@eltran Torres et al., 2018)

The main contributor of internal exposure from geogenic sources is radocommonly
usedevaluation of radon ibased orthe determination of its potential risk to the human
health One definition to quantifyhis geogenicadon hazards radonpotential (RP) also

used as geogenic radon potential (GRPyhe mathematical expression used for the
guantification of RP ishe proposed byNeznal et al. (2004which involves soil gas radon
concentration and soil gas permeability. The RP is currently assessed byfididect
measurementsf these parametersHowever, to generate this informationa national o

regional scale involves long term campaigns and economical resources. Consequently, there
are still vast areas lacking this assessmbenHungary, although areas with elevated natural
radioactivity are well studied, there is no largelsanapping with the exception of the first
geogenic radon potential mapping, carried ouSbgbo et al. (2014 Pest County. Thus,

the approach of this research contemplates the evaluation of the usability of the theoretical

2



and empirical models to predict soil gas radon comaganh and soil gas permeability. An
important criterion for the selection of this models is the use of soil properties that can be
found in national and international databases to ensure its applicability. Two theoretical
models to predict soil gas radaconcentration and one empirical model for soil gas
permeability are evaluated by comparison with the field measured corresponding parameters.
The soil properties that are involved in the after mentioned models were determined as well
as the propertiedhat influences directly or indirectly the soil gas radon concentration and
soil gas permeability. The effect of the influencing soil parameters in soil gas radon
concentration as soil gas permeability is evaluated to determine the controlling fadters of t
spatial distribution of radon geogenic sources. Finally, the predictive power of the models

corrected by the modification of the evaluated models.



2. Natural r adioactivity

2.1.Types ofnuclear radiation

Nuclear adiation is the energy emitted by atom with an unstable nucle (radioactive
parent)when it decays to a more stable s{@éelioactive progenyeading to a nevatomic
configuration. Whethe emitted energy lighenough to ioize the adjacent atoms is known
asionizing radiationand ca take either théorm of particles or wave@lin-Stoyle, 1991)
There are threemain types ofnuclearradiation (1) alpha acay,(2) beta decay an¢3)

gamma rays.

2.1.1. Alphadecay

In this type ofnuclearadiation an alpha particle(( Ais emittedduring the decayproducing
aradioactive progenthatpossesses higher binding energy tharrdéldeactive parentThis
extra energycan bereleasedas kinetic energy(recoil energy) causinghe recoil of the
radioactive progenyBlin-Stoyle, 1991) For examplethe alpha decapf ??°Rato ??’Rn

( 'YQ© YE "'OQis accompanied with 4781 MeV (seeFigure 2) alpha energy
releasgBourdon et al., 2003)

Subsequently tdhe decayof parentradium isotopes(*’®Ra, ??4Ra), the progeniesadon
(**2Rn) and thoron 2£°Rn) isotopesare emittedkinetic energie of 86 and 12XeV,
respectivelyand they are moving from the point of generation until the energyighat
transferred to the materiflPorstendorfer, 1994) The distanceravelledis approximately
from 4x10%e m u x10teom 6i n gr anul x0@'cs mat er it hé (Garducho §pher e
et al., 2014)

2.1.2. Betadecay

There are three mechanisms by which beta decay can occur, dependingetimeran

electron or positron ismitted,or an electron is capturdxy the nucle(Blin-Stoyle, 1991)



f Beta minus(f ) when a neutron turns in@proton anelectron A ) and an electron
antineutrinoQ )eg.: YO 0w A O (Blin-Stoyle, 1991)

1 Beta plus(f ) when a proton turns into neutroapositron and anelectronneutrino
(Blin-Stoyle, 1991)e.g.. "YQ°© 0o A O .

1 Electron capturewhen aproton plus an electron forms a neutron plus eactron
neutrno,e.g:. 0 A O 6 & O (Schaefer, 2016)

2.1.3. Gamma decay

Gamma decagenerallyoccurs whenmexitednucleilose energy in the transitiao a lowner
energy level emitting radiation irofm of a gammaphoton, which is electrically neutral
(Lilley, 2001). This process undergoes along with alpha and beta dggayma decay
lifetime is very short, typically less that 48 (Lilley, 2001)

2.2.Sources of natural radioactivity

There are two types of natural ionizing radiatioosmic radiation that inctles cosmicays
(directly ionizing cosmic radiation, photon and neutrandl cosmogenic radionuclides and
terrestrial radiatio@oming from terrestrial radionuclide®¥K, 8’'Rb,23%U series?*?Th series)
(UNSCEAR, 2008) Terrestrial radiations classified from the radiation exposure point of
view as follows external terrestrial exposure that corresponds to gamma radiation, and
internal exposure that can be by inhalateord ingestion. Therincipal contributos for
internal exposure by inhalati@re??’Rn and thororf?°Rn and in minor proportion uranium

and thorium seriegmainly radon progenies in air Whereas, the internal exposure by
ingestion mainlycorresponds t8°K and in minor prportion to uranium, thorium, radium

and lead in watefuranium and thorium seriefjigurel) (UNSCEAR, 2008)



Average contribution of natural radiation sources to human effective dose

) = Cosmic radiation 0.39 nSv y-'
TOtG/'WOf'/dWIde . directly ionizing and photo component 0.28 nSv y?!
annual effective dose 2.4 mSv y- neutron coponent 0.10nSv y-1

cosogenic radionuclides 0.01nSv y1

1 External terrestrial radiation 0.48 nSv y-'
outdoors 0.07 nSvy-!
indoors 0.41nSv y1

12%

Inhalation 1.26 nSv y-'
uranium and thorium series 0.006 nSv y?!
] radon (222Rn) 1.15nSv y!
52% N 4 thoron (22°Rn) 0.10 nSv y!

Ingestion 0.29 nSv y-'
uranium and thorium series 0.12 nSv y!
40K 0.17 nSv y1

Figurel. Average contribution afiatural radiatiorsources téhe worldwide annual effective

dose.
SourcelUNSCEAR, 2008

2.3.  Main terrestrial natural radionuclides

Before detailing the properties of the terrestrial radionuclides, it is important to define general
concepts that will bappliedalong this documensuch as activity, activity concentration,
radioactive equilibrium and secular equilibrium.

The decay ratef a radioactive isotope is expressed byabevity and its unit is Becquerel
(Bg) that is equal to 1sand theactivity concentrationrepresents the number of
disintegrations per second and per unit of volume (Bj(@othern and Smith, 1987When

the activity of theprogenyis equal to thene corresponding to itparentthe radioactive
equilibrium is established. However, considering particularly the nature of radon, it is
unlikely to reach complete equilibriumThe secular equilibriumis that situation when a
radioactive parenhas significantly larger halflife comparedto its progeny Thus the
quantity of aradioactiveisotoperemains constant because its production rate (e.g., due to

decay of a parent isotope) is equal to its decay(@dthernand Smith, 1987)


https://en.wikipedia.org/wiki/Radioactive
https://en.wikipedia.org/wiki/Isotope

The nost importantnatural radionuclides from the point of view of natural ionization
exposuresre (Figure 2): 22Rn, 22°Rn, 228U and?%?Th and decay chain isotopes, #fd a

nonforming chain radioactive isotog&rror! Reference source not found).

0 B 4 0
ol 234 o
4.196 Pa 4.776
MeV 1% 6.69h y MeV
241d 0
4.688 5.423
Y MeV MeV
o
4.784 5.686
MeV y MeV
Rn 2Rn
3.823d 5568
o o
5.490 6.288
y MeV y Mev
218P° 214Po 210Po 216Po 212P°
3.04 min B[1ex10%s B |, 13844 0.15s B| 3x107
o . o . o
6.003 214gj 6.779 212gj 8.78¢
MeV ¢ 19.7 min MeVy{ B| 1oth MeV
p
2 80
214Pb OGPb 212Pb 6.05(11 0 .
26.9 min stable 106h MeVy able
p
i
3.05 min

Figure2. Natural decay seriesf 222U and?3?Th. Half-life type of decay andlphaenerdges

areshown. Grayscale reflects halife, with darker geys for longer haHives.
SourceBourdon et al., 2003

General geochemistry of the relevant natural terrestrial radionuéladaeghe point of view

of human exposuras summarized in th&able 1Table 1 and the specific geochemical

behaviorof their corresponding elemenssdetailed below.



Tablel. General geochemistry 61U, 222Th, #?Ra and*K

Activity
: concentration
. Isotopic I ) :
Rad.'o' Half-life abundance Oxidation | in Hungarlan Main minerals
nuclide (%) states soils
0 (UNSCEAR,
2000)
Major minerals: uraninite (UQ), coffinite (USICy),
brannerite ((UCa,Ce)(Ti, FepOs) and carnotite
23 4.47 billon 0 4+* | 6+* 1 | (K2(UO2)2(VOa)2 3H0).
U years 99.27% 3+x* Gr* 29 Ba kg Accessory minerals (resistats): Zircon (Zr(SiQy)), apatite
(Cas(PQw)3(F, Cl, OH)), monazite ((Cd,a)PQi), xenotime
(Y(PQy)), allanite {CaCe}l{AI2Fe2+}(Si20)(Si0s)O(OH).
23 14 billon 0 , oLk 1 | thorianite (ThQ), thorite (ThSiQ), monazite ((Cel.a, Nd,
Th years 100 %, | 4+*, 3+ 28 Bq kg Th)(PO4.SiQ))
22Ra | 1600 years| Trace 2+ 33 Bq kgt radiobarite (RaS®), uranium and thorium minerals
40K 1'2;2':20“ 0.0117 % 1+ 370 Bq kg clay minerals (illite group), micas andfildspar
22Rn | 3.823 days - - - radiumminerals
22Rn 55.6 s - - - radium minerals

* stable in natural settings, ** rare and unstal8eurce:Bourdon et al., 2003; UNSCEAR, 2000)




2.3.1. Geochemicalbehavior of potassium

Potassium is a major constituent element in the eantt.cFhe cations of potassiunK()

are very soluble and its mobility depends on the incorporation into the lattice of clay minerals
(illite group), its absorption capacity is much higher than that corresponding {@&léon

and Karathanasis, 2002Jhe natural isotopes of potassium are-remfioactive except’k.

The 89.1 % of%K decays td°Ca via beta decay and the remaining 10.9r86lpce*°Ar via
electron capturéSchaefer, 2016)

2.3.2. Geochemicalbehavior of uranium

Uranium, a lithophile and incompatible element, belongs to the actinidines group and share
similar chemicabehaviorwith them, especially due to the similar electronic configuration

of the outer shell (orbitals 7s, 6d and 5f). In reducing conditidhdasms an insoluble and
considered immobile compound known as uraninite JUGuch a uranium reduction can

be caused by biological activi(ourdon et al., 2003)r by high phosphate concentration at
acidic pH valug< 5). Whereas, in oxidizing conditions®tforms uranyl ion (U®?*, which

tends to form compounds that are soluble in water, allowing the mobility of uraritim

means that uranium is often mobile in oxidizing conditions and separates from thorium,
which exists only in the tetravalent state and whose compounds are generally insoluble in
water (Faure and Mensing, 2005)At acidic conditions (pH < 7) it is adsorbed into*Fe
oxides andhydroxides (e.g. hematite, goethite) and clay minerals specially montmorillonite
because of lamellar structure. Alswanylforms complexes with organic material. In the
range of pH 48 forms complexes with phosphates. At alkaline conditions (pH > 7) forms
complexes with carbonates such as uranyl carbofigdardon et al., 2003)The most
abundant isotope of uranium38U (Tablel), which isthe parent nuclideRigure?2) of the

so-calleduranium series

2.3.3. Geochemicalbehavior of thorium

Thorium is a lithophile incompatible element. Thoriumyoexiss as TH* in the nature

forming thorianite (Th@, which is generally insoluble in water. However*Tis soluble
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when it is hydrolyzed, allowing its mobility in a wide range of pH. At pH between 5 and 8,
Th* hydrated ion has the maximum al®@sn into organic matter, clay minerals,3f~e
oxides, hydrous Mioxides and Z; V-, Ti-hydroxides. The mobility of Th in soil can
increase by @anic acids and limited or stopped by adsorption on clay minerals and organic
matter. At pH < 3, Th**is soluble in sifate compound@ourdon et al., 2003)The parent
radionuclide of théhoriumseriegFigure2) in 232Th which is thenost abundant isotope of
thorium(Tablel). It has a longer halffe and it is more abundant th&U (Tablel).

2.3.4. Geochemicalbehavior of radium

Radium belongs to the alkaline earth metals group with Sr, Mg, Ca and Ba. In nature, alkaline
earth metalsglo not exist in their elemental state only in compounds as 2+ ions, due to its
reactivity. Radium has simildrehaviorto barium beause the similarity of their ionic radius

(i =1.52x10fcm,i =1.52 x10°cm)(IAEA, 2014), thus, barium is commonly used for
predicting thébehaviorof radium. Radium can be found in soil asneral such as radiobarite
(RaSQ) and precipitated on the surface of soil particl&se proportion of these forms is
highly dependent on the rock material, weather conditions and permeability of the soil.
During the weathering proce$&adium is remowed from the primary mineral and adsorbed

into the soil particles. Since the specific surface area increases with decreasing particle size,
the relativeenrichmenof radiumalso increases with the reduction in particle §aure and
Mensing, 2005) Theadsorption of radium is function of pH, and the range of pH when the
radium adsorption starts depends on the point of zero charge (PZC) of the mineral when the
electrical charge is zero above this the mineral surface has a negative net charge and strongly
adsorbs catiofEPA, 2004). Radium as cation, competes for adsorption sites in soil systems
with other alkaline earth cations. ineralt pH
oxides. Nathwani and Phillips (19&) studied the absorption of radium in soil and
determined that organic material and clay has strong affinity for radiaimyrbecause of

their cation exchange capacity, and they observed that organic material absorbs ten times
more radium as clagNathwani and Phillips, 19&). Radium is one of the most strongly
adsorbed on clay minas by ion exchange, in comparison to other alkaline earth elements,

in the following order of preferencR®a?*> Ba?* > SP* > Ca&™> Mg?* (Sposito, 2008) In a
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second studyNathwani and Phillips (1979bund that at high concentration of calcium
anions, the adsorption in soil is more determinedhagimum adsorption capacity than the
affinity for radium (Nathwani and Phillips, 1979b)Under the opposite conditionkigh

calcium concentrations in soil and low organic material and clay increases radium mobility
(Thorne and Mitchell, 2011) According to studyof Greeman and Rosd.496) it was
demonstrated that the organic component makes the largest single contribution for soil gas
radon emanation in soil gas, and determination of the radon emanation coefficient of minerals
coated by organic materi¢d.46) is higher than thdays (0.22). Radium £?*Ra anc??’Ra)

decays to radorfRn and??Rn, respectively) emitting an alpha parti(fégure?2).

2.3.5. Geochemicalbehavior of radon

Radon is a colorless, odorless, tasteless noble gas. At standard temperature and pressure,
radon forms a monatomic gas with a density of 9.73 Rgahout 8 times the density of the

earth atmosphere at sea level, 1.R4§7m3. Radon is one of the densest gases at room
temperature and is the denseseof the noble gases. It is inert to most common chemical
reactions, such as combustion, because the outer valence shell contains eight electrons. This
produces a stable, minum energy configuratigrin which the outer electrons are tightly
bound. It is sparingly soluble in water, but more soluble than lighter noble daseshe
radioactive progeny of radiuntherefore, it is highly influenced by the environmental
conditions in which radium igreating Although radon is intrinsically nereactive, it is
generally produced as individual isolated atoms rather than bulk gas. These atoms can be
trapped by the environmental matiixwhich they arise. This trapping proceas be highly

efficient if the atoms are produced deep within the rock matrix. The recoil energy originated

in radium, decay process can either help radon to be liberated or embed deeper into the grain
(Faure and Mensing, 2005From the health risk assessment pofntiew, the most relevant
radioactive isotopes of radon &@Rn commonly calledadon and ??Rn calledthoron

(Figurel) which are the main contributors to the internal exposure of natural radiBtien

general characteristics are summatireTablel. For???Rn, the typical recoil distance range

are between values of 00207t | in minerals, 0.1 in water and 631 in air; the range

of 2°Rn in airis 83 | (Tanner, 1980)
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2.3.6. Geochemicalbehavior of short-lived progenies ofradon

According toFigure2, shortlived progeniegor 222Rn are:?'%Po,?14Pb,2Bi, and?*Poand
for 22°Rn are?%Po,?1%Pb,?1Bi, 2°8T| and?'?Pa. If they are produced in solid bguid phase,
they cannot migrate far and are consgdin secular equilibrium with the parent radionuclide
(Faure and Mensing, 2005)

2.4.Granitic soil and rock as a geogenic source of natural radioactivity

The geogenic sources of raddB2in granite can be explained at different scales. Firstly at
macroscopic level, the elevated of uranium concentration in igneous acidic rock as granite
(4.7 ppm in average), is explained by its low melting point (conapaitd basalt) that during

the heang (hydrothermal, magmatic process), it is part of the volatile phase where uranium
is enriched Cothern and Smith, 19875econdly at mesoscopic scale, the redistribution of
uranium due to its geochemichehaviorlinked to the soil and rock characteristics and
process such as weathering and alteration, influences directly the distribution of radium and
consequently the radon emanat{@ourdon et al., 2003; Cothern and Smith, 1987)

Finally, at microscopic scale, besides the radium distribution in the grain directly related with
radon emanation, the nature of the mineral plays and important role. It is estimated that up
to one third of the radon can be directed released to the pore space from interstitial oxides.
However, about 30 to 7% of the uranium in granites is locked upnmnerals such as
monazite and zircon that are resistant to the weathering process cafisaitee Uranium

bearing minerals such as uraninite, apatite and monazite have emanation coefficients in the
range of 0.005 to 0.25. Whereas, zircons crystalsdvaemanation coefficients in the range

of 1x10° to 1x10° (Cothern and Smith, 1987)in weathered soil and rocks, uranium and
thorium released from the disintegration of other minerals and are adsotbetie surface

of clay particles. Uranium rand radium solution can coprecipitate with iron oxidasd

being deposited in fractures and pore spdCesthern and Smith, 1987) This surface
sorption ha®een proved b{Barretto, 1973)hrough a study in two type of soil derived from
weathering of granites, that the concatibns of uranium series isotopé&(, 3Th, ?Ra
and?!%Pb) increases as the grain sized decreases below O(Cathern and Smith, 1987)

However, it must be considered the influence of pH in the redistribution.
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3. Ambient gamma dose equivalent rate

The most common field measured quantity of natural background radiationamthent

dose equivalent rate, H*(10), in units of miliSievert per hour (m39whhich is a measurable
equivalent of the above mentioned effective dose, quantifying the risk to human health
associated with the radiation expos{itgRU-51, 1993) The measured ambieggmmadose
equivalentrate, H*(10) consists of several artificial and natural components, e.g. artificial:
13Cs, natural: teestrial 222Rn, cosmic *C , however there areproposedalgorithm
decomposition methods distinguish the natural terrestrial comporn@ussew et al., 2017)
Terrestrial gamma dose rate ca@applied to predicthe radon flux or geogenic radon
potential(Bossew et al., 2015; Cinelli et al., 2015; Manohar et al., 2013; Szegvary et al.,
2007) Quindés et al. (2008gsted thepplicabilityof gamma dose rate for predictimaoor

radon levels in a granitic regian Spain They concludedhat gammadose rate is a
gualitative indicatorof high indoor radon level rather than a good quantitative predictor.
External gamma dose rate has been proved to discriminat@donprone municipalities

by GarciaTalavera et al. (2013)ased orthe evaluation ofl4 different lithographic units

Basic spatial analysis methods (i.e. ordinary amgersal kriging) are frequently applied for
natural radioactivity data (for instance, gamradiation) which is commonly related to the
geological background using statistical meth@@arciaTalavera et al., 2013; Hiemstra et

al ., 20009; Manohar et al ., 201 3; Raml i et
2015) Advanced spatial analysis (i.e. digital image processing) revealed spatial relptionshi
between soil gas radon activity concentration, geogenic radon potential and ambient dose
rate, and geological and geomorphological feat(Besgoni et al., 2011; Branie@alles et

al., 2015; Pasztor et al., 2016; Szabd et al., 2017, 20}these studies, main spatial
features, identified in the soil gas radon activity concentration, geogenic radotighaieth
ambient dose rate are influenced by the underlying geological structures and surface sediment

distribution defined by morphological conditions in the study.area
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4. Radon availability and migration in soil

It is important to clarify that radon, asanreactive noble gasloes not represent a hazard
for human healtldirectly. However, itsdangemelies on the fact that can migrate through

the soiland reach the ambient amaking possible the contaaf his progenieswith the

human tissueby inhalation(Nazaroff, 1992)

For better understandirthe factors thatan eithedirectly or indirectly influence the soll

gas radon concentration, it is important to define the processes involved in the availability
and migratio of radon in soil, aschematized ifrigure3. Nazaroff (1992have classified

them in two clusters: radon availability and radon migration. The first one complies the
influencing factors of soil gas radon concentration in steady state conditions, whereas the
second one encompasses the factors influencing the movvefmadon towards the ambient

air (Nazaroff, 1992)

Radon Availability

Radon Migration

diffusive transport, wind

location of Ra atoms

/ = radioactive decay

pressure gradient

1 Radon moisture :
Geochemical o dissolved in posocly barometric pressure changes
BERESSS pore water tortuosity
l 2 moisture exhalation | €scape into
y temperature atmosphere
diffusion i i
Radon emanation 2 Radonin »| Migration | |
generation soil pores air through
(Radium decay) advection soil pores ent!'y .into
moisture (soil gas) entry buildings
temperature
y
moisture 3 Radon sorbed T .
temperature | on soil surfaces | intrinsic permeability f”ﬁfeogoiogy' EES
grain size moisture emperature differences,

barometric pressure changes
Building factor:

substructure type

quality of construction

fan operation

Source(Nazaroff, 1992)
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Figure3. Schematic representation of radon production and migration in soil.

In Figure 3, the boxes represent the major steps by which radium in soil contributes to
airborne radon. Horizontal arrows ardabelled with names of the procsss by which

transition occurs. Labels on vertical arrows indicate the parameters that significantly




influence the rate of progress from one state to anoffiee. diagonal arrows denote radon

loss by radioactive decgiazaroff, 1992)

4.1.Radon availability in soil
4.1.1. Radium distribution

Radon is the radactiveprogenyof radium(Figure?2), thus the distribution of the last one in

the soil depends on geochemical process angkitaviordetailed in thesection 2.3.4

4.1.2. Radonemanation

Only a fraction of the produced radon ci@ave the solid statend reach the soil pores
through a processalled emanatiorifNazaroff, 1992) Considering thécation of the radium

atom and the recoil distandhis process has three possibilit{€sgure3): 1) the resulting

radon atom maype released on thpore space and dissolved in the watentained in the

pore space?) the radon released in the pore space can be incorporated in gasphagg (

and 3) it carremainin the solid phase by beirggnbedded in the grair travel across the

pore spaceral getimplantedinto the neighborgrain The radonn the soil airmigrates by
diffusion, the distance depends on the media and the radon diffusion coefficient in the media,

as it is shown imable2.

Table2. Radon dffusion coefficientsand diffusion lengttior various naterial
Diffusion coefficient  Diffusion

M aterials (M2 59 length (m) Reference
air 1.2x10° 2.4 Hirst and Harrison, 1939
water 1.0x10° 0.022 Durrani and llic, 1997
sand 3.4x10° 13 R.P. Chauhan et al., 2008
silty/sandy soil 2.7x10° - R.P. Chauhan et al., 2008
clayey soil 8.0x10- 62 x10*  0.0060.017 Hansen and Damkjaer, 1987
concrete 2x10° 0.04- 0.026 Folkerts et al., 1984

The distribution of radornin air (6 ) and water(6 ) is quantified by the partition
coefficient(k) that is function of the temperatufi@ Celsius degreegnd can be calculated
with theEq. 1, developed byweigel(1978)
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Q — mnumd o 8 J Eq.1

Since the emanation ike principal process in radon availability, its influencing factors are

detailed bellow.

4.1.3. Factorsinfluencing radon emanation

Radium distribution

Since radium is removed from the primary minerals and adsorbed into soil particleg, d
the weathering processt is likely to be concentrated over the surface of the grains.
Therefore,it can be shown that the radium concentration increases apéh#ic surface
increases at smaller particle size. Consequently, the emanation coeffigieas@scwith the
increasingradium concentration into the surface of the gi@&aure and Mensing, 2005;
Hassan et al., 2009; Morawska and Philllips, 1993; Nazaroff, 1992)

Water contenin the pore space

If there is water preseah the surface of the graiimsthe pore spac#he releasedadon can

get stopped in thiequid phase due to the difference between the orders of magnitude of the
diffusion length in air and wateTable 2) that causes an increment of the eat&n
coefficient. However, if the poresre filled with water underwater saturatedonditions

radon is stopped in the liquid phase maintaining constant the ema(Bstissew, 2003;
Hassan et al., 2009; Markkanen and Arveka, 1992; Morawska and Philllips, 1993; Shweikani
et al., 1995; Straden et al., 1984he water saturation depends not only of the water content

but also of the total porosity of theaterial.

Grain size

When the particle size decreases,dpecificsurface araincreases as well as the atoms of
radon that can be released directly to the pores byl ibadimeans an increment of radon
emanation(Hassan et al., 2009; Markkanen and Arveka, 199)is effecton emanation

wasquantified byMorawska and Philllips (1993)vho found that the emanatiaoefficient
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decreases fromnoth40and20% to 2 % when the rads of the grairsizeincreases from 0.5

andl to 8t I , respectively

Temperature

With an increase of temperatyrehe adsorption of radon on solid grains decreases
significantly, which results in a increment of radon emanafMarawska and Philllips,
1993) This effectof temperature mthe emanation coefficient was found Bgrreto(1973)

in a granite sapie where itdecreases from 0.106 at 285 to 0.081 at20 °C. Hence, the
impact of temperaturechangesin soils is minor considering the temperature ranges of

common soil§Nazaroff, 1992)

4.2.Radon migration in soil air

There are two mechanisms for radon migration in sdiffusion and corvection The

diffusive transport is considerexs random molecular motion froranvironmentsof high
radonconcentration to the low concentration oriiszaroff, 1992) This processs the

dominant in radon migration andiits descr i bed begxprdssediktérmsof e c 0 n ¢
radon flux densityl(in Bqg n1? s?) in direction ofz (depth in meters)the vertical distance

(positive downwards) that is shown in tHellowing differential equation Eq. 2)
(Porstendorfer, 1994)

0 0— Eq.2

where, O is the effective diffusion coefficientm? s?) and C (Bq m®) is the radon
concentration in the pore spa¢Borstendorfer, 1994) The radon effective diffusion
coefficient in soil can be calculated by multiplying the bulk diffusion coefficient (D) of radon

in an specific medialiable2) by the effective porosity of the s¢iD 0 Q) ).

On the other hand, the convective transport considers the radon transport only by the
movement of the pordlling -fluid, generally driven by gradiemdressureoriginated by

changes of meteorological condi ti on gat Thi s
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relates the flow rate per unit of cressctional areasin m s?) to the gradient pressure (E3).
(Porstendorfer, 1994)

0 -—— Eq.3

where, K is the soil permeability aiiiah?), © the dynamic viscosity of the fluid (aifkg ni*
s1). If the flux densityO 0 39, then the total flux equation for radon in the soéxpressed
asin Eq.4 (Porstendorfer, 1994)

O 0— 0D Eq.4
Considering the following processes: radon diffusi@onvection, continuous radon
radioactive decafrepresented by the multiplication od the radon decay constarst! and
the soil gas radon concentratiéh and generatioiG in Bq mi® s1), radon concentration

profile in soil can be expressed by BdNazaroff and Nero, 1988; Porstendorfer, 1994)

- — _3» Omn Eq.5

Eq. 5 has some implicit assumptions, such #® radonmigration is drivenby the
concentration gradienthe migrationin this casds assumed to be homogeneous and the
diffusion coefficient constant, finally the radon concentration fraction in the water phase of
the pore space is neglect@dazaroff, 1992; Nazaroff and Nero, 1988; Porstendorfer, 1994;
Varhegyi et al.2013)

4.2.1. Influencing factors on diffusion coefficient

Water content

The radon diffusion in the pore space decreases with the increment of water content in the

pore space becausé the difference in the diffusion coefficient of radon in water and air

(O pop mm?standO p&ap m m? st respectively)Cothern and Smith, 1987;

Durrani and llic, 1997; Hassan et al., 2009; Hirst and Harrison, 1939; Hosoda et al., 2009)
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Grain size
Chauhan et al. (2008und that radon diffusion coefficient increases with the diminution of

the soil and sand size.

4.3.Soil gas permeability

Permeability is defined as the capacity to transmit a fluid. It depends on the volume of pores
as well as the extend of its interconnectidtazaroff, 1992) It is an important factor in the

radon migration process because it determines how the fluid will migrate soih This
parameter varies in a wide range according to the soil type, as it shbigaiiad. At lower
permeability ranges oFigure 4, radon transport is dominated by molecular diffusion
whereas at upper end of the range, advection is the dominant mech&manoff (1992)

The microscopic characteristics of the soil: size, shape, number and orientation of pores and
the moisture content, determines the permeability. Being the strongly influenced by soll

moisture and grain siz&lazaroff, 1992)
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Figure4. Typical soil permeabilities of different soil textures.
Source Nazaroff (1992)

19



In sheared and fractured rock permeability is meaningful, due to the transport of radon from
significant depths to the surfac Since uranium is located preferentially in the fractures, the

bed rock can contribute significantly to enhance the radon concentration.

4.3.1. Empirical model for estimating soil air permeability

Rogers and Nielson (199dleveloped an empirical relationship (Eg. 6) for the estimation of
soil gas permeability using 137 field measurements, based on volume fraction of water
saturation, total porosity and arithmetic mean diameter

g — Q A@bp¢ Eq.6

K: soil gas permeability (A)

f : total porosity

s: volume fraction of water saturation

Q : arithmetic mean particle diameter, excluding +#4 mesh (m)

The model of Eqg. 6 is called MP1 (model permeabilityor practicareasons.The applied
instrument was a soil gas permeability sampler Model-IMKNielson et al., 1989)
Undisturbed soils and fill materials in Utah Wasatch Front and Florida area were measured
and soil density samples at 0.6 m depth where collected following the ASTMcgtinder
protocol (ASTM D2937-83). After determining field densities and watentents (ASTM
D-221680), the samples were subjected to particle size analyses (ASARP-B3) that
included dry sieving from 4.75 mm (mesh #4) to>n% (mesh #20) and the fraction smaller
than this was determined by a sedimentation process using a hyeir¢Regers and
Nielson, 1991a)

Figure5 shows the correlation plot obtained Bgpgers and Nielson (1991applying their
empirical model based on field measurements of Utah and Florida dedls.practical

reasons, irthe presenthesis this model will be noted as MP1.
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4.4.Equilibrium radon concentration in soil air

Equilibrium or saturation concentration is defined as the maximal radon concentration in the
soilair@ inBgqm®at | arge depth (zYDP). Eq. 5, the

of radon can be expressed in term§ ofas in Eq. 7:

0 - Eq.7

The maximal radon concentration generated in gbes space within the radioactive
equilibrium of radon concentration can be directly measured in situ. Alternatively, from the
analytical solution of Eq. 3, considering that the radon concentration in the surface is zero
(6 " N hdifferent theoetical models involve soil physical characteristics and

radioactive content have been proposed.
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4.4.1. Theoretical models for the estimation of equilibrium soil gas radon
concentration

4.4.1.1. Model proposed byPorstendorfer (1994)

The first relationship developed to model the equilibrium soil gas radon concentration was
proposed byPorstendder (1994) This model assumes homogeneity in radium content,
emanation coefficient, porosity and permeability of the soil, additionally the radon
concentration in the water phase of the pore space is negl@tedroff, 1992) The
expression proposed BRorstendorfer (19943 shown below (Eq. 8). Within this document
this expression is noted as MR1 (model radon 1) for practical reasons:

14 qF F Z_: ‘ Eq.8

6 : maximal radon concentration in soil air at large depth available for transport{Bg m

6 :radium activity mass concentration of the material (B¢ kg

- . emanatiorcoefficient(dimersionless),

” : bulk density (kg i)

N : effective porosity

This relationship has been widely applied in its original form and with slight variations
(Chitra et al., 2018; Cosma et al., 2001; lelsch et al., 2002; Ishimori et al., 2013; Jiang et al.,
2011; Moldrup et al., 1998; Nazaroff and Nero, 1988; Pereira et al., 2017; Petersell et al.,
2015; Washington and Rose, 1992; Yakovleva, 2005)

4.4.1.2. Model proposed by Varhegyi et al. (2013)

In a recent studyarhegyi et al. (2013present a modification of the original model MR1
by adding a factor that considers the radomcentration in the water phase of the pore space.
This model proposes a cxdénensional stationary model of radon transport for single cover
layer of uranium mining and ore processiNguhegyi et al. 2013) This expression is noted

as MR2 (model radon 2) for practical reasons:
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14 qF R Eq.9

o —‘H’—‘Z O Wil ¥
RO Zo+ agr " =

” : wet bulk density (kg )
” : water density (kg m)

0 :is the water content in units of mass (gravimetric water content)

MR2 considers a threghase sysim (soitwaterair) by including the partition coefficient (k)
(section 4.1). For nematurated conditions, the resulting expression of equilibrium radon

concentration.

4.5.Geogenic radon potential (GRP)

Since the main geogenic sourc&8Rn is the soiljt is important to determine the geogenic
radon potential (GRRBossew et al., 2013accounted as the best indicator fatam risk
assessment. The quantification of GRP is based on the mathematical expression proposed
by Neznal et al. (2004)n Eqg. 10, which relates the radon potential with the equilibrium
concentration of?2Rn (kBg m®) in sdl air and the soil gas permeability (m2):

11 F =g Eq.10

Neznal et al. (2004)ave established three categories for GRP based on soil gas permeability
and soil gas radon concentration, as result of a vast research in this field in Czech Republic

that is shown imable3.

Table3 Geogenic radon Potential (GRP) categorization based on soil gas permeability and
soil gas radon concentration.

GRP category Soil gas radon concentration (kBg 1¥)
Low Crn< 30 Crn< 20 Crn< 10
Medium 30 @O CL 20 &0 C70 1! OBOR@O ‘
High Crn> 100 Crn> 70 Crn> 30
Soil gas permeability (n?)
Low Medium High

K<4x108®  4x108B0 K 02 K >4x10%2
Source(Neznal et al., 2004)
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5. Study area

The study area is located in the northwest of Velence Hills, which is about 50 km far from
Budapest to the southwedtigure6). The study area is dominated by forest, fields and
includes the village of Pakozd with approximately 3,000 inhabitants. The topographic
elevation varies between 110 and 241 meters above the sea level. The climate is temperate
continental with a mearf annual temperature around 10 °C and average e6880nm of
annual precipitation (MezRsi, 2015) . The
the 1:25,000 scale geological map of the Velence Hills complied by Gyalog and Horvath
(1999) and itglescriptive booKHorvath et al., 2004)

Since the present study involves the evaluation of the ambient dose equivalent rate and the
geogenic radon potential dsetmain contributors to the external and internal exposure, each
evaluation was carried out in a different extension within the study area considering the
respective applied methodology. The ambient gamma dose rate encompasses the granitic
surficial outcop and its contact with the surrounding formatioRg\ire 6), whereas the
evaluation of the geogenic radon potential was performed in a smaller extierisie center

of the outcrop in late Pleistocene, slope depoBitpufe7).

5.1.Study area for ambient gamma dose equivalent rate evaluation

To charactare a granitic area in terms of ambient gamma dose equivalent rate values and
its relationship with geological features, the 19.8 kindy area located in the western side

of the Velence Hills Kigure 6) was selected. These Hills main mass is made up by the
outcropping Velence granite formation that was formed in the Variscan orogeny in the
Carboniferous (28800 Ma). Subaerial redeposited clastic seits of Neogene with
Pannonian age (89.33 Ma) are found inside and at the edges of the studyBuda, 1981;
Horvath et al., 2004(Figure6). Flat areas, valley bottoms and hill slopes are sporadically
covered by Pleistocene and Holocene sediments such as loess, sand, proluvial, deluvial and
eolic sedimats, as well as fluvial and peat depodiig(re6). In the granitic outcrop a dike
complex was formed in different geological times having a predami®WNE strike

(Buda, 1981; Horvéth et al., 2004)
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Figure6. Geological map of the study area of ambient gamma dose rate, overlaid by the fault
lines, dikesand measured sites
SourceHorvath et al. (2004)

Based on the mineralogical composition, three types of dikes can be identified in the study
area: granite porphyry, quartz and monchiquite dikes. The first one, the most abundant in
the study area, was formed in the late phase of the granite intrusannglslight chemical
difference compared to graniBenko et al., 2014; Horvath et al., 2004)uartz dikes are
originated by a hydrothermal activity, associated also to the granite fornfa&oko et al.,

2014; Horvath et al., 2004)nd their age is unknowHorvath et al., 2004) Monchiquite

dikes crystallized from a volatile rich mafic melt in the late Cretac@dos/ath et al., 2004)
(Figure 6). Only three 3670 cm thick mochiquite dikes were mapped in the study area
(Gyalog and Horvath, 1999 and Horvath et al., 2004). Such dikes are highly enriched in U
(up to 10 ppm) and Th (up to 140 ppm) in the wider re@@rabo et al., 1993)vhereas the
Velence Hills granite shows a range ofia%l ppm for U and 16i923.3 ppm for THBurjan

et al., 2002) According to Horvath et al. (2004) and Benko et al. (2014), the main orientation

of fractures in the granite is S8W, perpadicular to granite porphyry dikes orientation, and
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they dissect the hills along valleys and streamlets. In contrast, the orientation of the less
abundant dikes, quartz and monchiquite is mainlyN@vath et al., 2004(Figure6).

5.2.Study area for geogenic radon potentiakvaluation

The 0.8 knd study aredor the geogenic radon potential evaluati®tocatedn the centerof

the granitic outcrofFigure?). The closest farm is onli/80 msouthwestar from the study
area, whereas the border of P4kozd villagly 800 m the study ared he selected area is

in afield not affectel by anthropogen intervention. Therefore, the conditions assure the
geogenic characteristics of the measurements lbcated entirely ima slope sediment
formation thatbelongs to thdate PleistocendHolocene transition perioHorvéath et al.,
2004. Thisuncoveredormationcontainscontracted slope sediments, angular debris, clay
and sand.It is formed by the superficial flushing of the material from the elevated areas by
both, deluvial (aerial)and proluvial (linear) processhere generally deluvial mcess is
dominant. These layers are redeposited at the edges of the hills, showinglapandlus
matrix( Mez Rsi., 2015)
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Figure 7. Geological map of the study area of geogenic rgumential, overlaid by the
measured sites and thentour lines of altitudeScale 1:25000
Source:Horvath et al. (2004)
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When wateentersfrom bellow to abovehrough the joint systemmainly NESW oriented,
causes hydrothermal and hydrolysis effects of the weathering prodest allows the
formation a regolith enriched in clay minerals and colloidal acidide z Rs i. Wate2id 1 5 )
the area is drained out by Bella creek thatggrross P4kozd village and ends in Velence
lake. There are two soil types in the northwest of Velence H)ligony soils in the proximity

of the top of the hill2) and the plane surroundings are covered by brown forest soils

(cambisols) where forest and agricultural areas can be fomé z Rsi., 2015)
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6. Methods

6.1.Methods of anbient gamma dose equivalent ratevaluation

The results oftte ambient gamma dose equivalent etaluationwere publishedin the
Journal of Environmental Radioactivitynder the topidiSpatialrelationship between the
field-measured ambient gamma dose equivalent rate and geological conditions in a granitic
area, Velence Hills, Hungary: An application of digital spatial analysis meil{Bedtran

Torres et al., 2018) The methodology for the spatial analysiasselected byDr. Gyozo

Jordan andr. Attila Petrik also these coautharenductedhedevelopment anfbrmulation

of algorithms The application of methoalogy and interpretationof the results was
performed in common agreement of the coauthorshis author executed the iéld
measurementstatisticalanalysismaps digitalizationgeneratiorof resultsin collaboration

of thecoauthors.The spatial analysis and its interpretation was performed with thahelp

adviceof Dr. Gyozo Jordan and Dr. Attila Petrik.

6.1.1. Field measurement

Ambient gamma dose equivalent rate (H*(10)) was measured in situ by FHLA® G
instrument (Thermo Fisher Scientific Inc.). Measuring range of the energy filtered
proportional countetube gamma detector is 1000 mSv it and its energy range is 30 keV

4.4 MeV. The measurements were performed at the standard heights of 1 naratbove

the surfac€0 m)(Figure8). Ambient gamma dose equivalent rafeach site was calculated

by averaging & values recorded each minuMeasurement error was characterized by first
calculating the average and standard deviation from-the8asurements for each site that

yielded 300 average and standard deviation values.
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Figure8. Ambient gamma dose equivalent rate measurements at surface and 1m height.

A grid-based sampling strategy wapplied. Ambient gamma dse equivalent rate/as
measured at 300 sites along a 250x250 m grid over the 19.8tkdy areaRigure 6).
Inaccessible sites were measured at thsest points. The survey focused on the granite
outcrop areaKigure6): 53 % (160 sites) and 47 % (140 sites) of the measured sites were
located on the granite and otliemations respectivelyigure6). The measurems were
carried out during June and July in 2016, under similar field conditions. In addition,

temperature, relative humidity and pressure were also measured at each site.

6.1.2. Statistical analysis

Measures ofentral tendency and variability of tambientgamma dose equivalent rateed

in this study were minimum, average (arithmetic mean), median, maximum, standard
deviation, median absolute deviation (MAD) and rang&e identificationof the outlying
valueswas performed according to theu k e(jukeyg, 1977)nner fence criteria. Normayi

of the distributions was tested by the Ghuare test and the Kolmogor8wirnov test. The

MannWhitney (Wilcoxon) homogeneity test was used to compare the medamlnént
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gamma dose equivalent ratalues measured over various geological rock tygmesages

(Mann and Whitney, 1947)The linear relationship between the measured ambient gamma

dose equivalent rate and the calculated spatial parameters such as dike density in given areas
wasexplored byBivariate least squares regressemalysis. Strength of relationship was
expressed by the Pear s@®odgess addNicewarder,t1B88)n coef f
Statistical significance of the fitted linear model was tested by tiestFand its associated

P-value (p). P-value less than 0.0&ince operating at the 5% significancediundicates

that a significant relationship of the form specified exists between Y aAd Xhe statistical

tests applied in this study were significant at the 95 % confidence level.

6.1.3. Mapping and spatial analysis

Field measuredmbient gamma dose agalent rats were interpolated using the triangular
irregula network (TIN) interpolationmethod. This TIN methodis an accurate, linear
interpolator honoring the original measurement values and does not require preliminary
structural analysis unlike kging for exampléGuibas and Stolfi, 1985)TIN represents the
modelled surface well, especially in the case glitarly located data poin{®avis 2011)

The grid size (10x10 m) was determined by the shortest distance between measurement
points. TIN interpolatedimbient gamma dose equivalent sateap was smoothed with a
low-pass moving average filter of increasing window sizes (5x5, 7x7,19xd,1, 13x13,

15x15, 17x17, 19x19) to suppress high frequency noise and enhance large scale spatial
pattern. Window size ofLl7x17 (170x170 mjevealed, by visual inspection, the bssatial

trend and pattern without losing much detail. Since the abgeot this study is tanalyze

the main spatial patterns without trsenallscale irregularities, the outlier free TIN
interpolatecambient gamma dose equivalent sateap was used for digital image processing
analysis. Error of interpolation was estimated by calculating the difference between the
interpolated surface and the original data points.

A systematic digital image processing methodology is applied to thHeerofree TIN
interpolatedambient gamma dose equivalent sateap according t&vans (1972)nethod

as extended byordan eal. (2005)andJordan,(2007) This method, originally developed

for digital elevation models, proceeds from simple univariata deplay and evaluation,
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through edge detection and image segmentation, to the multivariate interpretation of results
using GIS technology.

Shaded relief models were calculated at an azimuth interval of 45° and constant insolation
inclination of 45°. Tl models used Lamten reflection method and teémmes vertical
exaggeration. Hill shading increases the contrast of very subtle intensity variations of an
image, much more than contouring gseudo colorepresentation dog8urrough, 1986;

Drury, 1987)

The identification of surface specific points including local maxima (peaks), minima (pits),
saddle points (passes), flats and slope breaks is straightforward in digital spalysis
(Jordan, 2007; Takahashi et al., 199%)its and peaks reveal anomalamsbient gamma

dose equivalent rde and they were calculated by the
(Garbrecht and Martz, 1995)Digital crosssections were made on the TIN interpolated
outlier freeambient gamma dose equivalent ratep in parallel and perpendicular to the
orientation of dikes to capture spatial trends. Dike density map was calculated by using total
length of # dikes, regardless of their origin, within a predefined circle of 500 m radius in
order to highlight possible spatial relationship betwambient gamma dose equivalent sate

and dike density. Local variability @mbient gamma dose equivalent sateasgenerated

by two different methods. Relief map was calculated on the outliearinbeent gamma dose
equivalent ratelata within increasing window sizes (21x21, 41x41, 61x61, 81x81, 101x101,
121x121 and 141x141) by using the range divided by the mediae wf theambient
gamma dose equivalent rate

Variability index was calculated by taking the square root of the absolute value of the squared
differences between the maximum and minimunamwibient gamma dose equivalent rate
within a predefined window e (in this study: 21x21, 41x41, 61x61, 81x81, 101x101,
121x121 and 141x141). For both methods, the 101x101 (1010%1010 m) window size proved
to be the best to reveal distinct patterns of local variance. Relief and variability index maps
were later smobied with 41x41 (410x410 m) and 31x31 (310x310 m) moving average low
pass filters, respectively, to enhance the main spatial pattern of different variability zones.
Relief and variability index map#&igurel8aandb) were overlain by all dikes to see whether
high dike density corresponds to high local variability ofaimdient gamma dose equivalent

rates.
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Two dimensional autocorrelogram was used to tilemnisotropy present in the spatial

ambient gamma dose equivalent rdeta. Empirical directional variograms were also

calculated in different directions using 30° tolerance angle to reveal anisotroppmtitent

gamma dose equivalent rate

The interpolatedambient gamma dose equivalent ratap is a continuous surface of

bivariate function and can kenalyzedf or t he gr adi ent magni tude (
direction (6aspectd). These poperabbmehicisr s wer e
an unweighted eigktoint numerical differentiation method, for its smoothing effect

(Gonzalez andNoods, 1993) These gradient calculations were suitable to identify the

largest change of thambient gamma dose equivalent sate ( 6 s | op e 6) and its
(6baspectd) at each grid point. Uni form aspec
features may indicate geological influence on #mabient gamma dose equivalent sate

distribution. Profile curvature is theecand derivative ofambient gamma dose equivalent

rates indicating sudden change in gradient magnitude and identifies inflectisrb&teeen

convex (negative curvature values) and concave (positive curvature values) areas.
Classification of gradient or curvature value
histogram slicing method at the inflection points on the cumulativeildistn function

(CDF). The hence identified classes of the mapped parameters were displayed as
homogeneous areas in the classified parameter maps.

Lineaments are displayed as sharp linear edges on shaded relief surface and show sudden
changes in the ganaose rates. The final lineament map is a compilation of the manually

digitized lineaments on shaded relief surface majsnifient gamma dose equivalent sate

Lineament density gives informatioRigure22a) on the local variance @mbient gamma

dose equivalent radeand it was calculated by the total length of lineaments within a

predefined cicle of 500 m radius similar to the dike density ntafculation(Figure 17).

Length and frequency distribution of lineaments were shown in rose diagnaheempared

to those of faults and dikes to see the correlation.

The result maps of digital image processing analysis were compared to geological maps with

special emphasis on dikes and faults using GIS overlay. Spatial modelling was performed

with Surfer 10, ILWIS 3.8 and ArcGIS 10 applications.
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6.2.Methods of geogenic radon potential evaluation

The sampling point selection, the field measurements, the soil sampling and basic laboratory
methods based on the plan of the NKFIH, PD115810 project. This author complemented
these laboratory methods with the following ones; such as dry sieving andifasetion

for particle size distribution; porosity amdlume fraction of water saturation for soil physics.

In addition,in line with the objectives of the researtiis author proposed and tested new
models for geogenic radon potential evaluatiom grerformed chemical composition
measurements as well.

This author executed the field and laboratory measurements in collaboration with colleagues
as well as the soil physical properties carried out at the Lithosphere Research Laboratory
(ELTE). Soil chernrcal properties (sedimentation, pH, carbonate and organic material
content) were measured by thepartment of Soil Science and Agricultural Chemistry, Szent
IstvanUniversity. The chemical composition of the soil samples was measured at the Bureau
Veritas Commodities Canada Ltd. Gamma spectrometry, radon exhalation and emanation
were measured in the Institute of Radiochemistry and Radioecology, University of Pannonia
where this author learned the methodology and participated in the sample preparation.
Statistical and calculations were executed by the author.

6.2.1. Sampling point selection

The sampling design applied is the simple random sampling (SRS). This method eliminates
biases that can be introduces in grid sam@dBrgs and De Gruijter, 1993; Buja and Menza,

2013; Wang et al., 2012nd is based on the equal probability criterion. The geographical
location of the sampling points was determined by usingthetod Cr eat e r andom
ARCGIS softwargBuja and Menza, 2013; ESRI, 201if)the selected area. Considering

the laboratory analyses of the soil samples, the necessary repetitiotiseaexipected
statistical significance, 30 measurement sites were planned. The selected points were
designed both for field measurements and soil sample collection dedicated to further
laboratory analysisHigure7).
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6.2.2. Field measurements
6.2.2.1. Soil gas radon concentration

Soil gas radon concentration was measured with the active detector AlphaGUARD connected
to a soil probe at depths around 0.8 m in a flow nfodd1 minutes with a pump rate of 1

L m?t according to the international standard 1SO 1166%2016. The field campaign was
performed in May and June of 2017. To quantify thofé¥Rq) activity concentration, soil

gas radon concentration were conduatsithg RAD7 Electronic Radon Detector connected

to a soil gas prob@urridge Company Inc., 2018Figure9).

Figure 9. Soil gas radon concentration field measurements with a) AlphaGUARD and b)
RAD?7 active detectors radon monitoring.

The measurements were performed in thoron protocol, sniff mode, in 5 min measurement
cycle. With the measuredtivities concentration of thoron and radon, the r&f#n/A?Rn

was determined, for further data processing. The measurements were performed in July
2018. Considering the seasonal variability of the radon concentration, the measurements
were planneda be executed under similar meteorological conditions. Therefore, rainy days
as well as dry two days after precipitation were not take into account. Similarly, the
measurements were carried out during the daytime from 7:00 until 19:00, take the daily
varnability of radon concentration into account. To ensure the representativity of the
measurements, 3 replicates were measured at each samplirkigsite 11), the replicates

are located 1.5 m far from each other.
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6.2.2.2. Soil gaspermeability

The soil gas permeability was measured by RalidK equipment as proposed (yeznal

et al., 2004) The bais of the measurement is the extraction of air from the soil by applying
negative pressurelhe measurements were performed using the same assemble of soil probe
as the soil gas measurementsi@ptts greater than 0.8 prevents the interaction of the

ambient air

Figure10. Soil gas permeability field measurement with Radon JOK

The soil probe wasoupled to a 0.6 cm diameter pipe that conducts the air to the rubber sack.

The air wasextracted from the soil by the action olvaight which is moving down between

two notches marked in the central axisis distance determines the known air volume (2000

cn?) in the rubber sackThe time of the displacement betweée two notches (sinking

time) wasregistered in the field and used for the calculation of the permeability acctoding

the following formula based on Darcyds equa

isotropic. Accordingly, soil gas permeability can be calculatedEqyll.:

L IeH Eq.11
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where K is permeability (i), Q isthe air flow through the probe fns?), F is the shape
factor of the probe (m), € is the dynamic
thepressure difference between the surfawbthe active area of the probe this casgthe
pressure is originated by the weigh, therefore the pressure difference with one weight is 2160
Pa(Neznal et al., 2004)The air flow is calculated in the following way, acding to the

manufacturer specifications (EtR):

Boea®eoog I g™ -LEL 8 O
I - v -E«vbn v« < pgHH Eq.12

The shape factatepends on the probe geometry and it is determinediby Eeg. 13:

z4

™ --'—g—:‘—

ﬂ

where, L is the length of the active area (m), d is the diameter of the active area (m), and D

is the depth below the surface (m).
6.2.3. Soil sampling

To determine the corresponding soil properties, disturbed and undisturbed soil samples were
collected at each sampling sit€he soil samples were taken from two depths range, D1: 0.3

to 0.4 m and D20.8 to 1.10 m, where the last depth corresponds to the total depth of the
field measurementd-igure11). The undisturbed and disturbed soil samplingthnods are

explained below.

6.2.3.1. Undisturbed soil sampling

Undisturbed soil sampling method preserves certain characteristics of teaectodgore
size distribution and water storagerom these the bulk density, porosity and water content
can be determinedThis sampling method requires the useaatandard tool, a cylinder

(ring) made of seamless tubes, smooth inside and out with a known volume coupled with an

36

Vis



extension to reach the desired de@mith and Mullins, 2000) The undisturbed sampling
wasexecutedusing the sample ring kitAugering & soil sampling equipment model C of
Eijkelkamp(Eijkelkamp, 2009)the dimensions of the sampling rireh3 mm diameter and
51 mm height. To increase thepresentabilityof the sampleand decreasthe error of
measured parametefEreplicates per site were colledtas it is schematized Figure11.

ABC
‘ 1 V. ! !
30 - 40 cm 01D1 b, 01U1 18
Edelman sampling '
auger ring )
D2 N ! |
80 -90 cm 01D2 |}/ 01 UZQ
Composite sample three samples
Sampling diagram from ABC at each sampling site
Disturbed soil Undisturbed soil
samples samples

Figure1l. Soil sampling diagranilustratinmgthe soil sampling methods.
6.2.3.2. Disturbed soil sampling

The disturbed soil sampling was carried out for determining the properties of the soil where
its pore structure is not relevaine. partide diameter size distribution, pH, organic content
and carbonate contgntThe equipment used is an Edelman auger Eijkellk@igelkamp,

2009) For this,a composite samplaf the three replicateateach measurement paqintas
collected from D1 and D2 dep(Rigurell).

6.2.4. Soil physical properties

The soil physical parameters have been determined from the undisturbednspiés
following the gravimetry by drying the samples at ¥CQuntilaconstant weight to evaporate
the water content.The basis of this method is the measurement ohthssof the soll
samples before and after dri@dillel, 1998; Yu et al., 2015) The® values wereised for

the determination abulk density (wet and dry), water content and porosity.
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6.2.4.1. Bulk density

This propertywascalculated based on the dried soil (thylk density and in the wet soll
mas (wet bulk density)(Hillel, 1998; Yu et al., 2015)

UN )y gy inm
4o g« '

Eq.14

'I'I'V={=D -y

Zho iy« — " Eq.15

TYFD it g
” : bulk density (kg i)

" : wet bulk density (kg )

6.2.4.2. Water content

The water content of the soil can be expressed in units of mass or voluisdhe ratio
between the mass of the liquid (water) and the mass of the dijH8tzl, 1998; Yu et al.,
2015)

o —I—D- —— Eq.16
ST o Ao M Eq.17

The water content into the soil can be increased until the point that the water occupies all the
pore space, it means that the volumetric water content is equal to the porosity, this point is
called waer saturation(Hillel, 1998; Yu et al., 2015) The volume fraction of water
saturation is calculated by the Eq: 18

v Eq.18

—°
—

Wm: gravimetric water content (%)
wy: volumetric water content (%)

s: volumefraction of water saturation
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6.2.4.3. Porosity

Total porosity is defined as the ratio of the pore volume and the total soil v@@iarter and
Gregorich, 2008; Yu et al., 2015)

- Zi“—""‘_ ] Eq.19

n : total porosity

” : density of the solids 2650 (kg

Effective porosityis also called macroporosity, considering that the macropores are the
primary pathway for the flow when the water is saturgtédrter and Gregorich, 2008;
Rogers and Nielson, 1991b; Yu et al., 2019}his parameter was determined using the

expression proposed BRogers and Nielson, (1991(5q. 20):

Eq.20

- = 7

n : effective porosity

Q: Henryos , D022 at20@ (Sanden 2015; Wilhelm et al., 1976)

Air filled porosity, is the corresponding porosity that excludes the volumetric fraction of
water is the pore space and it is defined as it faigwilel, 1998; Yu et al., 2015Eq. 21):

- oy O Eq.21
6.2.4.4. Particle size distribution

Considering that the permeability is strongly dependent of particle diarfiddearoff,

1992) which is reflectd in the empirical predictive mod€Eq. 6) (Rogers and Nielson,
1991a) the accuracy in the determination of this parameter is fundamental. Thus, the method
applied for the determination of particle size diamea@rmodify the predictive power of the
empirical model evaluated in this researtithis research, two methods have been applied
for the determination of the particle size distribution, dry sieving complemented by

sedimentation and laser diffraction.
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Sedmentation method, based on the Stokes sedimentation rates, assumes spherical and
smooth particles with similar densities and neglects the effect of the walls of the
sedimentation colum¢Ferro and Mirabile, 2012yvhich induces error in the representation

of the real distribution. On the other hand, laser diffraction is a widely used technique for
the determination of grain size distributiomhis method is based on the forward scattering

of monochromatic coherent light that considers the particles asditvemsional object and
determines the particle size as a function of the eesBonal area(Konert and
Vandenberghe, 1997) Therefore, the accuracy and repraitility are demonstrated by
several studies to be superior in comparison with sedimentation n{€grod and Mirabile,

2012; Konert and Vandenberghe, 1997; Lia., 2005) Additionally, Konert and
Vandenberghe (199proposedhat grain size< 0.002 mm defined for the clay fraction by

the sedimentation method is equivalengtain size <0.008 mm using the laser diffraction
(Konert and Vandenberghe, 1997)

Since the empirical moddRogers and Nielson (1991yas developed by applying the
standard methodASTM D42263 that includesdry sieving and sedimentation, similar
procedure was followed in this research to tesugability of this model. In study published

by Rogers and Nielson (1991ry sievingwas appliedn the range of 4.750.074 mm, and
sedimentation for the factien0.074 mm. Irpresentesearchthe dry sieving was performed

in the range of 8-0.063 mm, using theibratory sieve shaker Fritsch Analysette 3 with the
following sieves 6.3 mm, 4 mm, 2mm, 1 mm, 0.5 mm, 0.250 mm, 0.125 mm, 0.06&tmm

the Department foPetrology and Geochemistry of Eo6tvos Lorand University. The
sedimentation analysis was performed in Bepartment of Soil Science and Agricultural
Chemistry,Szent Istén University. For this analysis, the samples were treated by a solution
of 0.5 N Sdium Pyrophosphate (W&Oy), fraction greater than 0.05 mm was separated by
sieving and the fraction lower than 0.05 mm was analyzed by sedimentation. For the soil
texture classification the following size fractions were considered: sain@.@5mm), silt

(0.057 0.002 mm) and clay (<0.002 mm)$DA, 2014)

The particle size distribution for laser diffraction was measured by Horiba Parti€é2950

LA Analyzer at the Laser Diffraction Particle Size Disttibn Analyzer Laboratory, of the
Research and Instrument Core Facility of Faculty of Sciences, E6tvos Lorand University. To

determine the grain size distribution by this method, the fractions greater themv@ere
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previously separated by dry sieving (@& 6.3 mm, 4 mm, 2mm) and the fraction smaller
than 2 mm was analyzed by laser diffraction in distilled water medium with continuous
circulation (circulation speed: 9/15, agitation speed)7/15 this methodthe clay fraction

Is considered smaller than 0.008 rflkonert and Vandenberghe, 1997)

Subsequently, the particle size diameter will be calculated based on the grain size distribution
determined by both methods, respectively. Arithmetic mean, geometric mean and median
diameter wee calculated for its use as input parameter in the empirical model for the

prediction of soil gas permeability.

6.2.4.5. Arithmetic mean diameter

Arithmetic mean diameter is@ntral tendency parametavhichis accuratevhenthere is
normal (symmetric) distrilstion (Merkus, 2009)

B z
B

Q Eq.22

Q : arithmetic mean diameter
'Q: diameter of the class (arithmetic mean diameter of the particle size limits)

"Q: primary particle size fraction

6.2.4.6. Geometric mean diameter

Geometric meadiametelis used when particle size of the soil is-lmgrmal distributedvhen
the distribution is symmetrical around the geometric mean in a logarithmic(ktadlieus,
2009)

Q AgB—— Eq.23

‘Q : geometric mean diameter

‘Q: diameter of the class (arithmetic mean diameter of the particle size limits)

"Q primary particle size fraction

6.2.4.7. Median diameter
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The mediandiametercorresponds to thd mi d gadrtiel@diametewralue, separating the
higher half from the lower half ohe all particle size valuesThe advantage of the median
respect to the arithrtie and geometric mean diametsr that it is independent of the
statistical distribution and outliersFrom the granulometric curve, it was determined the
particle diameteas well as the median diame(®terkus, 2009)

‘Q : median particle diameter

6.2.5. Soil chemical properties
6.2.5.1. pH

The pH of the soil was measured in suspensidl:2.5 soil to liquid ratio, in distilled water

and in 1N KCI solution.The second one is also called exchange acidity and represents the
exchangeable aluminum that can be extracted from the soil with a 1N KCI solution.
Generally, the pHs determinedn KCl is 0.5 to 1unit lower than the determined in distilled
water. Both measurements in conjunction give information about the nature of the total
charge of the colloidal system, indicated by the sinpedifference(npH = pHkci i pHH:0)
betweerthem |If this value is negative, the colloid has a negative net charge and if it is the
positive, the colloid has a positive net chafld8DA, 2014)

6.2.5.2. Carbonate content

The carbonate content was determined by treatment withKCN solution from the
international standard 1SO 10698Bhis method is based on the following reactidansu and
Gautheyrou, 2006)

OO0 CO0R OWOGOUL 00 Eq.24

The produced C®is measured at controlled temperature and pressure, using a Scheibler

calciminer
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6.2.5.3. Organic content

Organic contentvas determined by the gravimetric method, considering the percentage of
matter lost on ignition at 110C. The remain constituteare conglered asthe mineral
content(USDA, 2014)

6.2.5.4. Chemical composition of soil samples

In order to evaluate the controlling factors influencing the soil gas radon concentration and
its geogenic sources, the chemical composition ofvgthiin the studied area were selected
along the crossection AB (Figure30). This sectiorcomesacross 7 measured sites (11, 10,
15, 23, 22, 24, 253long a slopavith a decreasing soil gas radon concertation from left to
right (west to east)obtaining a radon coratration profile along the study arekor this
purpose the sevensoil samples have beeselected for major, minor and trace element
compositions, including U, Th, Zr, Y, Ce, La, Rb, Al, Ca, My, Inductively Coupled
Plasma Mass Spectrometry (IBFS) by Bureau Veritas Commodities Canada Liudl.
Canada. Before the analysishowever,the soil samples under @m were dried and
pulverized in mild steel pulverizer. After homogenization, 15 g of sample were digested in
modified aqua regia (1:1:1 HNGHCI:H20).

6.2.6. Natural radionuclides in soil
6.2.6.1. Gamma spectrometry

To determine the activity concentration of the gamma emitteféU, 222Th, 22°Ra, 4K,
232Th, the soil samples were analyzed by gamma speetrp at the Institute of
Radiochemistry and Radioecology, University of PannoR@ this purposgapproximately
1 kg of each soil sampleasdried at 105C, homogenized and crushed under 0.63 mMm
portion of the samples wadled in a Marinelli baker (covered by a plasfibm) with 600
cm?® volumeand therclosed and sealed @7 days for reaching the equilibrium betwebe

measured radionuclidend its radioactive progenies.
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The instrument used is a higlsolution gamma spectrometer with a high resolution ORTEC
GMX40-76 HPGe semiconductor detector, with & 30000 keV, 42 % efficiency’{Co
1332.5 KeV peak).The detector has a 10 cm hick lead shielding wall and 1 cm steel cover
to avoid the influence of background radiation.

The specific activity concentration éf%Rawas obtained fromd**Pb @95 keV) and?'“Bi

(609 keV). Also, specific activity concentration 6f°Th was obtained frorfféAc (911 keV)
and?°®T| (261 keV) wherefor %K the 1460 KeV energwas used.

6.2.6.2. Radon exhalation rate and emanation coefficient

Radn exhalation rate was measuidhe Institute of Radiochemistry and Radioecology,
University of Pannonifollowing the methoaf Sas et al(2015) The measurement system
is schematized ifigure12 and the procedure is summarized below.

!

ey s Desiccant
6uittetl
ﬁAirﬁlter [+ o

Pump

“Inlet

Figurel2. Radon exhalation measurement closed loop system.
SourceSas et al. (2015)

The exhalation rate was determined by placing 500 g of the sguohmdel at 105°C,
homogenized and crushed under 0.63)mma glassaccumulation chamber covered by a
metal capfilled with N2to ensure a radon free initial conditiomhe volume of the chamber
is about ten times higher than the sample tochthe back diffusion of radcenda 12V DC

ventilator inside the chamber enssirthe homogeneity of the inner .airAfter the
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acamulation periodthe air is extracted from the chambéth a radonproof pump,go
through a filter system for progenies, soil particles, and wetaed®nters tdlphaGUARD
2000 portable radon monitounder 10 min flow modejo measure the radon activity
concentration, connectedthin a closed loopKigure12). To avoid the thoron interference
that camot be detected by this instrument, the air flow was stopped after 2@esand the
measuements were continued for #oreminutes When the pump stopped, thoron decay
within 10 min, thus the average activigdon concentration can be measured only after 30
60 min(Sas et al., 2015)

After the measuremest the radon monitor was removed from the loop. The remaining
concentration in the chamber was measured andthme corrected considering the volume
of AlphaGUARD and its accessoriee(g., pipes, desiccardind detectochamber) The
leaking rate was measurasinga PYLON RN 2000Atype passive radon source, which was
lower than 1% (Sas et al., 2015)

The radon exhalation per unit of mass was calculated usirgbEq.

o 86Q ——— Eq.25

'O: radon exhalation rafeer unit of mass (mBq Kgh)
6 : initial radon activity concentration (B

6: accumulatedadon activity concentration (Bg®)

_: effective decay constantth

w: Total volume of the system (#n

0. accumulation time (h)

& : mass of the sample (kg)

6.2.7. Theoretical and empirical predictive modelstested

The criteria for the selection of the models was based on one of the aims of this study that is
to test usabilitypf modelsfor 6 andv prediction which uses soil physical and geochemical
parameters that can be found in national and regional datalag@s. sensewo theoretical

models for radon concentrati@stimationwere selected The first one is the relationship
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proposed byPorstendorfer (1994that iswidely used and calledMR1 (seeEg. 8). The
second model is proposed Marhegyi et al. 2013) and calledMR2 (seeEq. 9). It is
basicallya modification of the first one by introducing a correction factor to consider the
radon concentration in the water phase in the pores that is neglentedefMR1.

Among the theoretical and empiric@odels available in the literatutbat involves pore
structure information of soilshe model proposed Bogers and Nielson (199Xgpresents

a simplerempirical approach invoirg properties that can be found in common databases
(seeMP, Eq. 6)

6.2.8. Statistical analysis

Univariate and bivariate analysis were performed following the methods described for
ambient gamma equivalent dose rate in section 6:Ph&. central tended indicator consider

in this research is mediahe variability of the measured data is expressed by the standard
deviation whereas for the estimated parameters it is expressed by the error propagation based
on Tayl or 6 s yusiagthe prepagate adkagdSpibss, 2018)The multivariate

linear regression was used for the deteatmnwasused to construct a predictive model by

the least squares regression metfReimann et al., 2008)
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7. Results and discussion
7.1.Results of ambient gamma dose equivalent rate

7.1.1. Statistical analysis

The summary statistics of the 300 field measurements of ambient gamma dose equivalent
rate at 0 m and 1 m, respectively, are detailed iT#ide4. Theaverage values of gamma

dose rate in both heights are in the range of the Hungarian national averagé: ri58v ht
(NERMS, 2014)

Table4. Summary statistics of the ambient gamma dose equivalent rate field measured

H*(10) Min. Max. Mean STDEV  Rel.var. Median MAD
at (nsvhy) (nSvh!) (Svh!) (nSvh?) (%) (nSvhh)  (nSv h?)
Om 48.7 214.3 102.5 27.5 27 100.0 16.9
Im 48.5 206.6 94.6 21.7 23 91.3 134

Since 3- 6 measurements of ambient gamma dose rate were performed, at each sampling
site, it is important to evaluate its variability represented by the standard deviation. In this
sense, a statistical analysis was performed for ambient gamma dosedrate standard
deviation, based on the-3 measurements carried out at each of the 300 sampling sites.
Table5 presents the minimum, maximum and average of the standard deviation and ambient
gamma dose rate. The standard deviation remains in average within the 10 % at each

sampling site, which is an egptable uncertainty for the purpose of this research.

Table 5. Statistics of the standard deviation calculated within 8 gamma dose rate
measurements in each measurement site
Standard deviation of gamma dose Related average gamma dose rat

H*(10) rate at eachsampling site (nSv h) at each sampling site (nSvh)
atOm
minimum 0.2 (n=300) 80.5 (n=1)
maximum 42.8 (n=300) 146.3 (n=1)
average 10.3 (n=300) 102.5 (n=300)
atlm
minimum 0.5 (n=300) 76.4 (n=1)
maximum 43.3 (n=300) 206.6 (n=1)
average 9.3 (n=300) 94.6 (n=300)
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Significant relationship between gamma dose rate at 0 m and 1 m height, excluding the
outliers, was determined by simple bivariate regression obtaining a linear correlation
coefficient (r) 0.98. Similar correlan of gamma dose rates, measured at 0 m and 1 m, was
reported for another area of Hungary with highly different geological background, lower
sampling density and with an average sampling distance of 3.2 I3adiy0 et al. (2017)
Results of the univariate statistical analysis of 0 m values are sholabie4 andFigure

14.

Ten univariate outliers were identified in the rangd @214 nSv h, which are located in

the southern part of the study area (Bepire16a). In all of the identified four bivariate
outliers, the 0 m Jae is higher than 1 m value and all of them are located in the southern
part of the study area similarly to univariate outliers {Sgarel6a). Sine one of the aims

of this research is to relate the gamma dose rate to the local geology, only the measured
gamma dose rate at surface level (0 m) was considered for further analysis.

Geological formations at the study site belong to three different gealogeriods,
Carboniferous (32290 Ma), Neogene (8.4 Ma) and Quaternary (0.13 Maresent), based

on the 1:25,000 scale geological map of the Velence Hills (Figures 13b, 14b(&ydiog

and Horvéath, 1999; Horvéath et al., 2004)n the map, the Quaternary formations are
subdivided into three units: late Pleistocene, late Pleistadeiecene and late Holocene
times Figurel4b).

Box-andwhiskers plots of gamma dose rate measured over formations of different
geological ages are arranged in the order of decreasing geologicalEgaraildb. The
highest average gamma dose rate value (median 109.3%)8elbng to late Carboniferous

time, represented by the prevailing Velegcaniteformation in the study are&igure 14b)
including most of the outlying values. Median gamma dose rate value of the Carboniferous
time differs from the otér ages according to the Makvhitney test. However, the gamma
dose rates over the Neogene and Quaternary ages do not have statistically significant
differences in the mediafrigure14b). Therefore, the gamma dose rates are not related to
the age of the geological formations in the study area. Consequently, age of the geological

formations is not a very proper indicator for gamma dose rate in thisaleseaa.
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Figure14. Statistical analysis of gamma dose rate values measured at surface. a) Empirical
histogram and cumulative density plot of gamma dose rate. baBadwhiskersplots of

gamma dose rate measured over diffegeological ages. c) Beandwhiskersplots of

gamma dose rate measured over different geological formations. Numbers in the brackets are

the number of measurement sites.

Box-andwhiskers plots of gamma dose rate measured over the different geological

formations are arranged first in the order of decreasing geological age and second in the order

of decreasing median valueigurel4c). Late CarboniferaiVelencegranite has the highest
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gamma dose rate median value as it is expected for acidic igneous rocks (like granite)
(UNSCEAR, 2000) Similar results were found in Spain ®arciaTalavera et al. (2013)

where the average gamma dose rate in the Paleozoic acid plutonic rock are higher than any
kind of Neogene formains. Two types of the Velengeanite, biotitic and porphyric ones,
distinguished in the geological mépgorvath et al., 2004; Jordan et al., 201&ve the same
median gamma dose rate value (109.7 nSarmd 109.0 nSv-h respectivelyFigure 14c)

based on the Manrwhitney median homogeneity test. Thus, they can be grouped together
from the gamma dose rate point of view. Note that the redeposited granitic debris of Neogene
age derivd from the main granitic rock$lorvath et al., 2004 as similar gamma dose rate

value (median 105 nSvltbased on 6 measurements). However, we cannot sédti i
statistically similar to Velencegranite formation, since the minimum data for the Mann
Whitney median homogeneity test is(®lann and Whitney, 1947) Two other sand
formations from the Neogene, the Transition of Kélla and Tihany formations and the Kélla
gravel formation are siilar, having median values of 87.1 nS¥ hAnd 78.0 nSv h
respectively. Thus, these can be grouped together from gamma dose rate point of view. They
are also statistically different in the median from Velence granite formation. All of the
Quaternanformations, having enough data for the test, are similar statistically.

The relationship between gamma dose rate and dyke density, local variability index, local
topographic terrain relief and variability index obtained from the digital elevation maatel, w
evaluated by linear regression. The corresponding plots are shokiguire 15, where
Pearsonds | inear correl at itandred wossed poiots agent s &
bivariate outliers excluded from the regression analysis. Simple regression between the
measured gamma dose rate and the felsic dike density at each of the 300 measurement sites
(Figure 15a) shows a significant positive correlation (r=0.34, p=0.00). This positive
correlation between gamma dose rate and dike density could be attributed to elevated U and
Th concentration of thdikes, which are essentially granite porphyry, compared to the host
granite body. Significant positive linear correlation was found between gamma dose rate and
its variability index (r=0.54, p=0.00). Thus, where the gamma dose rate is high it is also
variable, and where it is small, it is less varialdffgg(ire 15b, 16a and b). The correlation
coefficient should be viewed with caution, however, asabdlity index is calculated from

the gamma dose rate values and, thus, it is not an independent varfialeleorrelation
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between the gamma dose rate and the elevation above sea level was evaluated, however, no
linear correlation was found (r=0.16, p=0480 Similar result was found b$zabo et al.

(2017) However, there is a signifiat correlation between the relief and variability index

of the topographic elevation (DEM) and the measured gamma dose rates (r=0.41, p=0.00 and
r=0.38, p=0.00, respectivelyfrigure15c and d). Most probably this apparent correlation is
induced by the resistance of felsic dikes against weathering, which results in high surface
variability, why the chemical composition of the dikes contributes tohigle measured

gamma dose rates.
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7.1.2. Mapping and spatial analysis

The interpolated surface of ambient gamma dose rate is the base for the spatial analysis, thus,
the smoothed interpolated surface has been evaluated by the estimation of the error of
interpolation. Results of this procedure show that the applied smaotegllar irregular
network (TIN) interpolatior{Guibas and Stolfi, 1985% a good model as the average error
is-1.21 nSv i, equal to a 1.3 % relative error, with unbiased symmetric distribution.- The t
test confirmed that the expected average error is zero at the 95 % confidence level. The
outlier free data set has a lower average erred.@6 nSv H equal toa 0.8 % relative error.

At the few (10) outlier values, in the main linear zone anonkafufe16a), the error can be

as high as47 and 76 nSv-h which confirms the efficiency of the applied smoothing for
regional trend pattern recovery.

The obtained smoothed interpolated surface of ambient gamma dose rate is Jhigwrein

16. Figurel6a and b show the TIN interpolated surface for the gamma dose rate calculated
for all data and excluding the diets, respectively.

Figurel6a is a composite image of the cetmded gamma dose rate map with the contour
lines and the shaded relief ma@verlaid to this map are the local maxima (purple dots),
univariate outliers (light green crosses), bivariate outliers (light blue circles) and the digital
crosssections along the identified patterns. It can be noticed that all of the univariate outliers
and bivariate outliers are located in a $W trending zone in the southern part of the study
area Figurel16a).

In the smoothed TIN model for the gamuah@se rate without outliers shown kigure 16b,

the dikes and faults extracted from the 1:25,000 scale geological map of Velence Hills
(Horvéth et al., 2004; Jordan et al., 2048} also overlaid to illustrate their location in the

high gamma dose rate zaneThe high anomalous gamma dose rates have a predominant
SW-NE trend and are associated to high fault and dike density zBigesg16b and 17).

Degite the high enrichment in U and Th of monchiquite dikesabo et al., 1993n0
anomalies on ambient gamma dose rate were found directigd¢tethese dikes in the study

area. It can be explained by the fact that spatially distribution of these three dikes is steep
(i.e., subterraneous), therefore their influence on the surface is rather punctual, and their

presence was not reflected in gie of the particular sampling grid.
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Figurel6. Smoothedriangular irregular networKTIN) interpolated surface for gamma dose
rate measured @tm; a) including outliers (univariateight greercrosses and bivariatéght
blue circles), showing théocal maxima(purple dot}y and b) excluding the outliers, with
dikes and tectonic fault lines overlaict) Digital crosssectionsalong high gamma zones
identified in a) showing the average gammaeaimte in red.
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Digital crosssections Figure16c) were calculated in SYE (cross sections: 1, 2, 3) and
SENW (cross sections: 4, 5, 6) directiongjeated parallel and perpendicular to the

orientation of dikes (seeigure22), respectively, in order to capture spatial trends.

Cross sections 1 arflwere made in SWME orientation along the highest gamma zones
(Figurel6a and 16c¢). They clearly show that gamma dose rates are above the average in
these zones (102.5 nSWN(red lines inFigure 16c). It is obviously seen that this area is
characterized by granite porphyry dike systems ok#imee SWNE orientation. Moreover,

high density of dikes characterizes the areas around anomalous high gamma dose rate zones
(Figure17). Crosssection3 located entirely in the northwest shows low gamma dose rate
values calling attention to heterogeneity in the study &feguile 16a and c). Digitalcross

sections 5 and 6 drawn in SNV orientation show a significant increasing tendency of
gamma dose rate towards to south, illustrated by blue dashed lines and arrows in sections 5
and 6 inFigurel6c, where the high dike density was revealeidirel7).
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Figurel7. Dike density map, also showing the dikes (black lines).
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The dike density mapF{gure 17) shows the highest values (8.8%.35 kmkm ?) in the
southern part of the study area where high gamma dose rates were also ideigiired §).

This was also confirmed by significant linear correlatier®.34, p=0.00) between these two
parameters described aboveglrel5a).

Local variability of gamma dose rate is represented by relief and vasiahiblex,
respectively Figure18a and 18b). Both maps are overlaid by the dikes and it can be noticed
that the high relief and variability index (hidical variation) values concentrate in the high

dike density field in the southern part of the study area.
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Figure 18. Local variability analysis for the measured gamma dose rate at the surface
obtained by two methods: a) rélend b) variability index, overlaid by the dikes.

High relief (1.317 0.97 nSv i km?) and local variability (155.95 103.17 nSv # km?)

values were found in the high granite porphyry dike density zone in the southern part of the
study area, southwe from about 210 000 latitudeBigure17). It was also confirmed by
bivariate regression analyses among these variables (r=0.33, p=0.00 and r=0.44, p=0.00,
respectively). The low and high local variability zones follow-8¥/ trendsand have sharp

linear edges in the middle of the study area in parallel to the orientation of the majority of the
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dikes Figure 18a and 18b). Thesenfiings also show that the dikes are related to the
measured gamma dose rates spatial distribution.

The spatial autocorrelation of gamma dose rate at 0 m without outliers is represented in the
2D autocorrelogramAgure19a) illustrating a striking anisotropy in the SME orientation,
parallel to the main dikes (s&égure22). The directional variograms in SWE and the
perpendicular directions identify and describe the same anisotropy emphasized by the solid

white arrow inFigure19% and 19c.
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Figure19. Spatial autocorrelation analysis for the measured gamma dose rate at the surface
represented by a) 2D autocorrelogram and diregtiariograms in two directions: b)
parallel to the main dike orientation SME (azimuth 60 degree, tolerance 30 degree) and c)
parallel to the major fault lines SEW (azimuth 156degree, tolerance 30 degree).

The direction of the major change in gamnseal rates per distance unit, the gradient
direction, is shown irFigure 20. Gray scale gamma gradient direction mBjgre 20a)

reveals the predominant gradient direction and its spatial location. The orientation was
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classified in classes of 45 degre&sg(re 20b) to identify regions with similar gradient
direction. The predominant direction (2360 °) marked with blue in the figure has SN¥

trending linear edgesvhite arrows in thé&igure20, corresponding to the main orientation

of dikes (sed-igure22).
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Figure 20. Gradient direction analysis of the gamma dose rate measured at the surface is
presented in a) grey scale shading map and b) classified mapdegéee classes. Solid
white arrows indicate the S\NE oriented linear edges. The za&egree direction is the

North.

The profile curvature map shows the spatial location of the sudden changes in the gradient
magnitude of gamma dose ratégure 21). Negative and positive values correspond to
C 0 n c(dowdan, 20V @onvexe y s 0 )

features like ridges (i.e., positive gamma dose rate anomalies) halESWientation and

convexX

they form a left stepping eechelon pattern. Classified profile curvaunap inFigure21b
enhances the S\WME oriented linear edges of convex features, emphasized by solid white

(6ri dgesd)

and

arrows, which are parallel to the main di@entation.
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Figure 21. Profile curvature analysis for the measured gamma dose rate at the surface is
presented in a) color scale map and b) classified map. White arrows indicate the dominant
profile curvature direction SWNE parallel to the main dike orientation. Positive values
correspond to concave surface points and negative values to convex surface points,
respectively.

The sudden changes in gamma dose rate are represented by the lineBigerg24a),
identified from the shaded relief maps of gamma dose Faggirg 16a). The lineament
density map shows the spatial distribution of the lineaments in the study area. The highest
total length of lineaments per unit area can be found in the southerRigare@2a), where

the highest variability and dike density were also identifladure17 and 1§. Frequency

and length, based rose diagrams of lineaments, reveal two main orientaticiNgE G

SE-NW indicated by grey shading Figure22b. Sinilar evaluation was performed on the
orientation of faults and dikes of the study area extracted from the 1:25,000 scale geological
map of Velence Hill§Horvath etal., 2004)(Figure13b). The main orientation of faults is
SE-NW, whereas the main orientation of dikes is-8\ (Figure22c), which corresponds

to the extensive structural measurements on granite porphyry and quartz dikes and joints
made byBenko et al. (20140 Velence Hills Figure22d). Concluding, the gamma dose

rate sudden changes represented by lineaments having the same directions as the faults and
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granite prophyre dikesThe N-S and EW directions in the rose diagram cannot be explained

at this point of theesearch.
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Figure 22. Lineament analysis for the measured gamma dose rate at the surf@oéora)

scale lineament density map of gamma dase rb) Length and frequency rose diagrams for

the measured gamma dose rate lineaments. c) Length rose diagram for all types of dikes and
faults. d) Orientation of dikes, hydrothermal veins and joints in the studied area according
to Benko et al. (2014)
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7.2.Results of geogenic radon potential evaluation

The nmeasured parameters (soil gas radon activity concentration and soil gas permeability)

were averaged at each sampling site, from its three replicates, to ensure its representativity.

7.2.1. Field measurements

The summary statistics for field measured soil gas permeability and soil gas radon
concentration at 30 sampling sites are detaildahble6, as well a calculated GRP applying

the Eq. 11 proposed tNeznal et al. (2004pr the field measured input parameters.

Table6. Summary statistics of the field measured parameters (n=30)
Min. Max. Mean Median  STDEV

soil gas permeability (A 2.15E12 2.03E12 3.92E13 1.45E12 3.00E12

total soil gas radon
concentration (Bq )

soil gas radon?f?Rn)
concentration (Bq )

soil gas thoron?t°Rn)
concentration (Bq )

GRP 3.70 18.60 7.94 7.65 3.04

13400 94900 30303 26050 16340

6100 27500 13150 13150 4526

4400 67400 17153 13700 12256

The meteorological conditions of the field measurements are shoVabla7, carried out

in July from 7:00 to 19:00. Thus, the range of temperatures corresponds to the natural
variability during the daytime in summer. The range of pressures is quite narrow varying
only 11 hPa. The median measurement depth is 0.89 m. The minimum depth corresponds
to the sampling site 11, where the underlying granitic rock were found at 0.76 m because this

sampling site is the closest to the top of the Rilj(re7 andFigure30).

Table7. Summary statisticsf measurement conditions (n=30)

Min. Max. Mean Median STDEV
ambient temperature (°C) 23.7 40.4 31.8 32.2 4.89
ambient absolute pressure (hPa) 975 986 980 980 3.32
ambient relative humidity (%) 24 55 38.5 38 8.85
depth (m) 0.76 0.92 0.88 0.89 0.03
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Since the field measurements were performed in similar conditions to avoid the effect of
seasonal and daily variation of radon there is no correlation between the field measured soil
gas radon concentration and the meteorologicatlitions.

Composite representation of descriptive statistics is on the Figures 23a, 25a and 27a, where
in the upper side, the histogram is overlaid with the cumulative density function (CDF) that
gives a clear idea of the distribution of the corresponeealuated parameter. The bottom
box-andwhiskersplot shows the position of the median value and an indication of the
existence of outliers. Overlaid to thex-andwhiskersplot, the scatter plot, with the scale
alienated to the upper plot, shows the number of measurements corresponding to the
respective im of the histogram. In the same sense, Figures 23b and 25b show the field
measured parameter at each sampling site where the error bar represents the standard
deviation from the three replicates.

The field measured soil gas permeability presents a l@hastribution Figure23) and its

median is within the range of uniform fine sand and well graded silty sand according to

typical soil permeabilitiesht®own inFigure4.
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Figure 23. a) Descriptive statistics diagram showing the histogram (overlaid by the
cumulative density furtimon) andbox-andwhiskersplot (overlaid by the scatter plot), and b)
scatter plot of field measured soil gas permeability at each sampling site, where the error bar
represents the standard deviation from the three replicates.
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Since the study area isclated in a slope the variability of the soil thickness together with the
local geology (angular debris, slope deposits, clay and sand) contributes to the variability and
heterogeneity in the distribution of the soil gas permeabHiiyure23).

For illustration purposes, a color code is used for the classification of soil gas permeability,
soil gas radon concentration agebgenic radon potenti@GRP) & follows: yellow for low,

blue for medium and red for high classes based on the classification propdseznay et

al. (2004)(Figure26 andFigure27). Applying this classification for the field measured soil

gas permeability, all measurements are in the range of'4x2810%?m?, which correspond

to the medium class (yellow). The sipadistribution of soil gas permeability over the
geological map 1:25000 scdldorvath et al., 2004)Figure26a) the radius of the circles are
proportional to the permeability scale ranges as showed in the legend.

The total soil gas radort?¥Rn and??°Rn) varies in a wide range (s&able 6) within the
measured sites. THE°RnP??Rn ratio varies from 0.38 to 2.45, reflectedFRigure 24,
showing the soil gas radon and thoron concentrations at each sampling site. The sampling
site 11 presents the highest radon and thoron concentfa@dble6) (Figure25), where the
thickness of the soil is lower than 80 cirable7). Therefore, the elevated values in radon

and thoron concentration in this sampling site can be attributed to the rock contribution.
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Figure24. Field measured soil gas raddfiRn) and thoron?t°Rn) concentration.
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Figure 25. a) Descriptive statistics diagram showing the histogram (overlaid by the
cumulative density function) armbx-andwhiskersplot (overlaid by the scatter plot), and b)
scatter plot of field measured soil gas radon concentration at each sampling site, where the
error bar represents the standard deviation from the three replicates.

The sampling site 11, constitutes an exieevalue in the statistical distribution of soil gas
radon concentration as it is shownHigure25. The spatial distribution of soil gas radon
concentation over the geological mapigure26b) shows its variability within the range of

6100 to 2750@q nT3 (Table6). Based on i medium soil gas permeability and applying

the classification proposed INeznal et al. (2004(Table 3), the correspondingategories

for soil gas radon concentration is as follows: low for values smaller than 2BD6®,

medium in the range &0 000 to 70 00@q n° and high for values greater thd@ 000Bq

m=. Therefore, the field measured soil gas radon concemtragitongs mostly to the low
category (blue), except three sampling sites, including the extreme values, corresponding to
the sampling site 11 that belongs to the medium category (ydFagyre26b). Considering

the median as a representative central value indicator for the 30 measured sites, the soil gas
radon concentration (median: 13 700 Bd)r(Table6) in the study area belongs to the low

category.
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Figure 26. Spatial distribution of the field measured soil gas pabitigy and soil radon
concentration over the geological map.

The geogenic radon potential (GRP) calculated for the field measurement input parameters
applying Eq. 11Neznal et al. 2004pr each sampling site is shownkigure27b. The GRP
is directly proportional to the field soil gas radon concentration; therefore, they show similar

distribution. The extreme value cesponds to the sampling site Figure27a).
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Figure 27. a) Descriptive statistics and b) scatter plot of geogenic radon potential (GRP)
calculated with the field measured parameters at each sampling site where the error is
calcul ated by the error propagation for mul

65

a



Applying the clasificationproposed byNeznal et al. (2004(Table 3), the categories for
GRP are as follows: low for values lower than m@dium for values between 10 and 35 and

high for values greater than 35.
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Figure28. Spatial distribution of the geogenic radon potential (GRP) from the field measured
parameters showing low and medium categories.

Within the sudy area, most of the measurements low (25 sampling sites) corresponds to the

low category Figure28) and low median valu@rable6).

7.2.2. Soil properties

As the initial step the study area was evaluated in terms of soil gas radon concentration and
soil gas permeability based on field measurements, subsequently calculated the geogenic
radon potential (GRP) and characterized by applying the classificatipogad byNeznal

et al. (2004)Table3). In order to apply the above described theoretical models for the
determination of soil gas radon concentration and soil gas permeability, the soil properties,
involved in the model and the influencing parameters in radon production, and emanation
and mgration processes was determined by laboratory analyses. Summary statistics for the
determined soil parameters are listedable8 and descriptive atistics and scatter plots are

detailed inAnnex I.
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Table8. Summary statistics of the physicochemical characteristiteedfudiedsoil (n=30)
Min. Max. Mean Median STDEV

bulk density dry soil (kg ) 1430 1690 1573 1580 64.76
bulk density dry soil (kg ) 1500 1800 1647 1650 73.67
gravimetric water content (%) 280 897 471 4.63 1.32
volumetric water content (%) 410 14.80 7.40 7.30 2.13
volume fraction of water saturation 0.09 0.39 0.19 0.19 0.06
total porosity 0.36 0.46 0.407 0.40 0.03
effective porosity 0.26 0.42 0.35 0.35 0.04
air filled porosity 0.23 041 033 034 0.04
pH distilled water 6.10 9.20 8.52 9.00 0.84
pH KCI 5,00 820 7.38 7.90 0.90
carbonate content (%) 0.00 16.70 8.31 9.40 6.24
organic material content (%) 0.03 0.67 0.28 0.24 0.17

The bulk density of the dry soil, determined for the measured sites, varies in the range of
1430 and 169@&gnr3 without outlying valuesKigure al). The gravimetric content within

the study area varies in a wide ran(dable 6) and shovs two outliers above 7 % that
corresponds to the sites 7 (7.43 %) and site 11 (8.9Figyreé a2). Based on the range of

soil total porosity of thestudy Table 6), it corresponds to the range of fine sand without
outlying values. Since the soil water saturation conditions are function of bothcovatient

and total porosity, one outlying value was found among the measured site that corresponds
to the site 15Kigure &). At this site, volume &ction of the water saturation is 0.39, whereas

all the other values are below 0.25 and the median is Ual8g6). Soil pH determined in
distilled water has a heterogeneous distribution, where two groups can be distinguished
(Figure ab): the first one between 6.1 to 7.7, only sampling 8D has acidic pH, whereas

all the remain sampling sites show a range of pH between 8.2 to 9.2. As it is expected this
groups are reflected in the carbonate content distribution, noticing the same marked groups:
the first one < 3.83 m/¥o (for 9 samplig sites) and the second one > 6.2 rédnffor 11
sampling sites). Organic material content is heterogeneously distributed among the sampling
sites Figure a7). Despite no outlying values can be distinguished irbtheandwhiskers

plot it is important to mention that the sampling site 14 shows the highest organic material
content (0.67 m/rfv).
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As it was described in the section 6.2.5, the particledstabution was determined by two
methods: dry sieving (from 6.3 to 0.063 mm) by sedimentation (for this meth«®EDIs

used in this section) and dry sieving (from 6.3 tar®) by laser diffraction (for this method
DS-LD is used in this section). Fromhe grain size distribution, the arithmetic mean,
geometric mean and the median particle diameter were determined for both methods,
respectively. By comparison of mediaiislfle9), the values of particle size obtained from

dry sieving- sedimentation method are overestimated compared to the values obtained by
dry sieving - laser diffraction in different percentage. Arithmetic mean diameter is
overestiméed in 81 %, the geometric mean diameter in 63 % and the median diameter in 14
%. Arithmetic mean diameter is applicable for a normally distributed grain size. The soill
samples from the study area present a lognormal distribution. An example ofstiosvis

in Annex Il. which is the grain size distribution for the sampling site 1. Therefore, the
arithmetic mean is not representative for the partide is this study. This confirms that

the median diameter is a robust indicator with slightly influence of the method applied for
the particle size determination. Due to the known accuracy of the laser diffraction method,

the results obtained by DID are used for the determination of the particle size diameter.

Table 9. Particle diameter determined form the particle size distribution measured by dry
sievingi sedimentation and dry sieving laser diffraction, (n=30)

partlc(lricrirl]?meter Min. Max. Mean Median STDEV

dry sieving-  arithmetic mean 0.297 1.937 0.627 0.557 0.346
sedimentation geometric mean 0.187 0.468 0.284 0.272 0.067
DS-SED median 0.189 0.358 0.231 0.218 0.040
dry sieving-  arithmetic mean 0.094 1.077 0.378 0.308 0.218
laser diffraction geometric mean 0.094 0.346 0.168 0.167 0.055
DSLD median 0.142 0.255 0.196 0.192 0.024

method

Sand, silt and clay fractions were determined for the soil samples under 2 mm by the dry
sieving- sedimentation (DSSED) and compared to the dry sievirlgser diffraction method
(DS-LD). For the evaluation of this results, the values obtained by dié§@ction will be
considered the reference level due tadsuracy and reproducibility the determination of

the particle size distribution.
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Table10. Sand, silt and clay grain size fractions determined by dry siéseglinentation
and laser diffraction (n=30)

Method FI’?)ZI)IOI’I Min. Max. Mean Median STDEV
dry sieving- sand 65.20 93.29 83.75 85.94 7.63
sedimentatior silt 1.90 18.94 7.85 6.53 4.50
DSSED  clay 4.81 16.13  8.40 7.46 3.32
laser sand 50.94 97.27 79.63 82.07 11.83
diffraction  silt 1.38 40.57 1541 13.55 10.16
DL clay 1.36 850  4.97 4.56 1.82

The resultsTable10) indicates an overestimation of the clay fraction in 64 % comparing the
corresponding median values and underestimates the silt fraction in 48 %, based on the
median valuesHigure29). Additionally, to the overestimation of the EB=D method in the

clay fraction, showing 5 outlying values, which are not present in the clay distribution by
LD. This makes less reliable the 3&D method as it is demonstrated in the literafiteero

and Mirabile, 2012; Konert and Vandenberghe, 1997; Li et al., 200grefore, values of

sand, silt and clay fractions determined by laser diffraction are used in this thesis.
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Figure29. Sand, silt and clay grain size fractions determined by dry sié\8egimentation
(DS-SED) and laser @fraction (LD) used for the determination of grain size distribution.

The determination of the radioactive content of the soil is fundamental in the evaluation of
the geogenic radon potential. The activity concentration of uranium, thorium, radium and

potassium of the soil samples at 0.89 m median depth varies in a wide Taidel(1).
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These values are smaller than the average activity concenfiatithe surficial Hungarian
soils published by NSCEAR (2000)Tablel).

Tablell Summarystatistics of the activity concentration radionuclides and radon exhalation
and emanation of the soil (n=30)
Activity
concentration in
Hungarian soils
(UNSCEAR, 2000)

Min. Max. Mean Median STEDV

radon exhalation
(mBq kgth?) - 0.40 53.70 20.77 1540 15.95

radon emanation ; 0.011 0.245 0.105 0.098 0.065

coefficient
Ra226 (Bq kg 33 940 28.01 17.35 17.00 4.95
U-238 (Bq kg') 29 2.06 3539 1224 1147 7.71
Th-232 (Bq kgl 28 7.07 3212 16.32 1543 6.31
K-40 (Bq kgY) 370 198.92 454.02 274.57 258.75 66.56

The bulk chemical composition was determined for 7 soil samples, listed and described in
Tablel2andTablel3, with a decreasing soil gas radon conicion from left to right, along

a slope (elevation from 180 to 170 m above sea level) located at thaectiss AB Eigure

30). Because of the variability of soil gas radon concentration among them, its chemical
composition is associated to determined soil propeffiaslé12 andTable13).
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Figure30. Crosssection AB along the slope that involves 7 sampling sites (green dots) with
decreasing soil gas radon concentration profile (radius of the dots proportional to the soil gas
radon concertation) from A (180 m a.s.l.) to B@iw a.s.l.)

For this, the correlation coefficient is used as a reference but the significance is not shown
due to the low number of samples (n=Bpased on the chemical composition of the common
uraniunmt and thoriumbearing minerals in granitic rockrdble 1), their major chemical
compositions are shown ifiable12. On this sense, zirconium is associated to the zircon
(ZrSiOs) content of the soil sample, in the same way, yttrium represents xenotime) (YPO
and cerium, in turn, does monazi@:PQ) content of the soil sample. The weak correlation
(r=055) between soil gas radon concentration and zirconium can be explained by the low
radon emanation coefficients attributed to the zircon gr@oshern and Smith, 198Mat

are different of the soil radon emanation that has a strong correlation with the soil gas radon

concentration (r=0.82).
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Table12 Elemental composition (U, Th, Zr, Y, Ce, La, Rb, Al), clay fractiorlaser diffraction LD, pH value, soil gas radon
concentration and radon emanation of seven soil sampleBi(gge30) associated to the geochemical behavior obmeahd its
geogenic sources.

sampling 8202” gas  radon 22Ra U Th Zr Y Ce La Ro Al YLD o pH
site R emanaton gy (oom) (ppm) (ppm) (PPm) (ppm) (ppm) (pPM) ) ™ in water
(Bg n®)  coefficient %)
10 21000 0.16 21.84 1.1 6.7 1.3 1155 374 19.5 6.3 061 3.56 9.2
11 27500 0.151 28.01 1.3 8.3 1.3 16.38 50.1 27.7 13 1.05 551 7.4
15 18000 0.191 22.68 0.8 8.1 2.3 13.6 46.3 234 258 161 6.61 7.2
22 8800 0.068 18.01 0.9 4.2 0.8 9.28 25.3 13.4 6.8 0.64 3.00 9.2
23 14700 0.163 15.58 0.7 4.6 0.9 9.96 30.3 158 128 0.88 3.83 7.6
24 7500 0.013 17.26 1.0 4.9 0.7 10.05 31.0 16.5 70 071 3.25 9.1
25 11400 0.134 17.25 1.0 4.7 0.6 10.38 31.2 16.1 9.8 0.82 347 9.1

Table13. Physical and chemical soil properties associated with the geochemical behavior of radon and its geogenic sources.
volume

' 3202” gas radon_ 22604 Carbonate o Mg soi'l organ'ic fraction total sand silt clay
Site Rn emanation 1y content 0 oy PHIN  material . LD LD LD
(Bg m?) coefficient. (Ba kg) (m/m %) (M/m %) - (m/m %) water (m/m %) s?n\:\;:tt(iaorn porosity (%) (%) (%)
10 21000 0.16 21.84 13.1 6.7 1.3 9.2 0.24 0.16 0.42 90.8 5.67 3.56
11 27500 0.151 28.01 0 0.3 0.2 7.4 0.4 0.12 0.4 775 17 551
15 18000 0.191 22.68 0 0.3 0.4 7.2 0.54 0.39 038 734 20 6.61
22 8800 0.068 18.01 11.2 6.8 1.3 9.2 0.12 0.19 039 889 811 3
23 14700 0.163 15.58 0 2 0.5 7.6 0.19 0.19 041 848 11.3 3.83
24 7500 0.013 17.26 14.2 8.2 14 9.1 0.12 0.21 0.4 845 12.3 3.25
25 11400 0.134 17.25 154 8.1 14 9.1 0.43 0.22 0.38 80 16.6 3.47
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Under oxidizing conditions and acidic pH, uranium as urany! iorefJ@ mobile, therefore

it can migrate by forming solutions (EtH diagram of the system0-O-H) (Takeno, 2005)

Thus, it explains the weak correlation of uraniymrx0.54) with the soil gas radon
concentration. On the other hand, yttrium, cerium (and lanthanum) show strong correlation
with the soil gas radon concentration£0.88,i =0.86,i =0.88) that is clear indication of

the content of xenotime andonazite minerals in the soil. The correlation between these
minerals and the clay fraction is also strong=0.82,i =0.88,i =0.84) that means that

the clay fraction might be enriched in these uranium bearing phosphate minerals.

The content laminum (a major element in clay minerals) and rubidium (a trace element
commonly adsorbed in clay minerals) is associated to the content of clay mineral in the soll
sampling sites, since rubidium itsgongly sorbed by clay minerals such as illite uraasatic
conditions and aluminum is a part of kaolinite. The correlation of rubidium and aluminum
with clay fraction { =0.91,i =0.94)suggests the content of clay minerals in the
finest fraction (lower than 0.008 mm).

The influence of the physical and chemical soil properties on the soil gas radon concentration
by correlation for the 7 selected samples based on the vallieblefL3. As it is expected,

the determined carbonate content of the soil samples is strongly correlated with the
concentrations of calcium and magnesium independently (r#®18&h casgs Despite the

weak negative correlation between soil gas radon exdretion and carbonate content
(r=0.58), it can be noticed that in the sampling sites, where the carbonate content is zero (pH
< 8), the radon emanation coefficient is the highest (sites11,15,F&f)r¢ 30). This
relationship was found in 9 sampling sites out of the 30 measUapie(6). Additionally,

the emanation coefficients are not in direct connection with radium activity concentration,
total porosity, amount of sand and clay fraction and organic content in thessaimgles.
Sample 15 has the highest gravimetric water content (8.97 %) and its total porosity (0.38)
indicates the saturation conditions. These conditions must have been depended on the
organic material content (0.54 %), which reflects on the radiunenbint the clay fraction.

Based on this detailed analysis, it can be noticed that the complexity of the soil processes

influences directly or indirectly the soil gas radon concentration.
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7.2.3. Soil factors influencing on soil gas permeability and soil gasadon
concentration

Influence of factors, involving radon generation and migration through the soil pores, is
evaluated by a correlation test. The correlation coefficient and the statistical significance are

included in the correlation plot.

7.2.3.1. Influencing factors on soil gas permeability

Permeability is an important factor in radon migration through soil p&iigsre3). As a
summary of section 4.3, d¢an be affirmed that factors influencing the soil gas permeability
are: soil porosity effected by water content and grain size of the soil. Based on this general
statement, a detailed correlation analysis was performed between the field measure soil gas
permeability and the different types of porosity (total, effective and air filled porosity), the
different ways to express water content (gravimetric percentage or in terms of volume
fraction of water saturation) and the particle diameter determined by thf§raction
(arithmetic, geometric and median particle diameter).

The results of this correlation test are summarizdchlrie14, represented by tre®rrelation
coefficient and the statistical significance under 95 % of confidence interval for the 30

sampling sites.

Table 14. Correlation between field measured soil gas permeability and its influencing
factors (n=30)

correlation  statistical

soil parameers coefficient significance
(n) ()
total porosity 0.001 0.994
porosity effective porosity 0.324 0.081
air filled porosity 0.241 0.2
water volume fraction of water saturation -0.371 0.043
content (%) gravimetric water content -0.459 0.011
particle arithmetic mean 0.08 0.676
diameter = geometric mean -0.108 0.342
(mm) median -0.09 0.635
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There is no significant correlation between the measured soil gas permeability and the
particle size diameter, neither with total porosity nor air filled porosity. Although the
correlation between soil gas permeability and effective porosity is notisamifthere is a

clear tendency to positive correlation as showhigure3la. Since the sampling site 15 is

the only one, which has saturation coris, it was removed from the data and the
correlation was recalculated.

By excluding sampling site 15 (labeled Kigure 31), the correlation between iso
permeability and effective porosity increases slightly to r =0.379 and became significant
(p=0.043) but still weak correlation. Whereas, the negative correlation of soil gas
permeability and volume fraction of water saturation improves significantly ms0.513

and p=0.04. Besides this improvement, the correlation with these two parameters is not
strong but still significant.

(a) soil gas permeability vs. (b) soil gas permeability vs.

effective porosity volume fraction of water saturation
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Figure31. Correlation plots a) between field measured soil gas permeability and b) effective
porosity and volume fraction of water saturation.

7.2.3.2. Influencing factors on radon generation process

Following the process of radon availability and migration in $adyre 3), the first step is
radon generation. The influencing factors: geochemical process and radium activity
concentration. Based on the geochemical behavior of radium, detailed in section .2.4.5

can be summarized that in case of absence or low concentration of calcium (frors) CaCO
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radium is preferentially adsorbed on organic material and clay min@tatbwani and
Phillips, 1979a) According toGreeman and Rosd 496) the emanation coefficient of
minerals coated by organic material is two times higher than the clays. The evaluated
influencing factors are: clay fraction, particle diameter, organic material content and pH. The
correlation coefficients and sistical significance of correlations of those factors whose

radium activity concentration are shownTiable15.

Table15. Corrlation between radium concentration and its influencing factors (n=30)

soil parameterscorrelated with correlation statistical
radium activity concentration coefficient (r)  significance (p)
median particle diameter (mm) -0.158 0.405

clay fraction (%) 0.26 0.165
organic material content (%) 0.437 0.016

pH -0.437 0.016

The patrticle grain size does not correlate with radium concentration, considering all sampling
sites Tablel5), however it can be noticed a positive correlation with excluding of 6 sampling
sites demonstrated Figure32a. The radium concentration, in the including samples, can
be related to the proximity of the underlying bedrock to the sampling site, which is clearly
shown in the geographical locai of sampling sites 11 and 1Bigure 7 and Figure 30).

There is not significant correlation between radium content and clay frdEigure 32b).
Whereas, the organic material content has a significant positive correlation with radium
concentration, despite the presence of bivariate outlying values sampling sites 11 and 27
(Figure32c).
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Figure32. Correlation between R226 concentrations and influencing parameters: a) grain
size, b) clay fraction, c) organic matter and d) pH of soil.

A special distribution ofhe sampling sites in the correlation plot betw& Ra and soil pH

in distilled wateris shown inFigure32d. Besides the significant correlatishown in the
plot (Figure 32d), two groups ofsampling sitesan be distinguished around pH=8. The
sampling sites that belongs to group in the rangetbfrom 6.1 to 7.7 corresponds to the
sites where the carbonate content is zero or close to zero as it is det@dbteit6. For the
sampling pointdisted in Table 16, it can be noticed that almost all soil samples have the
highest radon emanation coefficiamong the80 sampling sites. Most of tisampling sites
indicated inTable16 havevalues of radon emanatigmneater than the medi0.099 of the

30 sampling siteéTable11), except sampling site 28, which has the lowest organic content
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but the highest clay content among the soilsTable 16. This is explained by the
geochemical behavior of radium, whichpeeferentially adsorbed on organic material and
clay mineralsin absence or low concentration of calciumoifr CaCQ@) (Nathwani and
Phillips, 1979a,h) According toGreeman and Rose, 199%e emanation coefficient of
minerals coated by organic material is two times higher than the clays that is reflected in
Table16.

Table16. Soil properties at pH < 8

. radon SO" pH organic clay

sampling 222Ra . carbonate in . total
site (Bq kg emanation (%) distilled material - LD porosity
coefficient (%) (%)
water

7 13.38 0.166 0 7.5 0.38 587 045
11 28.01 0.151 0 7.4 0.4 551 0.4
14 25.59 0.136 3.33 7.7 0.67 8.2 0.41
15 22.68 0.191 0 7.2 054 6.61 0.38
21 13.36 0.245 0 7.5 0.17 456 041
23 15.58 0.163 0 7.6 0.19 383 041
28 20.04 0.073 0 7.7 0.09 85 0.39
29 22.35 0.221 0 7.6 042 792 043
30 23.33 0.164 0 6.1 046 345 043

The preferential adsorption of radium in organic matesias not found at pH 8 within the
measured sites. Since at high pH, the carbonate content incte@sts the competition
between radium and calcium, in this case the affinity of the organic material is not significant.
Note that thepreferential adsorption of radium in claynerals is not modified under these
conditiongNathwani and Phillips, 1979b, 1979a; Sposito, 2008; Thorne and Mitchell,.2011)

7.2.3.3. Influencing factors on radon emanation process

As it was detailed in section 4.1.6.4. that, at environmental conditions, the influencing factors
on radon emanation are particle size and water content. The correlation plots as well as the
correlation coefficient and its significance are showRigure33.
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Figure33. Correlation between radon emanation coefficient and its influencing parameters

No correlatiorbetween radon emanation coefficient and median particle diameter was found
(Figure33a) considering the 30 sampling sites. Despite the lack of cavretatween radon
emanation coefficient and gravimetric water content for all the sampling sites (Figure 31b),
a marked negative correlation can be observed after excluding the bivariate outliers. By
excluding the 4 sampling sites labeledrigure 33b the correlation improves significantly
(r=-0.479, p=0.013).

7.2.3.4. Influencing parameters on soil gas radon concentration in air soil

The relationship betweemis gas radon concentration and its direct influencing parameters
was evaluated by a linear correlation bivariate analysis. The factors that influences directly
the soil gas radon concentration are radium concentration, radon emanation coefficient,
porosty and water content.

Additionally, the factors that influence the radon emanation and radium concentration were
evaluated by correlation with the field measured soil gas radon concentration as indirect
influencing factors. Correlation analysis was perfed for all sampling sites (n=30), for

both direct and indirect influencing factors. However, considering the special behavior of
the sampling sites 11 and 15 explained in sections 7.2.1 and 7.2.2, respectively, a second
correlation analysis was performedthout those sampling sites (n=28). The results of the

two correlation analyses are detailedablel7.
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Tablel7. Correlaton between field measured soil gas radon concentration and its influencing
factors

) n=30 n=28
Soil parameters
r p r Y
radon emanation coefficient 0.605 0.000 0.636 0.000
radium concentration (Bq kg?) 0.563 0.001 0.397 0.037
gravimetric watecontent (%) -0.030 0.873 -0.023 0.906
organic content (%) 0.343 0.063 0.270 0.164
pH -0.571 0.009 -0.498 0.007
soil gas permeability (n?) 0.449 0.013 0.202 0.302
total porosity 0.135 0.478 0.282 0.146
effective porosity 0.234 0.213 0.277 0.153
air filled porosity 0.117 0.537 0.257 0.186
clay fraction (%) 0.352 0.056 0.359 0.061
silt fraction (%) 0.324 0.081 0.358 0.061
sand fraction (%) -0.333 0.072 -0.364 0.057

Soil gas radon concentration has a positive and significant correlation radthm
concentration and emanation coefficiehalfle17 andFigure34). When the sampling sites

11 and 15 are excluded, the correlation coeffidietiveen soil gas radon concentration and
radium concentration decreases considerably, meanwhile the correspondent to the radon
emanation slightly increas€¥able17). Whereas there is no significant correlatadrsoil

gas radon concentration and sedter content.

Although there is not aignificant correlation between soil gas radon concentration and
effective porosity Tablel17), a positive correlation tendency can be sedfignre34c. As

it is illustrated inFigure34d, there is10 crrelationbetween soil gas radon concentration and

total and abfilled porosity.
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Figure34. Correlation between soil gas radon concentration and its direct influencing factors.

Soil gas radon concentration has no direct @hstiip with the evaluated soil properties
(Figure35).
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7.2.4. Estimated soil gas permeability and soil gas radon concentration

According to the aim of this research, the empirical model developBRaddsrs and Nielson
(1991) modelMP1 (Eqg. 6) and théheoretical models developed Byrstendorfer (1994)
modelMR1 (Eqg. 8) ad byVarhegyi et al. (2013nodelMR2 will be applied to the study

area to test its usability.

7.2.4.1. Soil gas permeability field measured vs. estimated soil gas permeability

According to the empirical model developedRygers and Nielson (199fodelMP1 (Eq.

6), theinput parameters for the estimation of the soil gas permeability are: total porosity,
arithmetic mean diameter, excluding particles > 4.7 mm, and volume fraction of water
saturation. A variation to this model is introduced by the particle diameter tmat w
determined by two methods of grain size distribution; dry sievegglimentation (DSSED)

and dry sieving laser diffraction (DSLD) (Table 18). In this way, the influence of the
method applied for the determination the grain size distribution in the empirical model MP1

is evaluated.

Table18. Variation ofthe model for estimation of soil gas permeabili?1 based on the
methodology of grain size distribution

modelMP1 (Eg. 6) particle diameter

model (Rogers and Nielson, 1991a) (-+) characteristics remarks
obtained from DS  method: used by
MP1DS-SED A SED the authors
0 LT n.+ A@bp ¢ method: accurate
MP2 DSLD obtained from DS.D '

widely used

The summary statistics of the field measuaad estimated soil gas permeability is shown in
Table19.
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Table19. Summary statistics of field measured and estimategsameability (n=28) for
models MP1 DSSED and MP1 LD

Soil gas permeability

(m?) Min. Max. Mean Median STDEV
FIELD measured 1.50E12 3.30E12 2.16E12 2.00E12 4.18E13
MP1 DSSED estimated 9.86E12 3.45k11 1.88k11 1.73E11 6.57E12
MP1 LD estimated 6.69E12 3.03k11 1.35E11 1.12E11 6.31E12

The estimated soil gas permeability by applying for the evaluatetklsMP1 is one order

of magnitude greater than the corresponding field measured valalele {9, Figure 36).
Considering that perfect estimation of the predicted value, by the theoretical model, respect
to the measure one is 108 therefore overestimation is calculated as the percentage of the
predictedvalue which exceeds the field measured value. The median of the estimated soil
gas permeability applying the model MP1-BED represents an overestimation of 765 %

referred to field measured value, whereas with the model MPILID&Be overestimation is
460 %.

(a) soil gas permeability - field vs. estimated (b) soil gas permeability - field vs. estimated
4e-11
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Figure 36. Comparative plot between field measured and estimated soil gas permeability
obtainedthroughthe application of the modelMP1 DS-SED and MP1 LDillustrated by a)
box-andwhiskersplot and b) scatter plot bsgampling site.

The difference of the median betweha estimated soil gas radon concentration by applying
the modelsMP1-DS-SED and MP1 D&D is 6.1E12, which means thahe modelMP1-

DS-SED overestimates th@odel MP1 DSLD in 54.4 %. The variabilitypetweenthe
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modelsMP1-DS-SED and MP1 D&.D reflects the sensitivity of this model to the particle

size. Furthermore, the model uses arithmetic mean diameter as input parameter which does
not represent the real particle diameter since the grain sizéutistins of all 30 samples are

not normal, butlognormal, as it isillustrated in Annex Il. The estimated soil gas
permeability bythe modelsMP1-DS-SED and MP1 DSE.D at each sampling site is shown
inFigure3éb wi t h the error estimated by Tyl or ds
The correlation plot between the field measused the estimated soil gas permeability is
shown inFigure 37 in logarithmic scale. Correlation coefficient and significance are
indicated in the legeh No correlation was found between the field measured soil gas
permeability and the estimate ones the modelsMP1-DS-SED and MP1 D&D,

respectively.
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Figure37. Correlation plot between the field measured estiimated soil gas permeability
without outliers (n=30)

7.2.4.2. Soil gas radon concentration field measured vs. estimated soil gas radon
concentration

The theoretical models applied for the estimation of soil gas radon concentratinadaie
MR1 proposed byorstendorfer (1994FEq. 8) andnodelMR2 proposed byarhegyi et al.
(2013)(Eqg. 9) who modifieshe modeMR1 (Eqg. § by introducing dactorin modelMR2,
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which considers the radon concentration in the water pbiattee pore spac€Eq. 9) thatis
neglectedn by Porstendorfer (1994 modelMR1. (Table20).

Table 20. Remarks of theoretical models for the estimation of equilibrium soil gas radon
concentration

Model and formula remarks
MR1 widely used model; the radon
g =" concentration in the water fraction of
0 n— the pore space is neglected.
'MRZ in the model the fraction of radon in tl
v o -7 water and air phase onsidered; it is
o ” ; + only valid for norsaturated conditions
n v p -— U0 p Q

The box-andwhiskersplot of Figure38a shows the estimated soil gas radon concentration
by the modeldMR1 and MR2, respectively, plotted together with the field measured values.
Besides differences in the medians between the unsésind estimated values, there is a
clearly marked outlier in the predicted distributiomusdelMR2.
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Figure 38. Comparative plot of field measured and estimated soil gas radon concentration

obtained through the applicatiof the models MR1 and MR2, illustrated by l@x-and
whiskersplot and b) scatter plot by sampling site.

86



This outlier corresponds to the sampling site 15 which is se&igure 38b. As it was
described earlier this sampling site is undersaturation conditions and considering that the
model MR2 cannot valid for saturation conditions, therefore, this sampling site is excluded
of this analysis. Focomparison purposes, the outlier of the field measured soil gas radon
concentration is excluded, as well.

The summary statistics dhe modelsMR1 and MR2 models with the determined soll
properties, excluding the sampling sites 11 and 15 (outliers),nsrs€able21. Comparing

the median values of the estimations and the measured soil gas radon concentration, it can be
affirmed that thenodelMR1 undeestimates the field measured soil gas radon concentration

in 51.2 % and MR2 one in 41.6 % and in both cases, the values are distributed in a wider

range than the correspondent to the field measured range.

Table21. Summary statigts of measured and estimated soil gas radon concentration (n=28)
Soil gas radon

) Min. Max. Mean Median STDEV
concentration (Bg )
FIELD measured 6100 21000 12464 12450 3608
MR1-soil estimated 863 20718 7804 6068 5838
MR2-soil estimated 994 25920 9390 7263 7146

In spite of the numerical differences betwé®nfield measured soil gas radon concentration
andthe corresponding values obtained through the application of the nhdd&land MR2,
respectively,the estimated valuebave significant positive correlation with the field
measured valuesgeflected in thecorrelation coefficientabove 0.62(i @ T yand

i @ ¢ and the significanclewer than 0.05shownin Figure 39.
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Figure 39. Correlation plot between the field measured and estimated soil gas radon
concentration, withoudamplng sites 11 and 1h=28).

The difference between the estimated and the field measured soil gas radon concentrations
can be mainly attributed to two types of radon transport mechanism and geochemical process.
Regarding to the mechanism of radon transipasoil, the evaluated theoreticabdelsMR1

and MR2 were determined considering only molecular diffusion. Consequently, the fraction
of radon, transported by advection, is neglected. Based on the geochemical behavior of
radium, there are process tlafluences significantly the soil gas radon concentration such

as the preferential adsorption of radium in organic material at low concentration of carbonates

and high concentration of organic material and clay minéfalsrne and Mitchell, 2011)

7.2.5. Maodification of the models
7.2.5.1. Modified models to estimate soil gas permeability

Two modifications orthe empirical model MP1 for the estimation of soil gas permeability
are proposedn this evaluationto improve the predictive power ohodel MP1. The
modified modeldVIP2 (Eq.26) and MP3 (Eq. 27A)se the particle diameter of soil obtained
from grain size distributiorior the methods oflry sievingi sedimentationS-SED) and

dry sievingi laser diffraction DS-LD) independently
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