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Abstract

The radon risk assessment of building sites is an important part of the Radon
Programme of the Czech Republic. The present paper summarizes the results of the
research project focused on studying the conditions of radon release from soils and
bedrock into buildings, evaluating the influence of this release, and classifying the radon
index of building sites. A building site’s radon index indicates the level of risk of radon
release from bedrock, and can be expressed numerically as the radon potential of a
building site. The radon index of a building reflects the degree of radiation protection a
building needs, which depends on the soil characteristics and the building’s foundation
type. A new method for determining radon index has been proposed. Compared to the
method used since 1994, the new method more precisely handles borderline conditions
occurring in radon risk classification, and should result in the better protection of buildings

against the soil gas radon penetration.

1. Introduction

The present publication summarizes the results of a three-year research project
assigned by the State Office for Nuclear Safety (SONS). The company RADON v.o.s. corp.
has acted as the principal investigator, while the research, field work, data processing, and
editing of the final text were completed with assistance from the Faculty of Natural
Sciences at Charles University in Prague and the Czech Geological Survey. The text has
been reviewed by the State Office for Nuclear Safety, the National Radiation Protection
Institute, and the Czech National Authority for Nuclear, Biological, and Chemical
Protection. The main research goal was the development of a new uniform method for
assessing the risk of radon penetrating from the underlying soil or bedrock, based on
determining the radon index of the building site. This method is expected to become
obligatory for all radon specialists in private companies and other entities that deal with
assessing the radon risk of building sites in the Czech Republic. The activities of such
specialists are based on a permit issued by the State Office for Nuclear Safety (SONS).
Obtaining this permit requires passing the geological and radiometric training course at the
Faculty of Science of Charles University, and a quality certification at the State Office for
Nuclear Safety. Thus, the subjective evaluation of geological conditions that these workers
must make when carrying out the risk assessment procedures are based on professional,
scientific experience and knowledge.

This publication is bilingual. Each version is comprised of two main parts. The first of

these (chapter 2) contains a description of the new radon risk assessment method. The



second part, which consists of the following chapters, gives concise descriptions of the
particular branches of research that lead to establishing the new method. The data and
results of the individual research projects are described in separate reports by SONS (in
Czech), while the present publication gives only a brief summary due to its limited scope.
The new method is partly based on the previous one presented by Barnet (1994). The
newest results, having been gathered during the research activities of the Radon
Programme of the Czech Republic and within this research project, mainly concern the
statistical evaluation of soil gas radon concentration measurements, the method of soil gas
sampling, the determination of soil permeability, radon exhalation rates from soil surfaces,
single and continual measurements of soil gas radon concentration, the study of geological
conditions influencing the assessment of radon potentials, and the comparison of different
methods of radon availability models. All of these topics contributed substantially to
formulating the new radon risk assessment method. The use of this method for radon
index mapping on a regional scale was also tested; this research was completed by
establishing radon reference sites for comparison measurements, and for tests used by

private companies and institutions that deal with measuring soil gas radon concentrations.

The new radon risk method is based on a more detailed building site assessment, with
increased attention given to determining the permeability of inhomogeneous geological
environments. The proposed classification method is better at determining the radon index
in borderline cases, and at considering the influence of variable permeability on the final

assessment of the measured site.

The new method for assessing the radon risk of

building sites

2. Determining the radon index of a building site: the new

method

2.1. Introduction
Determining the radon index of a building site is based on the assessment of radon

(**Rn) concentration in the soil gas and of the permeability of the underlying soils. The



higher the soil gas radon concentration and the permeability of soil layers, the higher the
probability of radon penetrating into the building.

The radon index of the building site (RI) generally expresses the site’s radon potential.
The radon index of the building (RB) expresses the degree of protection a building
requires against radon penetration from the underlying bedrock or soil. The radon index of
the building itself is derived from the radon index of the building site , while also
considering the depth of the building’s basement, the building’s foundation type, and the
properties of the underlying soils. At a building site having a certain radon index, the radon
index of a building on that site can differ depending on whether it is founded on the surface
or has underground floors.

The method presented here for determining radon index is based on the results of
research conducted between 1994 and 2002. It is a modification of the method that has
been valid since 1994. Section 2.6 summarizes the information that should be included in
any report on the radon survey of a building site, and which should be available for
building experts and radon protection workers.

The present method has been formulated in accordance with Act No. 18/1997 Coll. (the
Atomic Law), with respect to changes given by Act. No. 13/2002 Coll. and the Decree of
the State Office for Nuclear Safety (SONS) No. 307/2002 Coll. on Radiation Protection. All
experts, companies and institutions dealing with the determination of radon index must

possess the valid SONS permit for these activities.

2.2. Terminology

The following terms appear in the description below:

Radon: the #??Rn isotope of radon.

Radon activity concentration in soil gas: the number of radioactive decays of ?*’Rn in
one cubic meter of soil gas per second, also referred to as soil gas radon concentration.
Radon index of a building site (RI): index indicating the level of risk of radon release
from the bedrock, surface material, and\or soil. The categories are low, medium, and high.

Radon index of a building (RB): index expressing the degree of required radiation
protection a building needs against radon penetration. It is derived from the RI, the building
foundation type, and the characteristics of the underlying soil or bedrock.

Radon potential of a building site (RP): the value expressing the radon index of the
building site. If RP < 10, then Rl is low; if 10 <= RP < 35, then Rl is medium; if 35 <= RP,
then Rl is high.



Soil: includes soils, weathered rocks in the upper part of the soil profile (including organic
matter), unweathered rock exposures in the upper layers influencing the evaluation of RI,
and any artificial material that may be present.

Soil gas: the mixture of gases in the soil pore spaces.

Gas permeability: the parameter characterizing the potential for radon and other gases to
migrate through the soil. Permeability is determined by direct measurements or by an
expert evaluation of the soil. Also referred to simply as permeability.

Vertical soil profile: the description of particular soil layers characterizing their structural
and mechanical properties, depth, and thickness. This description is used in the expert
evaluation of permeability.

The third quartile: the 75% percentile of a data set of N measurements. For the purposes
of RI determination, the third quartile is calculated as follows: the data are arranged in an
increasing order, and the third quartile is the Nzs™ value of the data set, where Nzs equals

(0.75N + 0.25) rounded-off to the nearest lower integer.

2.3. Radon activity concentration in soil gas

The soil gas radon concentration is the first decisive parameter for determining the
radon index of a building site. The soil gas radon concentration is determined by
measuring the radioactivity of a soil gas sample taken from a depth of 0.8 m.

The basic conditions for the determination methods are:
(a) The radioactivity measurements must achieve the limit of detection of 1 kBq.m™.
(b) The devices must be calibrated for radon and radon progeny measurements by the
National Metrological Centre.
(c) The sampling and measurement methods must have been field tested at radon
reference sites for the comparison of measurements.

In accordance with the Czech State Norm ISO 31-9, the soil gas radon concentration is
indicated as ca, and the values are reported in kBq.m™ using one decimal position.

Instantaneous measurements of soil gas radon concentration are usually taken, though
in principle integrated or continual methods can also be used in fulfilling the above
mentioned requirements.

If an instantaneous measurement of the soil gas radon concentration is taken, a

background control with scintillation or ionizing chambers is required before sampling. The

background should not exceed 1/10 of measured signal.



Thorium present in the rocks and soils generates the alpha emitter thoron (*°Rn). Its
soil gas concentration is usually on the same order of magnitude as radon. For soil gas
radon concentration measurements completed immediately after the soil gas sampling, it
is necessary to use correction procedures for the influence of thoron on the resulting

concentration values.

2.3.1 Number of sampling points

Due to the inhomogeneous distribution of radon in soils and the frequent presence of
outliers, the reliable determination of RI requires obtaining a set of soil gas radon
concentration measurements.

When a building site smaller or equal 800 m? (a typical area for a single family house, a
detached building, for outbuildings, or for reconstructions involving changes in the contact
with the ground) is evaluated, at least 15 sampling points must be measured. These
sampling points must be taken within the building’s ground plan and its close vicinity.

When a building site larger than 800 m? (an area for more than one building, or for a
larger single building) is evaluated, soil gas samples are collected in a 10 x 10 m grid.
Again, the building’s ground plan and its close vicinity must be covered. For cases in which
other buildings or concrete\asphalt covers are present, the regularity of the sampling point
grid can be adapted as necessary; i.e. the location of some sampling points can be
changed, though it is necessary to measure the radon distribution over the entire building
area.

In cases involving the occurrence of local radon concentration anomalies (higher than
three times the third quartile: 3 * cazs) it is recommended that the number of sampling

points be increased and that a 5 x 5 m grid be used.

2.3.2 Method of soil gas sampling

The soil gas samples are usually collected using small-diameter hollow steel probes
with a free, sharpened lower end (a lost tip) combined with a large-volume syringe or a
pump. The entire system must be perfectly sealed. The use of sampling systems that are
not perfectly sealed, or that do not reach a sufficient level of vacuum to collect gas
samples in soils of low permeability, may result in an underestimated soil gas radon

concentration. Therefore, such systems must not be used.



The internal volume of the cavity, which is created at the lower end of the sampling
probe, must be large enough to enable the sample collection. The minimum internal
surface area that must enter the soil is 940 mm? (corresponding to a cylinder having 10
mm in diameter and 30 mm height).

The soil samples are collected from a depth of 0.8 m below the ground surface. If the
soil gas samples cannot be collected due to extremely low soil permeability, high
groundwater saturation, or the presence of shallow, solid rock layers, the following
modifications can be used. If the soil permeability is very low, the cavity at the lower end of
the sampling probe can be enlarged by retracting the probe about 10 - 15 cm toward the
surface. Sometimes (upper soil layers with higher permeability are not reached, the probe
remains fixed in the soil, as well as contamination of the soil gas by atmospheric air can be
avoided) the probe can be retracted to 0.5 m below the surface, while maintaining the
perfect sealing of the whole system. A similar approach is often used when the sampling
layer is saturated with water. In cases involving shallow solid rock layers, the minimal
sampling depth can be changed to 0.5 m below the surface. Changing the position of the
sampling points within the 10 x 10 m grid can also be done in all above described cases.
However, all deviations from the standard sampling depth of 0.8 m must be reported,
including an explanation and an estimate of potential influence of these differences to the
evaluation results.

If none of the above mentioned modifications work, the building site assessment can be
postponed to the time at which the building foundation surface will be exposed. Other
methods such as radon exhalation rate measurements, ?°Ra mass activity (Bg.kg™")
measurements, and emanation power determination can be applied. These techniques
have not been standardized for various reasons; and for those exceptional cases in which
it is necessary to deploy them, the measurements must be performed with an
understanding of the parameters influencing radon migration and the detailed field
conditions.

Soil gas sampling and the soil gas radon concentration measurements must not be

performed under extreme meteorological conditions.

2.3.3 Data treatment and the presentation of soil gas radon concentration results

The radon risk categorization of entire or parts of building sites is based on evaluating

the measurements of the radon concentration and distribution in soil gas.



When classifying a building site for a single building (with a building site smaller or
equal 800 m?, involving at least 15 soil gas radon concentration measurements), the main
value used for this classification is the third quartile of the set of soil gas radon
concentration data cazs. Values smaller than 1 kBq.m™ are excluded from the data set. The
person performing the readings, and who is responsible for the classification, must
consider all local radon concentration anomalies and variations. The final report must
contain the following statistical parameters: minimum, maximum, arithmetic mean, median,
and the third quartile.

The classification of larger areas (building sites larger than 800 m?, requiring soil gas
radon concentration measurements in a 10 x 10 m grid) depends on the homogeneity of
the data. If the data set is homogeneous, the third quartile of the whole data set is used as
the decisive value. Values smaller than 1 kBq.m™ are again excluded.

If the data set is not homogeneous, the three following situations must be considered:
(a) the inhomogeneous building site is formed by several homogeneous subsites.

(b) a fault zone crosses the building site.
(c) local radon anomalies are present at the building site.

In cases (a) and (b) the building site is divided graphically into homogeneous subsites,
which are considered and processed separately. The spatial variations in permeability can
also be helpful for this evaluation.

If the number of measured values is large enough (more than 50 soil gas radon
concentration measurements), histograms of radon distribution can be used for assessing
the data homogeneity along with a visual evaluation. Another method for testing data
homogeneity uses a log graph of relative rank r versus ascendantly ordered values: In(r/1-
r), where r = i/(n+1), and i is the rank of the value in n ordered data. If the shape of the
curve approaches a straight line, the distribution is normal, or log-normal. If the shape of
the curve resembles a fractional line, the data set is polymodal.

The third quartile of the corresponding data set is used again as a basic value for the
classification. For homogeneous building sites (or subsites) the third quartile of the entire
relevant data set is used. For building sites that contain several subsites with different soil
gas radon concentrations, the highest of the third quartiles of the corresponding data sets
are used.

In case (c), the radon specialist must weigh the significance of the local anomalies and
their relation to geological and non-geological factors, and thus judge whether or not they

are random occurrences. Supplementary measurements (if available) are also taken into



consideration. In such cases the classification is especially dependant on the expertise of

the worker. The observed anomalies may influence the final determination of the RI.

When larger building sites are evaluated, the final report must contain not only the
basic statistical parameters mentioned above (minimum, maximum, arithmetic mean,
median, and the third quartile), but must also show all measured values of soil gas radon
concentration in numerical and graphical forms. The graphical presentation enables a

better understanding of spatial variability of this parameter.

2.4. Soil Permeability

The permeability of soils is the second decisive factor in determining the radon index of
a building site. As higher permeability enables the increased migration of soil gas and
radon from the soil into the building, a higher radon risk can be expected in more

permeable soil environments.

2.4.1. Determining soil permeability

The permeability of soils can be determined by:

O direct in situ permeability measurements

O expert evaluation of permeability

The permeability is designated by the symbol k. When direct in situ measurements are
performed, the gas permeability is given in m? (rounded to one decimal position, e.g. 1.7 .
102 m?). Expert evaluations of permeability leads to assigning the low — medium — high

categories.

2.4.1.1. Direct measurement of soil permeability

Direct in situ permeability measurements are performed at a depth of 0.8 m beneath
the ground surface.

The in situ method consists of measuring the airflow during suction from the soil or
when pumped into the soil under constant pressure. The procedures for permeability
measurements are similar to those of soil gas sampling (small-diameter hollow steel
probes with a free, sharpened lower end - a lost tip). The internal surface area of the cavity

formed by pounding out the free tip must be exactly defined for each measurement



system. Various devices designed for in situ gas permeability measurements can be used.
There can be complications with determining the shape factor of the probe (which depends
on its geometry and internal dimensions) and with the individual corrections for the free
flow of air in specific instruments. For these reasons, and due to the lack the gas
permeability standardization, the results obtained from various devices should be
standardized against the RADON-JOK parameter, widely used in the Czech Republic

(www.radon-vos.cz/index_en.html).

Direct in situ permeability measurements are based on fixed measurement geometry.
The size of the measuring cavity in the soil must not be enlarged. It is recommended that
the auxiliary limit for low permeability k = 5.2 . 10"* m? be used. When k < 5.2 . 10"* m?
(the measuring time of the RADON-JOK permeameter is higher than 1200 s), the
permeability need not be exactly measured. The resulting value for the summary of results
will be k < 5.2 . 10" m? and the resulting value for statistical evaluation is substituted by k
=52.10" m%

As for the resistance of the equipment against the free flow of air, the limit for high

permeability is k =1.8 . 10" m% When k > 1.8 . 10" m? (measuring time of RADON-JOK
permeameter is shorter than 6 s), the value for the summary of results will be k > 1.8 . 10™
m?, and the resulting value for statistical evaluation is substituted by k = 1.8 . 10" m2.
For direct in situ permeability measurements, the requirements for the number of
measurements are the same as for the soil gas radon concentration measurements, i.e. at
least 15 measurements for a single building (with a building site <= 800 m?), or the taking
of measurements in a 10 x 10 m grid for building sites >800 m?. The same statistical
parameter, i.e. the third quartile of the data set (marked kzs), is used as a decisive value for
the assessment. The third quartile diminishes the influence of outliers and local
permeability anomalies.

It is not necessary to describe the vertical soil profile when direct in situ permeability
measurements are performed.

Only when the data set of direct in situ permeability measurements (k, in m?) is
available can the radon potential of the building site (RP) be used for determining the RI

(see section 2.5.1.).

2.4.1.2. Expert evaluation of soil permeability
An expert evaluation of soil permeability is necessary when in situ permeability

measurements are not performed at all sampling points of soil gas radon concentration



measurements. This expert evaluation, which results in classifying the site as low,

medium, or high permeable, is based on the description of the vertical soil profile to a

minimum depth of 1 m (or to the lowest depth that can be reached by a hand drill, in cases

involving large amounts of coarse material or unweathered rock near the surface). The

evaluation must involve at least one of the following methods:

O A macroscopic description of the fractions in samples from a depth of 0.8 m, with the

classification of its permeability (low — medium — high). Estimating the proportion of
the fine fraction (f, particle size <0.063 mm) is also necessary in this classification.
For f > 65%, the permeability is low; when 15% < f <= 65%, the degree of
permeability is medium; and when f <= 15%, the permeability is high. The final
classification is then corrected with respect to the factors that could influence the
actual permeability (see questions that are presented at the end of this section).

Evaluating the resistance encountered when drawing the soil gas samples for the
radon concentration measurements at all sampling points, and estimating the

prevailing permeability category (low — medium — high).

For the better evaluation of vertical and horizontal changes in permeability, at least two

hand drill tests must be performed for building sites <= 800 m?. For larger building sites

these two drillings must be increased by at least one for each additional 30 sampling

points.

The following questions should be considered whenever such expert soil permeability

evaluations are used:

0

Can high soil moisture in the sampling horizon influence its actual permeability (i.e.
the degree of water saturation may decrease the effective porosity)?

Can low soil moisture in the sampling horizon influence its actual permeability (i.e.
lower degrees of water saturation may increase the effective porosity)?

Can the unusually low porosity of a sampling horizon influence its actual permeability
(i.e. its high density or compactness may decrease the permeability)?

Can the unusually high porosity of a sampling horizon influence its actual
permeability (i.e. its low density and loose texture may increase the permeability)?

Is the occurrence of macro- and micro-fissures high enough to increase the
otherwise low permeability?

Is the degree of inhomogeneity of the fine fraction such that it could increase the

otherwise low permeability?



O Is the content of the coarse fraction (fragments, cobbles, stony debris) so high that it
could increase the actual permeability?

0 Could the character of the weathering surfaces of rocks in the sampling horizon, or
the presence of faults, increase the actual permeability?

0 Could anthropogenic effects on the ground surface or in the upper soil layers (such
as deep ploughing or the presence of paths etc.) increase the actual permeability?

0 Could anthropogenic effects on the ground surface or in the upper soil layers (such
as the deep compactness of upper soil layers, or the presence of concrete or asphalt
coverings) decrease the actual permeability?

O Is the building site situated on a slope with vertical and horizontal variability of soil
layers with different permeability, which could increase or decrease the resulting
permeability?

Note: If the results of detailed geological or hydrogeological survey at the same building
site are known, it is not necessary to perform special hand drillings during the radon
survey. The available detailed results can be used for the expert evaluation of soil
permeability.

When the expert evaluation of soil permeability is used, the Rl is determined according

to a classification table (section 2.5.2.).

2.4.2. The reporting of permeability results, classification

Building site assessment and the determination of the site’s radon index (RI) involves

the following permeability determination procedures.

2.4.2.1. Direct measurement of soil permeability

The third quartile of the data set (kss) is an important value for the classification of a
single building (at a building site <= 800 m?, and with at least 15 direct in situ permeability
measurements). The authorized person responsible for the final classification must
consider any local permeability anomalies and variations and the spread of data. The final
report must contain the following statistical parameters: minimum, maximum, arithmetic
mean, median, and the third quartile.

The permeability classification for larger areas (building sites > 800 m? where
permeability measurements must be made in a 10 x 10 m grid) depends on the

homogeneity of the site and the data set. If the building site is geologically homogeneous,



especially regarding its permeability, the third quartile of the data set (kss) is used for the

classification.

If a large building site is not homogeneous, three options must be considered with
respect to the geology of the site:

(a) the inhomogeneous building site can be divided into several homogeneous subsites.
(b) a fault zone with distinct permeability crosses the building site.
(c) local permeability anomalies occur at the building site.

In cases (a) and (b) the official expert divides the building site into homogeneous
subsites, which are considered and processed separately. The spatial variability of soil gas
radon concentration can also be helpful in this assessment.

The third quartile of the corresponding data set is used again as a basic value for the
classification. For homogeneous building sites the third quartile of the whole data set, for
inhomogeneous sites the highest third quartile of the subsites, which are for the given
building site or building decisive.

For case (c) the official expert responsible for the assessment must weight the
importance of the local anomalies and their connection with geological or non-geological
factors (e.g., whether or not they are random occurrences). These anomalies can
influence the final classification of permeability and the determination of the RI. The final
classification depends on the expert’s decision.

When larger building sites are evaluated, the final report must contain the required
statistical parameters (the minimum, maximum, arithmetic mean, median, and the third
quartile), and all permeability values presented in numerical and graphical form for a better

understanding of the spatial variability of this parameter.

2.4.2.2. Expert evaluation of soil permeability

When classifying a single building site ( <= 800 m? and 2 hand drillings), the evaluation of
soil permeability (as low, medium, or high) is based on the description of the soil profile to
a minimum depth of 1 m (or to the depth specified in section 2.4.1.2.) and on the chosen
supplementary method (macroscopic description, or resistance to vacuum).

The resulting permeability is classified as low, medium, or high.
For larger building sites (> 800 m?) the homogeneity of the soil's characteristics is
determined by drilled holes. The degree of permeability (low-medium-high) at

homogeneous building sites is chosen directly by the official expert.



If the large building site is not homogeneous, three options must again be considered
with respect to the site’s geological conditions:

(a) the inhomogeneous building site can be divided into several homogeneous subsites.
(b) a fault zone with distinct permeability crosses the building site.
(c) local permeability anomalies occur at the building site.

Inhomogeneous building sites are then divided into homogeneous subsites, which are
considered separately. The expert evaluation of soil permeability is based on the
description of the soil profile to a depth of 1 m, on the nature of the method used
(macroscopic description or resistance to vacuum), and on the assessment of any
horizontal and vertical changes of soil properties that may be present. The spatial
variability of soil gas radon concentrations can also be helpful in this assessment.

The resulting permeability is classified as low, medium, or high with respect to
presented rules, i.e. only a single evaluation at homogenous sites and the highest

category of the separate subsites for a building covering several soil permeability subsites.

The final report must contain the resulting degree of permeability (low — medium —
high), macroscopic descriptions of soil profiles from all hand drillings, and an estimation of
the content of the soil’s fine fraction from a depth of 0.8 m or the evaluation of vacuum

resistance from all sampling points.

2.5. Radon index assessment

Determination of the radon index of a building site (RI) is based on two factors: soil gas
radon concentration, and the permeability of soils. Other factors concerning the structural
and geological situation (such as bedrock types, the presence of faults, the relief of the
terrain, and regional geological units) are also useful for the final determination.

The final RI determination is derived from the permeability data. If numerical values of
both soil gas radon concentration and permeability are available, the building site radon
potential method (RP) is used (section 2.5.1.). For numerical values of soil gas radon
concentration and the expert evaluation of soil permeability (given as low, medium, or

high), the assessment procedure is described in section 2.5.2.



2.5.1 The radon potential of a building site

If the results of both soil gas radon concentration measurements and in situ
permeability measurements are available for all measuring points, a radon potential (RP)
model can be used for determining the RI.

The model for assessing the RP is based on the formerly used RI classification table.
The amended version uses continuous lines instead of the fractional lines for separating
the low, medium, and high RI categories (Fig. 1). This change enables the more precise

assessment of borderline cases.

A couple of the straight lines (V - shaped, Fig. 2) that delimit the medium radon index can

be defined by the following equations:

-logk=a;.ca-(0as .ca+log ko),
-logk=0az.ca-(0z .cCao+log ko),

where ai and o are the slopes of these limit lines and (cao ; - log ko) are the coordinates of

their intersection point. The RP is then defined by the equation:
RP=(ca-ca)/(-logk+logko) [1]

To follow continuity with

the formerly used method (Barnet 1994) the equations describing the limits and the RP

parameter are optimally defined as:

-logk =1/10.ca-(1/10 + log 1E-10) = 0,1 ca + 9,9
-log k =1/35. ca-( 1/35+ log 1E-10) = 0,0286 ca + 9,971
RP=(ca-1)/ (-logk-10), 2]

i.e. the slopes of lines are given by the values 1/10 and 1/35, and their intersection

corresponds to the values ca =1 kBg/m?, and —log ko= 10 when ko = 1E-10 m?.

A graphical presentation is given in Fig. 2.

The third quartile of the soil gas radon concentration data set (cazs) and the third quartile
of the permeability data set (kss) are the input values for assessing a building site using the

RP model presented in Fig. 2.



In exceptional cases, the authorized person performing the assessment can use other

statistical parameters for the final determination of Rl (see section 2.3.3.). However, they
must give their reasons for this decision in the final report.

The RP value is derived from the building site assessment given by equation [2], and

enables the determination of Rl as low, medium, or high (if RP < 10, then Rl is low; if 10 <=
RP < 35, then Rl is medium; if 35 <= RP, then Rl is high).
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Fig. 1 - Radon index of the building site according to formerly used methodology (Barnet 1994)
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2.5.2. Radon index assessment in other cases

If the expert evaluation of soil permeability is used (i.e. if the permeability is determined

without numerical values), the radon index of the building site is assessed using the
following classification table (Tab.1) :

Table 1 : Radon index assessment

Radon
index (RI) Soil gas radon concentration
category (kBgq.m?)

Low ca <30 ca<20 ca<10
Medium 30<=ca<=100 | 20<=ca<=70 10<=ca<=30
High ca>=100 ca>=70 ca>= 30
low medium high
permeability

The input parameter for Rl assessment is the third quartile cazs of the soil gas radon

concentration data set, or the highest ca7s calculated for the subsites comprising an
inhomogeneous building site (see section 2.3.3.).



In exceptional cases, the expert assessor can use other statistical parameters for the
final determination of the Rl (see section 2.3.3.). However, they must give their reasons for
this decision in the final report.

The permeability is determined by expert evaluation (section 2.4.1.2. and 2.4.2.2.).
The resulting radon index of the building site (RI) is given as one of the three

categories: low, medium, or high.

2.6. Detailed radon survey

This section does not deal with the determination of the radon index of the building site
(RI) itself, but summarizes the requirements of a detailed radon survey for determining the
radon index of a building (RB).

For single family houses or other buildings without cellars, having a foundation depth of
0.8 m under the ground surface, or closer to surface or above the ground surface, there
are no special requirements involved in conducting the detailed radon survey (i.e. the
determination of the radon index of the building site (RI)).

For cases in which the foundation depth is unknown or is situated at a depth greater
than 0.8 m, further data should be obtained in the course of the detailed radon survey (the
foundation depth and other factors can be considered only if relevant data are available).

In these latter cases, the field work, the permeability documentation, and the final report
must be accompanied by:

[0 A description of the vertical soil profile (or profiles) to a minimum depth of 1.5 m, with

the permeability determination of deeper soil layers (section 2.4.1.2 and 2.4.2.2.).

O Information about bedrock types with respect to their *Ra concentration and the

potential for increased soil gas radon concentrations with depth.

The radon index of a building (RB) expresses the degree of required radiation
protection the building requires against radon penetration from the bedrock. It is based on
the radon index of the building site (RI), and considers the foundation depth and any
vertical changes in permeability up to the level of the building’s contact with the soil or
bedrock. The determination of the radon index of a building (RB) is performed by building
experts. It is based on the results of a detailed radon survey and on their own rules for the

radiation protection of buildings.

This is the end of the description of the new assessment method. The following chapters

provide a concise description of related research topics and their results.



Results of research on the radon risk assessment of

building sites

3. Measuring radon concentration in soil gas

As the soil gas radon concentration may vary widely over a small distance, any
evaluation based on a single measurement is not viable. Under the original method of
classifying the radon risk of foundation soils (Barnet 1994), a minimum of 15 soil gas radon
concentration measurements is required when a building site for a single family house is
evaluated (Matolin and Prokop 1991). The measurement of larger areas should be made
ina 10 x 10 m grid, or a 20 x 20 m in some cases.

This research was focused on the statistical evaluation of soil gas radon concentration
data. The main goal was to reconfirm the requirements concerning the minimal set of soill

gas radon concentration values and the grid of measuring points.

3.1. Input data

Most of the data used for the statistical testing came from the old records of the
RADON corporation. These data were soil gas radon concentration values from
commercial measurements. Only a few supplementary measurements were performed
during this stage of the research.

Our detailed analysis involved 13 large data sets in which the number of measurement
points ranged from 61 to 200. The data were obtained during the radon surveys of large
building areas in a 10 x 10 m grid, between 1993 and 2000. First, the basic statistical
parameters were calculated for each of the13 original sets of data. Several subsets of
values corresponding to a 20 x 20 m grid were then chosen from each of the original data
sets, and the statistical analysis was repeated. Finally, two randomly chosen subsets from
each of original data sets were also tested. Furthermore, 30 smaller data sets (each

having either 18 or 25 measuring points) have been analyzed.

3.2. Statistical evaluation
The 13 larger data sets (an example is given in Tab. 2) can be divided into several
groups according to the prevailing distribution type. The distribution of several data sets

was closely approximated by a log-normal model, while the distribution of other sets was



found to be heterogeneous, being amenable to neither a log-normal nor a normal model.
Normal distribution was also applicable in some rare cases. The general conclusion that
neither a normal nor a log-normal model is generally applicable agrees well with the
results of a previous study (Neznal et al. 1994a). Robust nonparametric estimates, such as
the median or the third quartile, are more suitable for the description of soil gas radon
concentration data.

One of the goals of this research was to test the agreement of the results using
measuring point grids of 10 x 10 and 20 x 20 m, and to test the possibility of reducing the
required minimal number of measuring points. The main problem is that the number of
measurements is usually low for the purposes of statistical analysis. Any reduction in the
number of measured values results in an enlargement of the relevant confidence intervals.
In other words, if the number of measured values is low, the width of the confidence
intervals is influenced more by the size of the data set than by the variability of data.

The minimum size of data sets that ensure acceptable relative errors of the standard
deviation (10%) is about 50 values if the distribution of the data set is normal. For a log-
normal distribution, the minimum size of the data set is substantially higher. Radon surveys
are usually performed in areas no larger than 100 x 100 m, with larger areas being
measured only rarely. If measurements are made in a 10 x 10 m grid, an area of 100 x 100
m corresponds to 121 measuring points. When a 20 x 20 m grid is used, only 36
measuring points are taken. Such a low number is insufficient for a proper statistical

evaluation, even if the data distribution is normal.



Table 2 : Results of statistical evaluation

Data set No. 1591-96
original set of data| choice choice choice choice random random
,10x10 m*“ »20x20 |,20x20 m“ | ,20x20 m* | ,20x20 m* choice choice

m“

(1) ) (3) (4) (1) (2)
N 197 57 50 47 43 60 40
Mean 7.9 7.2 7.4 7.4 9.8 7.4 7.6
meanio 6.3 6 5.9 6.2 7.6 6.1 6
Median 5.2 5.1 5.1 5.3 5.4 5.1 5.1
Qrs 8.5 8.3 7.8 7.6 10.4 8.5 8.4
Sigma 7.5 5.8 7.2 6.3 10.5 6.5 7.2
sigmasg 3 27 29 2.8 5 3.3 3.6
(Qrs— Q2s)/2 2.3 2.2 2.1 1.8 3.2 2.6 2.5
minimum 1.1 1.1 1.4 14 1.4 1.4 1.4
maximum 58.5 27.7 38.3 33.4 58.5 30.4 30.4
sigma/mean 0.95 0.8 0.96 0.86 1.07 0.88 0.95
normality test no no no no no no no
95%Cl: mean (6.8;8.9) (5.7;8.8) | (5.4,9.5) | (5.5;9.2) | (6.6;13.0) | (5.8;9.1) | (5.3;9.9)
95%Cl: median (5.0;5.7) (4.3;6.0) | (4.4,6.0) | (4.7;6.6) (5.0;7.4) | (4.1;5.6) | (3.8;5.6)
95%Cl: sigma (6.8;8.3) (4.9;7.1) | (6.0;8.9) | (5.3;8.0) | (8.7;13.3) | (5.5;8.0) | (5.9;9.2)
95%Cl: Qrs (6.9;10.9) (6.0;11.2) | (6.0;12.7) | (6.5;14.3) | (7.3;21.5) | (5.6;12.3) | (5.3;17.9)

(N = number of measuring points; mean = arithmetic mean; mean;, = trimmed arithmetic mean (10%); Qz = the 1 quartile (the 25"
percentile); Q;s = the 37 quartile (the 75" percentile); sigma = standard deviation; sigmaso = trimmed standard deviation (10%); 95%CI =
95% confidence interval)

When data sets with larger variability are evaluated, substituting a 20 x 20 m grid for a
10 x 10 m grid causes a substantial enlargement of confidence intervals for the median
and for the third quartile (see Tab. 2). Limit values that separate the medium and high
categories of radon risk (radon index) are 10 and 30 kBq.m?, respectively, when the soil
permeability is high. The confidence interval for the third quartile could thus cover all three
intervals corresponding to three different risk categories.

For small data sets (15 soil gas radon concentration values corresponding to a building
area for a single family house), the applicability of statistical evaluations is disputable at all.

It can be concluded that, from the statistical perspective, there are no good reasons for
substituting a 20 x 20 m grid for a 10 x 10 m grid. This conclusion is valid also for reducing
the minimum required number of measuring points when a building site for a single family

house is evaluated.
4. Soil gas sampling

The equipment for soil-gas sample collection commonly used in the Czech Republic
consists of a small-diameter hollow steel probe with a free, sharpened tip at the lower end.

The probe is pounded into the soil to a depth of 0.8 m. A punch wire is then inserted into



the probe. The active area is created in the head of the probe by the extension of the tip,
by means of the punch wire, to a distance of several centimeters. Samples of soil-gas are
collected using a syringe or a pump, and are introduced into evacuated Lucas cells (see
Fig. 3). A similar sampling technique was described by Reimer (1990).

a) b) c)
Fig. 3 — Soil gas sampling

(a) Inserting the sharpened tip into the lower end of the probe
(b) The sharp tip is moved a few centimetres lower - this action creates a cavity at the lower end of the probe
(c) Soil-gas sample collection using a syringe

Measurements of soil-gas radon concentrations carried out in previous years (Matolin
et al. 2000, Neznal et al. 1994b, Neznal et al.1996a) indicated the dependence of soil-gas
radon concentrations on sampling depth, soil permeability, the dimensions of the cavity
from which the soil-gas samples were taken, and the soil-gas sampling technique used.
Soils of low permeability often require the enlargement of the sampling cavity (i.e. the

enlargement of the active area).

4.1. Sampling geometry

The relationship between the soil-gas radon concentration and variable sampling
geometry was studied at four test areas characterized by soils of low permeability and/or
high soil moisture. The measurements were made at nine measuring points at each test
area. At each measuring point, the soil-gas samples were collected from different sampling

depths and by using different active area dimensions.



- sampling depth 60 - 62 cm, height of the cavity 2 cm, referred to as “geometry 60 cm (2
cm).”

- sampling depth 80 - 82 cm, height of the cavity 2 cm, referred to as “geometry 80 cm (2
cm).”

- sampling depth 80 - 85 cm, height of the cavity 5 cm, referred to as “geometry 80 cm (5
cm).”

- sampling depth 80 - 90 cm, height of the cavity 10 cm, referred to as “geometry 80 cm
(10 cm).”

- sampling depth 70 - 90 cm, height of the cavity 20 cm, (the probe was retracted back to
the surface), referred to as “geometry 70 - 90 cm.”

- sampling depth 60 - 90 cm, height of the cavity 30 cm, referred to as “geometry 60 - 90
cm.”

- sampling depth 40 - 90 cm, height of the cavity 50 cm referred to as “geometry 40 - 90

cm.

4.2. Field measurements

Measurements were taken at three test areas: Svétice, situated 20 km SE of Prague,
bedrock formed by Ordovician shales, covered by loess loams; Dubnice in northern
Bohemia, situated 20 km W of Liberec, bedrock formed by Cretaceous claystones and
sandstones, covered by clayey sands or sandy clays; and RGzZena in southern Bohemia,
situated 90 km S of Prague, bedrock formed by durbachites (biotite syenite) of the Central
Bohemian pluton, covered by fluvial sediments. The results obtained at these sites were
similar. The soil-gas radon concentration readings were almost identical when geometry
80 cm (2 cm), geometry 80 cm (5 cm), or geometry 80 cm (10 cm) were used. Radon
concentrations in the soil-gas samples collected using geometry 70 - 90 cm were slightly
lower, but comparable with the previous ones. The results obtained using the geometry 60
- 90 cm were lower but similar to those from the geometry 60 cm (2 cm) trial (see Fig. 4).

Almost no dependence of soil-gas radon concentration readings on the dimensions of
the active area was observed at the fourth test area in Ptice (situated 20 km W of Prague,
bedrock formed by Ordovician shales, Quaternary cover by eolian clayey loams),

characterized by a homogeneous vertical soil profile (see Fig. 5).
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4.3. The influence of variable geometry on measurement results
It can thus be concluded that the measured soil-gas radon concentrations do not
depend on the sampling geometry if the soil layer is homogeneous and of low permeability.
A decrease of soil-gas radon concentration with increased dimensions of the active
area (i.e. using geometry 70 - 90 cm, geometry 60 - 90 cm, or geometry 40 - 90 cm)
indicates that the vertical soil profile is not homogeneous and that the soil permeability is
higher at shallow depths.



The perfect sealing of all parts of the equipment is required when soil-gas samples are

collected in soils of low permeability.

5. Permeability determination

The original method for classifying the radon risk of foundation soils used direct in situ
measurements of permeability or particle size analyses (in which the permeability is
derived simply from the weight percentage of the fine fraction in a soil sample). The main
disadvantages of particle size analyses are that it does not consider other factors
influencing soil permeability, such as the natural moisture, density, and effective porosity of
the soil. The results of direct measurements are strongly dependent on small-scale
variations in the character of the soil. Moreover, the equipment commonly used in the
Czech Republic does not enable exact measurements in soils of extremely low or high
permeability (results vary by several orders of magnitude). No rules for the statistical
evaluation of permeability values, the minimum number of measurements, or for the
evaluation of changes in vertical profiles were included in the original method.

This part of the research focused mainly on selecting the most suitable method for
determining soil permeability, and on the influence of spatial and seasonal variations on
radon risk classification. More detailed information on the results from this research is
given in Neznal and Neznal (2003). For better understanding of factors influencing the
permeability and the reasons for changes of the uniform method, it is repeated in this

section.

5.1. Comparing the methods for permeability determination and field measurement
As the first step, a wide range of approaches used in Czech Republic and other
countries for determining the gas permeability of soils and rocks were considered for
further investigation (Tanner 1994). These consist mainly of single probe measurements
(Damkjaer and Korsbech 1992), dual probe measurements (Garbesi et al. 1993), and the
derivation of permeability from factors such as by aqueous permeability (Rogers and
Nielson 1991) and grain size analysis. Methods used in fields other than radon risk
mapping were also included (Asher-Bolinder et al. 1990, Morris and Fraley 1994). After
comparing the advantages and disadvantages of these systems from the professional and
economic perspectives, three direct measurement prototypes were prepared. The main
goal was to avoid or at least decrease the disadvantages experienced with the RADON

JOK equipment.



These three prototypes and the RADON JOK system were tested under various
geological conditions. The tests confirmed the expected limitations of the particular
methods. The single probe system was chosen for the testing of temporal and spatial
variations due to its simplicity and based on its previous results. The measurements were
performed at two test areas with distinct geological characteristics: Svétice, situated 20 km
SE of Prague, with bedrock formed by Ordovician shales, covered by loess loams; and
Klanovice, situated in the eastern part of Prague, with bedrock formed by Cretaceous
sandstones, covered by sands. The tests were performed monthly during a one-year
period. The gas permeability of soils and rocks was measured at 15 points at a depth of
0.8 m (the same depth at which soil gas samples are collected for radon concentration
measurements). Other important parameters, mainly soil gas radon concentration and soil
moisture, were also determined in the interest of considering any correlations that might
arise between the various influencing factors. Data gathered from the Kocanda and Lysa
nad Labem test areas (section 8.1.) were also used in the final assessment.

Detailed measurements from 21 other areas have been used for comparing the results
of direct in situ permeability measurements with those derived from particle size analysis.
The assessments based on the description of the variability of several factors in the
vertical profile were compared with those based on the results of direct in situ

measurements and derived from particle size analysis.

5.2. Results of field measurements

In general, a good correlation between the measured parameters was obtained at
areas with homogeneous and highly permeable soils. Conversely, correlations between
radon concentration and permeability, as well as between permeability and soil moisture,
were very weak in environments of medium or low permeability. This conclusion was valid
even for highly permeable environments, where relatively high saturation of the upper
horizons occurred (Fig. 6).

Concerning the statistical evaluation, it is possible that the individual permeability
values are substantially affected by the small-scale of the measured soil volume,
especially in areas of medium to low permeability. The statistical evaluation can be
affected by the occurrence of high permeability outliers, and by inexact values under the
lower limit in cases of extremely low permeability. Thus, a large number of measurements
should be required for evaluating direct measurements of permeability.

At most of the 21 areas the final classification based on the vertical profile assessment

was consistent with the results of direct measurements, and partly with the data derived



from particle size analysis. Where the permeability derived from particle size analysis is
contradictory, the underestimation of permeability is caused mainly by low soil moisture
and/or by the occurrence of significant macro- and micro-fissures. Overestimated

permeability can be observed especially in fine-grained sands with relatively high soll

moisture.
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Fig. 6 — Results of measurements at area Klanovice



5.3. Evaluation of permeability

For improving the method for radon risk classification, it is recommended that the
permeability of soils be determined by means of a large number of direct in situ
permeability measurements and/or by the expert evaluation of permeability.

Direct in situ permeability measurements should be performed at a depth of 0.8 m

under the ground surface. It is recommended that the permeameters based on measuring
air flow during suction from the soil, or the pumping of air into the soil under a constant
pressure, be used.
For direct in situ permeability measurements, the requirements for the number of
measurements are the same as for those for soil gas radon concentration, i.e. at least 15
measurements for a single building (with the building site <= 800 m?), or measuring in a 10
x 10 m grid for larger areas (building sites > 800 m?). The third quartile of the data set,
which diminishes the influence of outliers and of local permeability anomalies, is used as a
decisive value for the assessment.

In such cases it is not necessary to describe the vertical soil profile. However, the
person responsible for the assessment and final classification must consider the local
permeability anomalies and variations, and the data spread.

The expert evaluation of soil permeability is necessary when in situ permeability
measurements are not performed at all soil gas sampling points. This expert evaluation,
which results in classifying the permeability of a site as low, medium, or high, is based on
the description of vertical soil profile to a minimum depth of 1 m. This evaluation must be
accompanied by at least one of the following methods:

0 Macroscopic description of samples from a depth of 0.8 m, with the classification of
its permeability (low — medium — high). The estimation of the fine fraction (f, particle
size <0,063 mm) is used for this classification.

0 Evaluation of the resistance during the suction drawing of soil gas samples for the
radon concentration measurements at all sampling points, and estimating the overall
permeability category (low — medium — high).

During this evaluation, which strongly depends on personal experience (i.e. on expert,

yet subjective knowledge), it is necessary to describe the changes in vertical profile from
the surface down to the assumed depth of the building foundation, or to the depth of the

assumed contact between the building and the soil.



6. Radon exhalation rate from the ground surface

More detailed information about the research on measuring the radon exhalation rate
from the ground surface, as well as a detailed analysis of measurement results, has been
presented by Neznal and Neznal (2002).

A uniform method used in the Czech Republic for determining the radon potential of
foundation soils is based on measuring the radon concentration in soil gas, and on
determining soil permeability. The samples of soil gas are collected at a depth of 0.8 m
below the ground surface. When the thickness of soil cover is very low, or when the soil
pores are saturated with water, the sample collection at that depth can be complicated or
almost impossible. We must therefore ask whether there is another way to assess the soill
gas radon concentration.

The radon exhalation rate from the ground surface is one of the factors that
characterizes the radon potential of soils, or radon potential of waste materials
contaminated by natural radionuclides. Various techniques for determining radon
exhalation rates are available, such as the simple accumulator method (Hinton 1985,
Andél et al. 1994, Neznal et al.1996b, Merta and Burian 2000). However, a serious
disadvantage connected with this method is that the ground surface is strongly affected by
changing meteorological conditions. Large temporal variations of the radon exhalation rate

can therefore be expected.

6.1. The simple accumulator method

The determination of radon exhalation rate using the simple accumulator method is
based on measuring the increasing radon concentration in a cylindrical canister placed on
the measured surface. During the field survey, cylindrical canisters having a base of 0.08
m? and a height of 0.2 m were used. A single measurement of the radon exhalation
involved the determination of rising radon concentrations in four air samples collected from
the accumulator in regular 40 or 60 minute intervals. For the determination of other
parameters, samples of soil gas for the measurement of soil gas radon concentration were
collected from a depth of 0.8 m below the ground surface. Direct in situ measurements of
soil permeability were made using the RADON-JOK equipment. This latter method is
based on a soil-gas withdrawal by means of negative pressure. Soil moisture was
determined by comparing the weight of the soil samples before and after drying. Temporal
changes in soil moisture were determined using an indirect method based on measuring

the di-electric constant of the soil.



6.2. Test sites

The maijority of field measurements were performed at four test areas characterized by
different geological conditions: Dubnice in northern Bohemia, situated 20 km W of Liberec,
with bedrock formed by Cretaceous claystones and sandstones, covered by clayey sands
or sandy clays; Straz, situated in northern Bohemia near the town Straz pod Ralskem on
the uranium mill tailings; RuzZena, situated in southern Bohemia 90 km S of Prague, with
bedrock formed by durbachites of Central Bohemian pluton, upper horizons formed by
weathering crust; and Zibfidice, situated in northern Bohemia 18 km W of Liberec, with
bedrock formed by Cretaceous sandstones, covered by fluvial sands and clays. Radon
exhalation rates, soil permeability and soil gas radon concentrations were determined at
ten measuring points during a single day. Soil moisture was measured in six probes at
different depths below the ground surface. Temporal changes of all factors were monitored
at four test areas from summer 2000 to summer 2001. The measurements were repeated
every second month, i.e. seven times at each area during the testing period.

Two different ways of placing the canisters on the measured surface were tried at the
test areas of Dubnice and Straz: (a) the canister is placed on an undisturbed soil surface
and sealed with clay or sandy clay (this method will be referred to as the “surface”
method); (b) the upper soil layer is removed and the canister is placed about 10 cm below
the ground surface (this method will be referred to as the “-10cm” method).

In September 2001, supplementary measurements of the radon exhalation rate, soil
permeability, and soil gas radon concentration were made at the Zdiméfice test area
(situated about 5 km SE of Prague, bedrock is formed by Proterozoic shales, upper
horizons by clays). This site is characterized by an extremely low soil permeability and by

water saturation of the upper soil layer.

6.3. Applicability of the method

A detailed analysis of measurement results has been presented by Neznal and Neznal
(2002). The spatial variability of radon exhalation rates was comparable or slightly higher
than that of soil-gas radon concentrations. A higher variability was observed when
measurements were made under extreme meteorological conditions (such as when the
soil surface was frozen or saturated with water, or when strong winds occurred).

The temporal variability of radon exhalation rates were significantly higher than that of
soil-gas radon concentration when the soil gas samples were collected from a depth of 0.8
m below the surface. Two different methods of placing the canisters on the surfaces to be

measured (the “surface” and the “-10 cm” methods) were tested at two test areas. It was



expected that the latter of the two would be less sensitive to changes in meteorological
conditions, but this assumption was not confirmed. The temporal variability of the results
obtained by both methods was similar.

In general, the correlations between the radon exhalation rate from the surface and the
soil-gas radon concentration, and between the radon exhalation rate and soil moisture,
were very weak. This conclusion was valid even for the soil moisture measured at a depth
of 0.1 m.

It is therefore concluded that measured values of radon exhalation rate are
substantially affected by the conditions of the soil surface. Significantly lower values were
observed when the soil surface was frozen or covered by water. Furthermore, a decrease
in radon exhalation rate was found at the RlUzena test area following compression of the
upper soil layer.

Supplementary measurements that were taken at the Zdiméfice area have confirmed
that the use of radon exhalation rate is not suitable for the determination of radon potential
of soils at building areas with soils that are saturated or of low permeability. If the water
saturation of the upper soil layers is connected with a soil’'s low permeability, the radon
exhalation rate from the surface is very low even when the measurements of radon
concentration in the soil gas indicate a high radon potential.

For these reasons the radon exhalation rate method cannot be recommended as a

standard supplementary method for assessing the radon risk of foundation soils.



7. Instantaneous, integral, and continual measurements of soil

gas radon concentration

Evaluating the radon potential of foundation soils is based on the instantaneous values
of soil gas radon concentrations measured using Lucas cells. This part of the research
focused on integrated and continual measurement techniques, in which we analyzed the
applicability of continual and/or integrated measurements of soil gas radon concentration

for the classification of radon potential.

7.1. Laboratory and field tests

Following a review of available reports, laboratory tests on the influence of high and low
temperatures on the measurement were performed. The response of the scintillometer to a
controlled radiation source (alpha emitter) was determined repeatedly at temperatures
ranging from -6 to +35 °C. A field test comprised the third step of this research. Short-term
temporal variations of the radon concentration in soil gas have been studied by various
measuring techniques, including instantaneous methods (grab sampling) using Lucas
cells, continuous monitors, and integrated nuclear track-etch detectors.

A detailed description of measurement techniques that were compared, and the results,

is given in Neznal et al. (2004).

7.2. Evaluation of the results
The laboratory tests have confirmed that the instrument’s response is temperature
dependent, especially if the setting of a working high voltage of the photomultiplier is not
optimal. During the field measurements, a relatively low variability of soil gas radon
concentration appeared during a 72 hour trial period. Different temporal changes were
observed when using different methods (an example of the results obtained using two
different continual monitors is given in Fig. 7). Much of these changes was probably
caused by fluctuations and errors connected with measuring methods themselves and it
did not reflect real variations in the measured parameter.
As long as measurements are not performed under extreme meteorological conditions,
all of the tested methods are generally applicable for the determination of soil gas radon
concentrations. The only significant disadvantage of the continual and integrated methods

is their substantially higher cost.
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Fig. 7 - Relative temporal variations of soil gas radon concentration - continual monitors (RADIM)

8. Geological parameters and their impact on the final

assessment of radon potential of soils

The method that had been used for radon risk classification in the Czech Republic
since 1994 (Barnet 1994) is based on the assessment of the radon concentration in soil-
gas and on the degree to which the soil and rocks are permeable to gasses. Thus,
permeability is one of the main factors for the final radon risk classification of building sites.

The final assessment of permeability can be very difficult in some cases, especially
when the spatial variability of permeability is very large (Ball et al. 1981, Tanner 1991). It is
therefore of interest to search for other factors that are similarly effective in describing the
radon potential, and to attempt to substitute them for permeability. We have therefore
studied the advantages and disadvantages of using various factors (such as soil moisture,
saturation, effective porosity, porosity, density, and bulk density) for the purpose of radon
risk classification. This research considers vertical and horizontal changes in the soil
profile, the seasonal variability of conditions, and the availability of measuring methods

and equipment.



8.1. Tested parameters

For comparing the advantages and disadvantages of using various parameters toward
radon risk classification, we have performed measurements at two test areas with
different, yet homogeneous, geological conditions: Lysa nad Labem, situated at the
eastern part of the town, 40 km E of Prague, bedrock formed by Cretaceous sediments,
Quaternary cover by fluvial sands; and Kocanda, situated 50 km E of Prague, bedrock
formed by Proterozoic paragneiss, covered by loess and loess loam. When selecting the
parameters and measuring methods for testing, economic issues were considered to be
very important, as the measuring methods should be used in commercial practice. We
therefore concentrated mainly on in situ measurements. The following parameters were
chosen for consideration: permeability, soil moisture, porosity, water saturation, and the
mass percentage of various size fractions. These factors were measured, along with soll
gas radon concentrations, at 15 points at various depths each month during a one-year
period. Some data from measurements at the Klanovice and Svétice areas (section 5.1.)

were also used.

8.2. Applicability of various parameters

In general, a good correlation between the measured parameters was obtained at
areas with homogeneous and highly permeable soils. The correlation coefficients between
median values at the Lysa nad Labem test area (with homogeneous upper soil layers,

characterized by low soil gas radon concentrations and high permeability) are as follows:

Cra(0.8M)/ Cra(0.4m) = 0.92 k(0.8m)/ k(0.4m) = 0.83

Cra(0.8m)/ k(0.8m) = - 0.68 Cra(0.4m)/ k(0.4m) = - 0.60

Cra(0.8m)/ W(0.1m) = 0.70 k(0.8m)/ w(0.1m) = - 0.52
)

Crn(0.8m)/ w(0.25m) = 0.88 k(0.8m)/ w(0.25m) = - 0.66

Note: Values in brackets represent the depth below the surface; crn is soil gas radon
concentration, k is permeability, w is soil moisture.

Conversely, the correlations between soil-gas radon concentration and soil
permeability, and between permeability and the soil moisture and other parameters, were

often very weak in environments of medium or low permeability. An example from the



Kocanda test area is illustrated in Fig. 8. Although this area can be described as having
homogeneous upper soil layers, the large spatial and vertical changes in permeability and
other factors do not allow any correlations between the measured parameters.
Permeability values are strongly affected by small scale variations in the character of the
soil. A similar situation occurred even in highly permeable environments, where there was
relatively high saturation of the upper soil horizons (such as at the Klanovice test area).

These results were followed up by repeated measurements of soil gas radon
concentrations and soil permeability in the area of Prosek in Prague 9, where there is
substantial variability in the upper soil horizons (the upper horizons are formed of loess,
while the bedrock is of Cretaceous sandstone). Lower soil gas radon concentrations
corresponding to higher permeability before a process of compaction and lime stabilization
occurred at this site, and the higher concentrations corresponding to lower permeability
following these changes resulted in the same classification of radon potential.

For improving the method of radon risk classification, it is recommended that all factors
be evaluated, including their variation within the vertical profile from the surface down to
the assumed level of the building’s foundations, or to the assumed level of the contact
between the building and the soil. It is necessary to describe the following parameters:
permeability, grain size, soil moisture, degree of saturation, effective porosity, porosity,
density, bulk density, compactness, thickness of Quaternary cover, weathering character of

the bedrock, and any modification of the soil layers by anthropogenic activities.

9. Radon availability

The two main factors used in classifying the radon risk of foundation soils are soil gas
radon concentration and soil permeability. The evaluation of these factors was semi-
quantitative (see Tab. 1 in section 2.5.2.) in the original method commonly used in the
Czech Republic (Barnet 1994). The classification of permeability is based on the
description of the vertical soil profile. For assessing the soil gas radon concentration, the
third quartile (= the 75™ percentile) of the set of measured values is the decisive value.

For the practical application of radon survey results toward selecting optimum building
technology, it would seem useful to define a single parameter for characterizing the radon
potential of soils. This parameter is usually called radon availability, though for the
transition to the new method we used radon potential of the building site (RP). This
parameter should enable the more exact characterization of radon risk, especially when

the measured values are close to the limits that separate the different risk categories.



Different approaches and models for assessing radon availability have been studied and

tested.
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9.1. Tested models

Based on a review of the available scientific papers, five different radon availability
models were studied in detail. However, several problems appeared in connection with
finding a common procedure for testing the different models.

Another complication is that there is no system of standardizing soil permeability
measurements, and thus the comparison of permeability data obtained by using different
methods is difficult.

Finally, three radon availability models were chosen for testing. The approach originally
proposed by Surbeck et al. (1991), and modified later (Surbeck and Johner 1999), is
based on the determination of soil gas radon concentration and soil permeability. Radon
availability is then expressed as RA = Cgrn . k, or RA = Crn . (k)" where crn is soil gas
radon concentration, and k is permeability. An approach that is similar to the Czech one
was proposed by Kemski et al. (1996). In this system, soil gas radon concentration and
soil permeability are measured, and radon availability is expressed as a radon index,
ranging from 0 to 6. The measuring methods and the limits separating the radon risk
categories (radon index) in this model are little different than in the Czech system. The last
radon availability model that we tested (Neznal et al. 1995) is described in detail in section
2.5.1. (as radon potential).

In the interest of minimizing the errors caused by the lack of standardization of sail
permeability measurements, the permeability limits of all models were modified to be
comparable to the Czech ones. Two versions of all the above mentioned models (referred
to as Surbeck I, Surbeck Il, Kemski |, Kemski Il, Neznal |, and Neznal Il) were tested using
existing data on soil gas radon concentrations and soil permeability from the records of the
RADON corporation. These measurements had been made at 25 building sites. The
Surbeck | version is based on multiplying the soil gas radon concentration by the
permeability, whereas Surbeck Il involves the multiplication of the soil gas radon
concentration by the square root of the permeability. Both versions of the Kemski model
use the same limits of soil gas radon concentration for separating the categories of radon
risk (10 kBgq.m?3, 30 kBg.m™, 100 kBg.m>and 500 kBq.m™), but use different permeability
limits (Kemski I: 4.10" m? and 4.10" m?, Kemski Il: 4.10" m? and 4.10"* m?). The Neznal
| model describes the limits and the RA parameter in the following form:

-logk=1/10.ca-(1/10 +log 1E-10) =0,1ca+ 9,9
-logk =1/35.ca-(1/35+ log 1E-10) = 0,0286 ca + 9,971
RA=(-logk-10)/(ca-1),



The slopes of the lines are given by the values 1/10 and 1/35, and their intersection
corresponds to the values of ca = 1 kBg/m?®, and k = 1E-10 m?.
The Neznal Il model has a larger interval for medium permeability. The equations
describing the limits and the RA parameter are as follows:
-logk =2/10.ca-(2/10 + log 2,524E-9) = 0,2 ca + 8,398
-log k =2/35.ca-(2/35+ log 2,524E-9) = 0,0571 ca + 8,540
RA=(-logk-8,598)/(ca-1),
The slopes of the lines are given by the values 2/10 and 2/35, and their intersection
corresponds to the values of ca = 1 kBg/m?®, and k = 2,524E-9 m?.

The maximum values or the third quartiles were chosen as the decisive values for sets
of soil gas radon concentration data. For soil permeability, the median values or the third
quartiles were used. Radon index values obtained using different models were compared
to those determined in accordance with the original Czech method. A comparison of the
models is illustrated in Fig. 9. We also tested the reproducibility of the classifications, for

which the results of repeated measurements at several test areas were used.
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9.2. Comparison of the different approaches

Significant agreement between the results obtained using the original method and the
Neznal and Kemski models was observed. This is due to the similarity of the boundary
values in these models (see Tab. 3). The assessment from the Surbeck models was a little
different. In the majority of cases, the best agreement was found for the third quartile of the
soil gas radon concentration values and for the third quartile of soil permeability values.

Disparity between the results of the various methods mainly concerned building areas
whose assessments were close to the boundaries of the radon index classes. These
discrepancies are usually due to the variable classification of soil permeability by different
assessment methods (in situ measurements vs. description of vertical soil profile). The

reproducibility of the classifications was relatively good for all models. By comparing the



different radon availability models, we conclude that they are all generally applicable.
Variable evaluation results were caused mainly by the inconsistent classification of soil
permeability (at some areas, the soil permeability derived from the description of the
vertical soil profile was lower than the soil permeability measured in situ).

In the interest of maintaining continuity in classifying the radon risk of foundation soils,
the Neznal | model is recommended for use in the improved radon risk assessment
method. This model is general and amenable to modification; for example, in defining
additional boundary regions between the low and medium, and between the medium and

high radon indices.

Table 3 : Comparison of evaluation results obtained using different radon availability models with results of
the original model at 25 areas

Surbeck | | Surbeck Il | Neznal | Neznal Il | Kemski | Kemski Il
Decisive values A D A D A D A D A D A D
maximum Cgrs; median k 11 14 12 13 22 3 21 4 20 5 21 4
maximum Cgs; 3" quartile k 11 14 | 13 | 12 | 18 7 22 3 20 5 21 4
3" quartile crn; median k 9 16 14 11 18 7 21 4 21 4 24 1
3" quartile crn; 3" quartile k 13 112 | 15 | 10 | 21 4 21 4 24 1 24 1

(A = agreement; D = disagreement; cra = soil gas radon concentration; k = permeability)

10. The establishment of radon reference sites for testing soil

gas radon concentration in the Czech Republic

Radon reference sites serve for the comparative measurement of the concentration of
radon (?*?Rn) activity in soil gas, and for verifying the consistency of results. Organizations
that professionally determine the radon indices of building sites in the Czech Republic
must undergo testing at radon reference sites as a prerequisite for earning an official
permit for this activity from the State Office for Nuclear Safety (Act No. 18/1997). Radon
reference sites are selected natural sites exhibiting distinct levels of radon in the soil, a
homogeneous radon distribution, and suitable soil thickness and permeability enabling soil
gas sampling at the depth of 0.8 m. Furthermore, the geological structure at the sites is
known, and the concentrations of natural radionuclides of K, U and Th in the soils, and the
temporal changes of radon activity in the soil gas have been investigated. An additional

requirement for these sites is that they must be accessible by car, and the distances



between them should be small. More information about this research is available in
Matolin 2002.

10.1. Radon reference sites in the Czech Republic

The selection and investigation of radon reference sites were based on radon
detection, gamma-ray spectrometry, geoelectrical measurement, shallow seismic
measurement, shallow drilling, and the in situ measurement of soil permeability.

Three new radon reference sites have been established 60 km SW of Prague, in the

area of the town of Milin. These radon reference sites are situated in meadows, and each
has 15 fixed stations within a 5 x 5 m grid. The Cetyné reference site, situated 5 km SE of
Milin, lies in an area of leucocratic biotite orthogneiss covered by sandy loams and loamy
sands. The mean values of activity concentration of radon (31.6 kBq.m™) and thoron (44.7
kBg.m™) are based on repeated field measurements throughout a period of one year. The
permeability of the soil at the reference site is variable.
The Bohostice reference site, situated 7 km SE of Milin, lies in an area of leucocratic
biotite orthogneiss covered by sandy loams and loamy sands. The mean value of radon
activity concentration is 51.8 kBg.m™, and that of thoron is 39.7 kBq.m™. Soil gas sampling
is easy at this site. The Buk reference site, situated 2 km NNE of Milin, lies in an area of
medium grained biotite and amphibole-biotite granodiorite of the Central Bohemian pluton.
The surface cover is formed by eluvial sandy soil from the basement rocks. The mean
value of radon activity concentration at this site is 154.7 kBq.m™, while that of thoron is
119.5 kBg.m™. The soil cover exhibits a high permeability, making soil gas sampling easy.
The characteristics of the of radon reference sites in the Czech Republic are given in Tab.
4.

Table 4 : Signatures of radon reference sites in the Czech Republic

Reference area

Parameter Cetyné Bohostice Buk
22Rn, mean of medians/year (kBg/m?) 31,6 51,8 154,7
222Rn, distribution/ref. site, coeff. of var. V 0,39 0,17 0,27
22Rn, mean of medians/year (kBg/m?®) 447 39,7 119,5
220Rn, distribution/ref. site, coeff. of var. V 0,31 0,29 0,23
U, (ppm el) 2,0 2,3 3,6
Th, (ppm eTh) 8,9 7,0 13,8
Permeability of soil L, (M), H (L), (M), H H
Moisture content of soil (%) 16,8 — 24,4 15,1-21,5 9,7-14.,8

Soil gas permeability: L — low, M — medium, H — high



10.2. Temporal variations in the characteristics of the reference sites

The range in temporal variations at the reference sites has been estimated from
repeated measurements. Radon (?Rn) and thoron (*°Rn) activity concentration in the soil
gas, the permeability of the soils, the degree soil moisture, and the temperature of
atmospheric air were monitored within the one-year period from 2000 to 2001. The
resulting data show the range in temporal variations of these factors, and illustrate the

effects of climate at each site.

10.3. Testing the reliability of radon measurements in soil gas

The reliability of measuring the concentration of radon activity in soil gas is tested by
comparative measurements at radon reference sites. The resulting radon data collected by
the official testers during a single day is compared with that of the site administrator, and
with the data set of all preceding measurements at the particular reference site. An official
tester from a radon testing organization measures the radon concentration at 15 fixed
stations at each reference site. The resulting **Rn data, expressed in kBg/m?, is subjected
to a statistical analysis by the TestMOAR computer program (compiled by M. Barton). This
analysis entails three individual data treatment procedures.

Test 1 compares the radon data collected by an official tester at each station of three
reference sites, with the median value of the radon data reported by other participants on
the same day at the same station. The level of confidence applied to this testis a = 1 %.

Test 2 determines the tightness of the regression between the radon data reported by
an official tester at each station of the reference sites and the median values reported by
other participants on the same day. The test is run at the level of confidence a = 1 %.

Test 3 calculates arithmetic means from the radon concentration values reported by the
participants for particular reference sites, and normalizes these data in two steps. First, the
data are normalized to the mean radon values determined by the administrator of the
reference sites. Secondly, these normalized values are compared to the mean values of all
preceding measurements of each parameter at a particular reference site in the past. The
ideal normalized value is 1, though values within the range of 0.7 — 1.3 are acceptable.
Test 3 eliminates temporal changes in the measurements, and is run separately for each
reference site.

The results generated by the Test MOAR program give the calculated radon data and

the critical values of the applied tests.



The new radon reference sites (Matolin et al. 2001) have been functional since the year
2000. They are important for confirming the accuracy of radon data collected in the field,
and thus play a crucial role in radon risk mapping at building sites and toward the global

radionuclide data standardization (IAEA, in print).
11. Verification of the new methodology for radon risk mapping

The previous method of radon risk assessment (Barnet 1994) was also used for the
measurement of test areas for radon risk mapping. These data serve as a the basis for
compiling radon risk forecasting maps on the scale of 1: 50 000, which are useful for
prioritizing the distribution of the indoor radon detectors and for efficiently detecting areas
at which higher concentrations of indoor radon activity frequently occur (Barnet et al.
2003).

After the formulating the new method, it was necessary to verify its applicability for this

purpose. The reliability of these maps was analyzed at the same time.

11.1. Use of new methodology for radon risk mapping

Different approaches to radon risk mapping are used at present (Appleton and Miles
2002, Kemski et al. 2002). Since 1999 the CGS has been publishing radon risk maps in
printed form and on CD-ROM using its own data or that from the Radon Risk Association.
By the end of 2003, 154 map sheets were finished from a total coverage of 214 maps. The
construction of radon risk maps is based on vectorized geological maps (of 1: 50 000
scale) published by the CGS. The procedure is described in the paper by MikSova and
Barnet (2002). The radon risk-index category in particular rock types is determined by
measuring soil gas radon concentration and soil permeability at test sites. On each map
sheet, a minimum 20 measured sites are selected in different geological units, and at
every site 15 random points are measured. At present, 9000 test sites are stored in a
database. Four different categories of radon index are used in the maps: low, intermediate,
medium, and high.

The results obtained from a single test area with 15 sampling and measuring points
serve as the basis for the formation of radon maps. The differences between the new
method and the previous one are minor from the perspective of mapping, as the extent of
the minimal set of measurements and the decisive statistical parameters are the same.
The risk assessment is based on the determination of radon potential (the radon index of a

building site), and the radon indices of buildings are not relevant to mapping. The newly



modified method can be used toward constructing radon risk forecast maps, i.e. for field

measurements at test sites and for adding to extant databases.

11.2. Reliability analysis of the radon risk forecast maps 1 : 50 000

The reliability of radon risk prediction maps were analysed by comparing data from
detailed radon surveys with data from the corresponding radon maps of the geological
bedrock. The following cases were used in this comparison:

a) Areas at which all radon index categories are found, with major occurrences of the
higher categories (map sheet Rigany, 13-31, 1: 50 000). The results of 37 randomly
chosen radon surveys were compared. The reliability of the map sheet was 62.2 %, for the
low, intermediate, and medium radon indices. The discrepancies between the results of
the surveys and the radon index category assumed from the map were caused by local
geological conditions, especially the presence of Quaternary sediments.

b) Areas at which the low to intermediate categories of radon index were predicted
(map sheet Stéti, 02-44, 1: 50 000). The results from 19 areas were compared. In this
case the areas were chosen with respect to morphology and other factors. The expected
higher radon index was confirmed at most of these sites. The occurrence of relatively large
areas of low radon index categories, which were reliably assigned to these areas, is due
mostly to homogenous geological conditions. There is no way to specify and describe
detailed geological structure in geological maps of 1: 50 000 scale.

c) Areas at which local and regional geological data were compared for the purposes
of radon index category assessment (map sheet Beroun, 12-41, 1:50000, Chaby area). An
area of about 400 x 400 m was surveyed in a 10 x 10 m grid, which involved 1689 soil gas
radon concentration measurements. Differences between the indications from the map
and the data from the survey were substantial. The spatial distribution of radon indices
was induced by variations in the geological conditions, which can only be characterized
after a thorough geological survey. A geological map of 1: 50 000 scale cannot register
such details.

d) Areas at which homogeneous geological conditions and homogeneous radon indices
of the building site were expected (map sheet Mélnik, 12-22, 1:50000, Kly area). Judging
from the data derived from the 1:50000 scale map, a highly permeable environment with
intermediate radon index was assumed. A total 150 samples of soil gas were taken in a
10x10 m grid, and the entire area was classified as having a low radon index. When
enough information on the local geological conditions is available, the radon potential can

be more accurately predicted.



The newly modified method can be widely used for evaluating measurements at
selected sites for the construction of radon risk forecast maps.

The analysis of the reliability of these maps also addressed the possibility of preparing
predictive maps, the reliability of which would be high enough so as to define areas where
radon risk assessment would not be necessary (i.e. where the degree of radon risk could
be derived from the map). The analysis has shown that variations between local and
regional geological structure, and of particular lithological units throughout the entire
Czech Republic, are very substantial. It is not possible to make predictive maps that can
define areas with 100% low radon index. Neither can we establish a minimum number of
required measured areas for assessing the radon risk at particular geological units, even
when their dimensions are known. The number of such areas is proportional to the

inhomogeneity of geological conditions.

The method of constructing radon risk maps is based on the generalization of data
acquired within the Czech Republic. Due to the map scale constraints, these maps cannot
include detailed descriptions of the geological structure, and thus cannot be used for

directly predicting the radon risk of particular building sites.
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Abstrakt

Hodnoceni radonového rizika zakladovych pud je nedilnou soucasti Radonového
programu Ceské republiky. PiedloZzena prace shrnuje vysledky vyzkumného projektu
zaméfeného na detailni studium podminek uvolfovani radonu z podloznich hornin a zemin
do objektd, na hodnoceni jejich vlivu a klasifikaci radonového indexu stavebnich pozemkau.
Radonovy index pozemku vyjadfuje miru rizika uvolnovani radonu z podlozi do budov a
numericky maze byt vyjadfen jako radonovy potencial pozemku. Radonovy index stavby
odrazi pozadovanou miru radiaCni ochrany stavby, ktera je zavisla na vlastnostech
podloznich hornin a zemin i na typu zaloZeni stavby. Byla navrZzena nova metodika
stanoveni radonového indexu. Ve srovnani s metodikou pouzivanou od r. 1994 nova
metodika umoznuje presnéjSi klasifikaci v hrani¢nich pfipadech a méla by prispét

k fundovanéjsi ochrané staveb pfed radonem.

1. Uvod

Pfredlozena prace shrnuje vysledky tfiletého vyzkumného ukolu zadaného Statnim
Uradem pro jadernou bezpeénost (SUJB) v r. 2000. Resitelem ukolu byla firma RADON
v.0.S., na vyzkumu, terénnich pracich, zpracovani vysledkl a sestaveni vysledného textu
se dale podileli pracovnici Piirodovédecké fakulty University Karlovy v Praze a Ceské
geologické sluzby. Text byl pfipominkovan pracovniky Statniho uUfadu pro jadernou
bezpecénost, Statniho ustavu radiaéni ochrany a Statniho ustavu pro jadernou, chemickou
a biologickou ochranu. Cilem vyzkumného ukolu bylo sestavit novelizovanou metodiku
stanoveni radonového indexu na stavebnich pozemcich, ktera by se stala po schvaleni
Statnim urfadem pro jadernou bezpec€nost zavaznou pro vSechny odborniky, firmy a statni
subjekty, provadéjici tento typ méfeni. Pro tuto €innost je nutno ziskat Povoleni Statniho
ufadu pro jadernou bezpec€nost. Ziskani tohoto Povoleni je podminéno kromé jiného i
ucasti na odborném kurzu pofadaném Pfirodovédeckou fakultou University Karlovy
v Praze, UuspéSnym absolvovanim zkousek zvlastni odborné zpUsobilosti a schvalenim
systému jakosti Statnim ufadem pro jadernou bezpecénost. Pouze odpovidajici odbornik
tak muze vyuzit metodické postupy zalozené na expertnim subjektivnim hodnoceni.

Anglicky i Cesky text je rozdélen do dvou Casti. V prvni Casti (kap. 2) je prezentovan
navrhovany text novelizované metodiky, v dalSich kapitolach jsou pak struéné popsany

jednotlivé dil¢i ukoly a vysledky, jejichZz syntéza vedla k sestaveni novelizované metodiky.



Podrobné zpravy o feSeni jednotlivych dil€ich ukoll jsou v Ceském jazyce ve vlastnictvi
SUJB, v této publikaci jsou zminény vzhledem k omezenému rozsahu pouze struéné
zasadni informace. Tato metodika CasteCné navazuje na dosud pouzivanou metodiku
(Barnet 1994), zohledriuje vSak nové poznatky, ziskané béhem vyzkumnych praci v ramci
Radonového programu Ceské republiky. Mezi hlavni témata, ktera byla pfi sestavovani
metodiky sledovana, patfi statisticka analyza existujicich i nové méfenych datovych
souborl objemové aktivity radonu v pudnim vzduchu, studium geometrie aktivniho
prostoru pfi odbéru vzorkl pudniho vzduchu, srovnani metod vyuzivanych pfi stanoveni
propustnosti pldy a posouzeni vlivu dalSich parametrl pudy na stanoveni radonového
indexu. Posuzovana byla i pouzitelnost metody zalozené na mérfeni plosSné exhalace
radonu z povrchu pudy pro zjiStovani radonového potencialu, zvlasté v pFipadech
problematického odbéru vzorkd padniho vzduchu. Vyznamnou soucasti vyzkumnych praci
byl i vyvoj novych referenénich ploch pro kvalitnéjSi srovnavaci méfeni jednotlivych
subjektd. Testovana byla i pouzitelnost nové metodiky pro ucely mapovani radonového
indexu v regionalnim méritku.

Novelizovana metodika je zaloZzena na podrobnéjSim posouzeni stavebniho pozemku,
zejména z hlediska propustnosti zemin. Vysledkem hodnoceni je stanoveni radonového
indexu pozemku, které Iépe klasifikuje hrani¢ni pfipady a vice respektuje nehomogenitu

v propustnosti zemin na jednotlivych stavebnich pozemcich.

Nova metodika stanoveni radonového indexu pozemku

2. Stanoveni radonového indexu pozemku — nova metodika
2.1.Uvod

Stanoveni radonového indexu pozemku vychazi z posouzeni hodnot objemové aktivity
radonu (*?Rn) v padnim vzduchu a z posouzeni plynopropustnosti zemin. Cim vy3si je
objemova aktivita radonu v padnim vzduchu a &im jsou vrstvy zemin propustngjsi, tim
vySSi je pravdépodobnost, ze mize do objektu pronikat vyznamné mnozstvi radonu.

Radonovy index pozemku (RI) vyjadfuje obecné radonovy potencial daného pozemku.
Radonovy index stavby (RB) vyjadfuje miru potfebné stavebni ochrany stavby proti
vnikani radonu z geologického podlozi. Radonovy index stavby vychazi z radonového
indexu pozemku a zohlednuje hloubku zalozeni stavby, zplsob zalozeni stavby a stav
zakladovych zemin. Na jednom pozemku s danym radonovym indexem mulze byt

radonovy index stavby rozdilny napf. pro objekt zaloZzeny pfi povrchu terénu a pro objekt



se dvéma suterény. Dale uvedena metodika se zabyva stanovenim radonového indexu
pozemku, vychazi zrealizovanych vyzkumnych ukolu v letech 1994-2002 a upravuje
dosud platnou metodiku Kategorizace radonového rizika zakladovych pad z roku 1994.
V zavérené kapitole jsou shrnuty podklady, které by mél dale radonovy prizkum
pozemku poskytnout odbornikiim v oboru stavebnictvi - navrhovani ochrany stavby proti
pronikani radonu z podlozi. Metodika je v souladu s pfisluSnymi ustanovenimi zakona ¢€.
18/1997 Sb., o mirovém vyuZzivani jaderné energie a ionizujiciho zafeni (atomovy zakon) a
0 zmeéné a doplnéni nékterych zakonu, ve znéni pozdéjSich pFedpisu, a s provadéci
vyhlaskou SUJB &. 307/2002 Sb. o radiaéni ochran&. Firmy a fyzické osoby, které
provadéji stanoveni radonového indexu, musi mit dle odpovidajicich ustanoveni vySe

uvedeného zakona povoleni k této Cinnosti od Statniho uradu pro jadernou bezpecnost.

2.2. Terminologie

Pro ucely této metodiky se rozumi pod pojmy:

Radon - izotop radonu #?Rn.

Objemova aktivita radonu - podet premén izotopu ??Rn za 1 sekundu v jednom
kubickém metru padniho vzduchu.

Radonovy index pozemku (RI) - index popisujici miru rizika pronikani radonu
z geologického podlozi na daném pozemku. Nabyva hodnot - nizky - stfedni -
VysoKy.

Radonovy index stavby (RB) - index vyjadfujici miru potfebné stavebni ochrany stavby
pfed vnikanim radonu z geologického podloZzi. Stanovuje se s ohledem na radonovy
index pozemku, zpUsob zalozeni stavby a parametry zemin.

Radonovy potencial pozemku (RP) - Ciselna hodnota vyjadfujici radonovy index
pozemku. Je-li RP < 10, radonovy index pozemku je nizky, je-li 10 <= RP < 35,
radonovy index pozemku je stfedni, je-li 35 >= RP, radonovy index pozemku je
VysoKy.

Zemina - zahrnuje jak zeminy (tj. produkt vétrani hornin, nezpevnény), tak i pudy (.
svrchni horizonty zvétrani hornin s organickou substanci), dale horniny skalniho
podkladu, pokud se vyskytuji ve svrchnich horizontech ovliviujicich stanoveni
radonového indexu pozemku, a pfipadné i antropogenni navazky, pokud se na
pozemku vyskytu;ji.

Pudni vzduch - smés plynl obsazenych v zeminach.



Plynopropustnost - reprezentativni parametr charakterizujici moznost Sifeni radonu a
jinych plynd v zeminach, urCuje se pfimym méfenim nebo odbornym posouzenim
zemin.

Popis zemin ve vertikalnim profilu - popis jednotlivych vrstev zemin dostatecné
charakterizujici jejich strukturné mechanické vlastnosti pro odborné posouzeni
plynopropustnosti, s udanim jejich mocnosti a hloubky uloZeni pod povrchem
terénu.

Treti kvartil - 75% percentil souboru hodnot. Pro ucely stanoveni radonového indexu
pozemku je postup stanoveni hodnoty tfetiho kvartilu souboru dat nasledujici:
soubor dat o N hodnotach se sefadi vzestupné, porfadové Cislo tfetiho kvartilu
souboru N7s se stanovi vypoétem dle N;s = CELA CAST (0,75N + 0,25). Hodnota
tretino kvartilu souboru dat je odpovidajici hodnota ze vzestupné sefazeného

souboru dat tomuto poradi.
2.3. Objemova aktivita radonu v padnim vzduchu

Zakladni ukol radonového prizkumu predstavuje pfimé stanoveni objemové aktivity
radonu *?Rn v pudnim vzduchu v hloubce 0,8 m. Objemova aktivita radonu se stanovuje
mérenim radioaktivity vzork( pidniho vzduchu odebranych v dané hloubce.

Podminkou uziti zvolené metody je:
(a) dostatecéna citlivost (mez stanovitelnosti <= 1 kBq.m),
(b) kalibrace pfistroje pfisluSnym Statnim metrologickym stfediskem pro méfeni radonu a
ekvivalentni objemové aktivity radonu,
(c) ovéfeni metodiky odbéru pludniho vzduchu a stanoveni objemové aktivity radonu
v pudnim vzduchu na terénnich referenénich plochach pro srovnavaci méfreni objemové

aktivity radonu.

Objemova aktivita radonu v ptidnim vzduchu se znaéi v souladu s platnou normou CSN
ISO 31-9 symbolem ca. Udava se v jednotkach kBg/m® a pfi zapisu hodnoty se pro tyto
ucely udava s presnosti na jedno desetinné misto.

Obvykle se stanovuji okamzité hodnoty objemové aktivity radonu v pldnim vzduchu,
principialné je mozné vyuzit i integralni nebo kontinualni metody méreni a stanoveni
objemové aktivity radonu v pudnim vzduchu, pokud splfiuji uvedené pozadavky.

Pokud se stanovuji okamzité hodnoty objemové aktivity radonu v pudnim vzduchu, je
nutné kontrolovat pozadi pouzivanych scintilacnich nebo ioniza¢nich komor. Pozadi

detek&nich komor ma byt niz8i nez 1/10 signalu pfi méfeni vzorku pudniho vzduchu.



Thorium pfitomné v zeminach a horninach generuje thoron (**Rn), zdroj zafeni alfa,
jehoz objemova aktivita v pidnim vzduchu byva stejného fadu jako objemova aktivita
radonu. Pfi stanoveni objemové aktivity radonu v pldnim vzduchu provedeného v kratkych
Casovych intervalech po odbéru vzorkd padniho vzduchu je nezbytné pouzit postupl
zpracovani méfenych veli€in, které vliv thoronu na vysledné hodnoty objemové aktivity

radonu vylucuiji.

2.3.1. Pocet odbérovych bodu

Vzhledem k nestejnomérné distribuci radonu v zeminach a ¢astému vyskytu lokalnich
odchylek objemové aktivity radonu v pudnim vzduchu je pro stanoveni radonového indexu
pozemku nutny vysSi pocet bodovych méfeni objemové aktivity radonu v pudnim vzduchu.
V pfipadé hodnoceni pozemkld o rozloze mensi nebo rovné 800 m? (zpravidla pro
vystavbu jednotlivého samostatné stojiciho rodinného domu ¢i obdobné velkého objektu,
pro pfistavbu obdobného objektu &i pro celkovou rekonstrukci spojenou se zménami
v kontaktnich konstrukcich) je nutno provést méfeni v rozsahu minimalné 15 odbérovych
bodl. Odbérové body se pfitom rozmistuji v zastavéné ploSe a nejbliz§im okoli této
jednotlivé stavby.

V pfipadé hodnoceni pozemku o rozloze vétsi nez 800 m? (zpravidla pro zastavbu vice
objektll ¢i pro vystavbu jednotlivého objektu o vétSi zastavéné plose nez 800 m?) se
postupuje v zakladni odbérové siti 10 x 10 m v zastavénych plochach a nejblizSim okoli.
V pfipadé, Ze tato sit nemuze byt dodrzena (zpevnéné plochy, stavajici zastavba ap.), se
prizkum realizuje s odpovidajicim poétem odbérovych bodu této siti, jednotlivé odbérové
body se pfitom situuji tak, aby co nejlépe umoznily popsat distribuci radonu v zajmovém
uzemi.

PFfi vyskytu lokalnich anomalii objemové aktivity radonu v padnim vzduchu
(pFekracujicich trojnasobek tfetiho kvartilu — 3.ca7s) je doporuceno rozsifit minimalni
odbérovy soubor, resp. zahustit zakladni odbérovou sit' 10 x 10 m do sité 5 x 5 m.

2.3.2. Metodika odbéru vzorkt ptdniho vzduchu

Pro odbéry vzorkd pudniho vzduchu se pouzivaji zpravidla malopriimérové duté tyce
s volnym hrotem v kombinaci s velkoobjemovymi injekénimi stfikaCkami ¢i pumpami. Pfi
odbérech vzorkl pudniho vzduchu pro stanoveni okamzitych hodnot objemové aktivity
radonu musi byt cely systém pro odbér vzorkd pudniho vzduchu dokonale té€sny. Pouziti
odbérovych systému, které nejsou dostateCné tésné nebo vykonem nedosahuji potiebny
podtlak pro od&erpani vzorku padniho vzduchu (napf. odbérovy baldnek), mize vést
k podhodnoceni skute¢né hodnoty objemové aktivity radonu v padnim vzduchu a neni pro

odbér vzorkl povoleno.



Objem odbérového prostoru, ktery vznika zpravidla povyrazenim volného hrotu, musi
byt dostateCné velky, aby odbér vzorku vibec umoznil. Minimalni poZadovany vnitfni
povrch dutiny vytvofeny pro odbér vzorku padniho vzduchu je stanoven na 940 mm?
(odpovida valci o praméru 10 mm a vySce 30 mm).

Odbér vzorkd pudniho vzduchu se provadi v hloubce 0,8 m pod povrchem terénu.
V pfipadech, kdy neni mozné odebrat vzorek pudniho vzduchu pro stanoveni objemové
aktivity radonu v puadnim vzduchu v hloubce 0,8 m (extrémné nizka plynopropustnost,
vysoka saturace odbérového horizontu vodou, skalni podklad pfi povrchu terénu), se
postupuje nasledujicim zplsobem. Pokud je pfi€inou extrémné nizka plynopropustnost
odbérového horizontu, je mozné zvétsit odbérovy prostor zpétnym povytahovanim tyCe
zpravidla o 10 - 15 cm. Pokud nedojde k odkryti vySe uloZzenych vrstev pudy s vySsi
propustnosti, nebo k uvolnéni tyCe vzeminé a naslednému pfisavani atmosférického
vzduchu, je mozné zvétsit odbérovy prostor povytahovanim tyCe az do urovné 0,5 m pod
povrchem terénu, pfi zachovani dokonalé tésnosti systému. Obdobny postup Ize vyuzit
v pfipadé vysoké saturace odbérového horizontu vodou, kdy je mozno tento postup
kombinovat s probublavanim pddniho vzduchu vodou. Obdobné pro pfipad, kdy vystupuiji
svrchni horizonty skalniho podkladu mélce k povrchu terénu a kdy neni mozné odbérove
zarizeni do pozadované urovné (ij. hloubky 0,8 m) umistit, je minimalni hloubka pro
meéfeni objemové aktivity radonu stanovena na 0,5 m pod povrchem terénu. V pfipadé
nutnosti je mozné odbéry opakovat, resp. jednotlivé odbérové body posunout proti
zakladni siti 10 x 10 m. VSechny tyto odchylky od standardni odbérové urovné 0,8 m je
nutno uvést v zavérecném posudku v€etné zddvodnéni. Posouzeni vlivu téchto odchylek
je v kompetenci erudovaného zpracovatele posudku.

Pokud neni odbéry vzorki mozné realizovat ani vySe uvedenym postupem, je mozno
pro stanoveni radonového indexu pozemku vyuzit situace, kdy bude odkryta a upravena
zakladova spara objektu, a radonovy prizkum opakovat. Pfipadné je mozné vyuzit
expertni hodnoceni pomoci méreni rychlosti ploSné exhalace radonu z povrchu terénu,
stanoveni mérné aktivity #°Ra (Bg/kg) a koeficientu emanace ve vzorcich hornin skalniho
podkladu. Vzhledem k rozmanitosti moznych situaci nejsou tyto postupy standardizovany
a vtakovém mimofadném pfipadé je méfeni i hodnoceni tfeba provést s pouzitim
nejnovéjSich poznatku o Sifeni radonu v geologickém podlozi s pfihlédnutim ke konkrétni
situaci.

Odbéry vzorkll pudniho vzduchu a méfeni objemové aktivity radonu nelze provadét

v extrémnich meteorologickych podminkach.



2.3.3. Zpracovani a prezentace souboru namérenych hodnot objemové aktivity
radonu v ptdnim vzduchu

Hodnoceni ploch stavenist, pfipadné jejich €asti, vychazi z naméfenych hodnot
objemové aktivity radonu v pudnim vzduchu a jejich distribuce.

Pfi hodnoceni ploch jednotlivych objektll (pozemky o rozloze mensi nebo rovné 800 m?,
15 odbérovych bodu a stanoveni objemové aktivity radonu v pddnim vzduchu) je pro
stanoveni radonového indexu pozemku vyznamna zejména hodnota tfetiho kvartilu
(znaCena cars) statistického souboru hodnot objemové aktivity radonu. Pfipadné naméfené
hodnoty objemové aktivity radonu nizsi nez 1 kBq.m™ se z hodnoceného souboru vyloudi.
Posouzeni celého souboru naméfenych hodnot a zvazeni vyznamu pripadnych lokalnich
maximalnich anomalii objemové aktivity radonu v ojedinélych bodech je v kompetenci
erudovaného zpracovatele posudku. V posudku o stanoveni radonového indexu pozemku
musi byt uvedeny alespon nasledujici statistické parametry souboru naméfenych hodnot:
minimalni hodnota, maximalni hodnota, aritmeticky primér, median a tfeti kvartil.

Pfi hodnoceni velkych pozemku (pozemky o rozloze vétsi nez 800 m?, objemova
aktivita radonu v ptdnim vzduchu stanovena v siti 10 x 10 m) je nutno rozhodnout, zda je
plocha natolik homogenni, Ze ji Ize charakterizovat jednim radonovym indexem, tj. pro
hodnoceni lze vyuzit obdobné hodnotu tfetiho kvartilu statistického souboru hodnot
objemové aktivity radonu cazs. Pfipadné namérené hodnoty objemové aktivity radonu nizsi
nez 1 kBg.m™nejsou opét zac¢lenény do takto hodnoceného souboru.

Pokud hodnoceny velky pozemek homogenni neni, pfipadaji v uvahu tfi moznosti:

(a) plocha se sklada z nékolika homogennich dil€ich ploch,
(b) plochou prochazi poruchové pasmo,
(c) na ploSe se vyskytuji lokalni anomalie.

V pfipadech (a) a (b) erudovany zpracovatel posudku rozdéli plochu podle grafické
prezentace ploSného rozSifeni hodnot objemové aktivity radonu vizualné do dostatecné
homogennich dil€ich ploch, které feSi oddélené. Vychozi podklad pro toto hodnoceni tvofi
naméfené hodnoty objemové aktivity radonu v pidnim vzduchu a jejich distribuce v ploSe,
uvazuji se zaroven i pfipadné zmény plynopropustnosti zemin v ploSe.

Pfi posuzovani, zda je plocha (dil¢i plocha) dostate€né homogenni, €i nikoli, je kromé
vizualniho hodnoceni distribuce radonu v ploSe u dostate¢né velkych souboru (vice nez 50
hodnot) mozno vychazet z vyhodnoceni histogramu pfisluSnych datovych souborl. Jinou
moznosti je vyuZziti grafického testu, ktery spoCiva vtom, Ze hodnoty setfidéné podle
velikosti se zobrazi proti logitiim relativniho poradi, t.j. In(r/(1-r)), kde r=i/(n+1), pficemz i

je poradi hodnoty v setfidénych datech. Tento zpisob umoznuje vizualné posoudit, zda se



jednd o unimodalni &i vicemodalni vzorek. Jestlize se tvar zavislosti blizi pfimce, je
rozdéleni dat souboru normailni, resp. lognormalni. Je-li graf ve tvaru lomené pfimky, je
soubor vicemodaini.

Pro hodnoceni radonového indexu pozemku je rozhodujicim parametrem opét hodnota
tfretiho kvartilu odpovidajiciho datového souboru. U homogennich ploch tedy tfeti kvartil
celého souboru, u nehomogennich ploch nejvétsi z tfetich kvartild z dilich ploch, které
jsou pro dany pozemek, resp. danou stavbu relevantni.

V pfipadé (c) je rozhodujici, jakou vahu pfifadi erudovany zpracovatel posudku
lokalnim anomaliim (vazba na geologické Ci negeologické faktory ovlivAujici distribuci
radonu v pudnim vzduchu, zcela nahodny vyskyt apod.), resp. jaké vysledky pfinesly
pripadné doplnujici odbéry a méfeni zahustujici zakladni odbérovou sit. Ve zddvodnéném
pfipadé mohou tyto anomalie ovlivnit celkové hodnoceni a vysledné stanoveni radonového
indexu pozemku.

Pfi zpracovani posudku pro velké pozemky musi byt v posudku kromé uvedenych
statistickych parametri - minimalni hodnota, maximalni hodnota, aritmeticky prameér,
median a tfeti kvartil souboru dat objemové aktivity radonu v pldnim vzduchu - uvedeny
vSechny stanovené hodnoty objemové aktivity radonu v pldnim vzduchu a graficka
prezentace téchto hodnot (jejich situovani v ploSe), umoznujici vizualni hodnoceni plosné

distribuce objemové aktivity radonu v pidnim vzduchu.

2.4. Plynopropustnost zemin

Druhym parametrem rozhodnym pro stanoveni radonového indexu pozemku je
plynopropustnost zemin. Prostfedi s vySSi plynopropustnosti je z hlediska stanoveni
radonového indexu pozemku obecné vice rizikové nez méné plynopropustné prostredi,
nebot se moznost transportu pudniho vzduchu a radonu do stavajiciho nebo budouciho

stavebniho objektu s rostouci plynopropustnosti zvySuje.

2.4.1. Postupy stanoveni plynopropustnosti zemin
Pro stanoveni plynopropustnosti zemin je mozno vyuZzit postupy:
[0 pfimé méfeni plynopropustnosti zemin in situ
[0 odborné posouzeni plynopropustnosti zemin
Plynopropustnost zemin se znaci symbolem k. V pfipadé pfimého méfeni
plynopropustnosti zemin in situ se udava v jednotkach m?a pfi zapisu hodnoty se pro tyto
udely udava s pfesnosti na jedno desetinné misto (napf. 1,7 . 10" m?). V pfipadé

odborného posouzeni plynopropustnosti zemin se hodnoti jako - nizka - stfedni - vysoka.



2.4.1.1. Pfimé méreni plynopropustnosti zemin
Pro stanoveni plynopropustnosti zemin je mozné vyuzit pfimé méfeni
plynopropustnosti in situ v hloubce 0,8 m pod povrchem terénu.

Pristroje pro méfeni plynopropustnosti zemin pracuji na principu méfeni pratoku
vzduchu pfi jeho vysavani ze zeminy nebo pfi jeho vtlaceni do zeminy za pouZiti stalého a
presné definovaného tlakového rozdilu. Pfi pfimém méfeni plynopropustnosti se pouzivaji
zpravidla shodné technické prostiedky jako pfi odbérech vzork( pudniho vzduchu
(maloprimérové duté zarazené tyCe s volnym hrotem). Vnitini povrch dutiny, ktera vznika
povyrazenim volného hrotu, je pro kazdy méfici systém pfesné definovan. Pro pfimé
méfeni plynopropustnosti zemin je principielné mozné vyuzit jakykoli pristroj urCeny pro
tento ucel. Vzhledem k problematickému stanoveni tzv. ,geometrického faktoru® pfi tomto
meéfeni, opravam na volny prutok vzduchu tyCi a pfistrojem, které jsou pro kazdy pfistroj
specifické, a vzhledem k tomu, Ze neni zavedena kalibrace pfistroju a standardizace
méfeni plynopropustnosti, je nutno hodnoty plynopropustnosti zemin méfené jinymi
pristroji nez v CR prevazné uzivanym plynopropustomérem RADON-JOK na tento pFistroj
navazat.

PFi pfimém méfeni plynopropustnosti neni dovoleno zvétSovat méfici prostor v zeminé.
Pro nizkou plynopropustnost se zavadi pomocna mezni hodnota k = 5,2.10™ m?. Pokud je
plynopropustnost k < 5,2.10™"* m? (pfi méfeni plynopropustomérem RADON-JOK odpovida
Casu méfeni delSimu nez 1200 s), a plynopropustnost neni pfesné stanovena, uvede se
v prehledu vysledkd hodnota k < 5,2.10"* m?, a pfi statistickém vyhodnoceni se pouziva

hodnota této meze, tj. k = 5,2.10™" m?.

Obdobné&, vzhledem k odporu proti volnému pritoku vzduchu ty€i a pfistrojem, se
zavadi pomocna mezni hodnota k = 1,8.10™" m? pro vysokou plynopropustnost. Pokud je
plynopropustnost k > 1,8.10"" m? (pfi méfeni plynopropustomé&rem RADON JOK odpovida
¢asu méreni kratSimu nez 6 s), a plynopropustnost neni pfesné stanovena, uvede se
v pfehledu vysledk( hodnota k > 1,8.10™ m?, a pfi statistickém vyhodnoceni se pouziva

hodnota této meze, tj. k = 1,8.10™"" m?.

V pfipadé pfimého meérfeni plynopropustnosti jsou pozadavky na minimalni pocet
méficich bodl stejné jako u méfeni objemové aktivity radonu v ptudnim vzduchu, tj.
minimalné 15 méficich bodu u jednotlivého objektu (pozemky o rozloze mensi nebo rovné
800 m?), a méfeni v siti 10 x 10 m u vétSich ploch (pozemky o rozloze vétsi nez 800 m?).

Rozhodujicim parametrem pro stanoveni radonového indexu pozemku je shodny



statisticky parametr, tj. opét tfeti kvartil datového souboru (znaCen kzs). PouZiti tfetiho
kvartilu snizuje vliv ojedinélych vysokych hodnot plynopropustnosti, které by mohly v
nékterych pfipadech zplasobovat zarazeni plynopropustnosti do vysSi kategorie a tim i
nadhodnoceni radonového indexu pozemku.

V pfipadé pfimého méfeni plynopropustnosti zemin neni pro stanoveni radonového
indexu pozemku nutny popis zemin ve vertikalnim profilu, tj. realizace ru¢né vrtanych
sond.

Pokud jsou k dispozici numerické vysledky pfimych méfeni plynopropustnosti in situ k
(m?) - a pouze v tomto pFipadé, - je mozné pro stanoveni radonového indexu pozemku

pouzit model RP (radonovy potencial pozemku, kap. 2.5.1.).

2.4.1.2. Odborné posouzeni plynopropustnosti zemin

Pokud neni plynopropustnost zemin méfena pfimo ve vSech shodnych odbérovych
bodech, kde je stanovena objemova aktivita radonu v padnim vzduchu, je nutno pro
hodnoceni plynopropustnosti zemin vyuzit odborné posouzeni plynopropustnosti zemin
erudovanym zpracovatelem zavérec¢ného posudku.

Odborné posouzeni plynopropustnosti zemin (klasifikace nizka - stfedni - vysoka) je
zaloZeno na popisu zemin ve vertikalnim profilu do hloubky min. 1,0 m (resp. v pfipadé
vysokého obsahu hrubé frakce ¢&i v pfipadé svrchnich horizontld skalniho podkladu
vystupujicich mélce pod povrch terénu do hloubky, do jaké Ize realizovat ruéné vrtanou
sondu) a je doplnéno alespor jednou z nasledujicich metod:

0 makroskopicky popis vzorku (vzorkl) odebranych z hloubky 0,8 m, véetné
klasifikace plynopropustnosti (nizka - stfedni - vysokd). Pfi této klasifikaci se
vyuziva odhadu obsahu jemné frakce ,f* (frakce < 0,063 mm) v zeminach a
horninach, nizké plynopropustnosti odpovida obsah jemné frakce f > 65%,
stfedni plynopropustnosti odpovida obsah jemné frakce f v mezich 15% < f <=
65% a vysoké plynopropustnosti obsah jemné frakce f <= 15%. Klasifikace je
poté upravena v navaznosti na dale uvedené faktory ovliviujici vyslednou
plynopropustnost.

[0 subjektivni hodnoceni odporu sani pfi odbéru vzorkd pudniho vzduchu v celkem
15 méficich bodech u jednotlivé stavby, resp. v siti 10 x 10 m u vétSich ploch,
vC€etné odhadu prevaZzujici klasifikace plynopropustnosti (nizka - stfedni -
vysoka).

Pfi odborném posouzeni plynopropustnosti zemin a pro posouzeni jejich vertikalnich a

horizontalnich zmén je v pripadé hodnoceni pozemku o rozloze mensi nebo rovné 800 m?



nutno realizovat minimalné 2 ru¢né vrtané sondy, v pfipadé pozemkul o rozloze vétsi nez
800 m? potom minimalné 2 ruéné vrtané sondy + 1 ru¢né vrtanou sondu na kazdych
ukoncenych 30 odbérovych bodl pro méfeni objemové aktivity radonu v padnim vzduchu.

Pfi odborném posouzeni plynopropustnosti zemin je nutno vénovat pozornost zejména
nasledujicim otazkam:

Byla v odbérovém horizontu zastizena tak vysoka pfirozena vihkost, t.j. tak vysoky
stupen saturace a nizka efektivni poérovitost, Ze je nutné uvazit vliv téchto parametrd na
aktualni plynopropustnost zemin (jeji snizeni)?

Byla v odbérovém horizontu zastizena tak nizka pfirozena vlhkost, t.j. tak nizky
stupen saturace a vysoka efektivni poérovitost, Ze je nutné uvazit vliv téchto parametrd na
aktualni plynopropustnost zemin (jeji zvyseni)?

Byla v odbérovém horizontu zastiZzena neobvykle nizka porovitost, t.j. vysoka
objemova hmotnost a ulehlost, resp. zhutnéni, Ze je nutné uvazit vliv téchto parametrl na
aktualni plynopropustnost zemin (jeji snizeni)?

Byla v odbérovém horizontu zastiZzena neobvykle vysoka poérovitost, t.j. nizka
objemova hmotnost a ulehlost, resp. nakypfeni, Zze je nutné uvazit vliv téchto parametrti na
aktualni plynopropustnost zemin (jeji zvySeni)?

Vyskytuji se v geologickém prostfedi makrotrhliny a mikrotrhliny v takovém rozsahu,
Ze mohou zvysit zdanlivé nizsi plynopropustnost zemin?

Je kumulace jemné frakce v odbérovém horizontu takova (napf. vyskyt jilovitych
¢ocek), ze muze zvysSit zdanlivé nizsi plynopropustnost zemin odpovidajici homogennimu
rozSifeni této jemné frakce?

Je obsah hrubé frakce (ulomku, valounkd ap.) tak vysoky, ¢i ma zemina charakter
suté, Ze je nutné uvazit vliv téchto parametrd na aktualni plynopropustnost zemin (jeji
zvySeni)?

Je stupen poruseni svrchnich horizontd skalniho podkladu pfi jejich vyskytu v
odbérovém horizontu takovy, Ci se zde vyskytuji poruchové zoény, ze je nutné uvazit vliv
téchto parametrd na aktualni plynopropustnost zemin (jeji zvy3eni)?

Je dusledek antropogenni Cinnosti v rozsahu povrch terénu - odbérovy horizont
takovy (hluboka orba spojena s moznosti odvétrani svrchnich poloh, vyskyt neulehlych
navazek, vyskyt rlznych propustnéjSich trativodl, odbéry mozné jen v bezprostfedni
blizkosti stromu ap.), Ze je nutné uvazit vliv téchto parametri na aktualni plynopropustnost
zemin (jeji zvySeni)?

Je dusledek antropogenni &innosti v rozsahu povrch terénu - odbérovy horizont

takovy (zhutnéni svrchnich poloh, vyskyt zpevnénych ploch s dokonalym tésnicim efektem



ap.), ze je nutné uvazit vliv téchto parametrl na aktualni plynopropustnost zemin (jeji
snizeni)?

Je pozemek ve svahu a je zaroven vrstevnatost svrchnich horizontu takova, ze
odbérovy horizont tvofi vice rizné propustnych poloh a Ze je tedy nutné uvazit vliv této

situace na aktualni plynopropustnost zemin (jeji zvySeni i snizeni)?

Pozn.: Je-li na shodném pozemku realizovan sou€asné podrobny inZenyrskogeologicky
¢i hydrogeologicky prizkum ¢&i byl tento prizkum realizovan v minulosti, a ma-li
zpracovatel radonového priuzkumu podrobné udaje v dostateCném rozsahu z tohoto
pruzkumu k dispozici, neni nutno provadét pro stanoveni radonového indexu pozemku
specialni ru¢né vrtané sondy. Pro odborné posouzeni plynopropustnosti zemin se vyuziji
podrobné udaje inZenyrskogeologického prizkumu.

Pokud se pfi stanoveni plynopropustnosti zemin vyuziva odborné posouzeni
plynopropustnosti zemin, pro stanoveni radonového indexu pozemku RI se vyuZziva
klasifikacni tabulka (kap. 2.5.2.).

2.4.2. Prezentace vysledku a zpusob klasifikace plynopropustnosti zemin
Hodnoceni radonového indexu pozemku vyuziva plynopropustnosti zemin urené

nékterym z nize uvedenych postupu.

2.4.2.1. Pfimé méreni plynopropustnosti zemin

Pfi hodnoceni ploch jednotlivych objektll (pozemky o rozloze mensi nebo rovné 800 m?,
15 pfimych méfeni plynopropustnosti zemin in situ) je pro stanoveni radonového indexu
pozemku vyznamna zejména hodnota tfetiho kvartilu (znacena k7s) statistického souboru
hodnot plynopropustnosti. Posouzeni celého souboru zjisténych hodnot, zvazeni vyznamu
pripadnych lokalnich maximalnich a minimalnich anomalii plynopropustnosti v ojedinélych
bodech je v kompetenci erudovaného zpracovatele posudku. V posudku musi byt uvedeny
alespon nasledujici statistické parametry souboru zjisténych hodnot: minimalni hodnota,
maximalni hodnota, aritmeticky primér, median a tfeti kvartil.

Pfi hodnoceni velkych pozemkll (pozemky o rozloze vétsi nez 800 m?
plynopropustnost zemin stanovena v siti 10 x 10 m) je nutno rozhodnout, zda je plocha
natolik homogenni, Ze ji Ize charakterizovat jednou hodnotou plynopropustnosti. tj. pro
hodnoceni lze vyuzit obdobné hodnotu tfetiho kvartilu statistického souboru hodnot
plynopropustnosti kys.

Pokud hodnoceny velky pozemek homogenni neni, pfipadaji v uvahu tfi moznosti



(zpravidla v navaznosti na geologické poméry):

(a) plocha se sklada z nékolika homogennich dil€ich ploch,
(b) plochou prochazi pasmo s odliSnou plynopropustnosti,
(c) na ploSe se vyskytuji lokalni anomalie plynopropustnosti.

V pfipadech (a) a (b) erudovany zpracovatel posudku rozdéli plochu pomoci grafické
prezentace plosného rozsifeni hodnot vizualné do dostatecné homogennich dilCich ploch,
které feSi oddélené. Vychozi podklad pro toto hodnoceni tvofi zjisténé hodnoty
plynopropustnosti zemin a jejich distribuce v ploSe, uvazuji se zaroven i pfipadné zmény
objemové aktivity radonu v padnim vzduchu v ploSe.

Pro hodnoceni je rozhodujicim parametrem opét treti kvartil odpovidajiciho datového
souboru. U homogennich ploch tedy treti kvartil celého souboru, u nehomogennich ploch
nejvétsi z tretich kvartill z dil€ich ploch, které jsou pro dany pozemek, resp. danou stavbu
relevantni.

V pfipadé (c) je rozhoduijici, jakou vahu pfifadi erudovany zpracovatel posudku
lokalnim anomaliim (vazba na geologické &i negeologické faktory ovliviujici distribuci
radonu v padnim vzduchu, zcela nahodny vyskyt apod.). Ve zdivodnéném pfipadé mohou
tyto anomalie ovlivnit celkové hodnoceni a vysledné stanoveni radonového indexu
pozemku.

Pfi zpracovani posudku pro velké pozemky musi byt v posudku kromé& zminénych
statistickych parametrld - minimalni hodnota, maximalni hodnota, aritmeticky prumér,
median a treti kvartil - uvedeny v8echny zjisténé hodnoty plynopropustnosti zemin a
graficky prehled téchto hodnot (jejich situovani v plose), umoznujici vizualni hodnoceni

plosné distribuce plynopropustnosti.

2.4.2.2. Odborné posouzeni plynopropustnosti zemin
Pfi hodnoceni ploch jednotlivych objektll (pozemky o rozloze mensi nebo rovné 800 m?,
2 rucné vrtané sondy a popis zemin ve vertikalnim profilu do hloubky min. 1,0 m, resp. do
dosazitelné hloubky — viz vyjimka uvedena v kap.2.4.1.2.), je odborné posouzeni
plynopropustnosti zemin (klasifikace nizka - stfedni - vysoka) zaloZzeno na popisu zemin
ve vertikalnim profilu do hloubky minimalné 1,0 m (resp. do dosazitelné hloubky — viz
vyjimka uvedena v kap.2.4.1.2.) a na zvolené metodé (makroskopicky popis vzorkl, odpor
sani).
Vysledkem odborného posouzeni plynopropustnosti zemin je klasifikace
plynopropustnosti do jedné ze tfid nizka - stfedni - vysoka, se zdlvodnénim pomoci

uvedenych pravidel.



Pfi hodnoceni velkych pozemku( (pozemky o rozloze vétsi nez 800 m?) je nutno pomoci
ruéné vrtanych sond a popist zemin ve vertikalnim profilu rozhodnout, zda je plocha
natolik homogenni, Ze ji Ize charakterizovat jednou kategorii plynopropustnosti.

Pokud hodnoceny velky pozemek homogenni neni, pfipadaji v uvahu tfi moznosti
(zpravidla v navaznosti na geologické pomeéry):

(a) plocha se sklada z nékolika homogennich dil€ich ploch,
(b) plochou prochazi pasmo s odliSnou plynopropustnosti,
(c) na ploSe se vyskytuji lokalni anomalie plynopropustnosti.

Ve vSech pfipadech erudovany zpracovatel posudku rozdéli plochu vizualné do
dostate¢né homogennich dil€ich ploch, které feSi oddélené. Vychozi podklad pro toto
hodnoceni tvofi popisy zemin ve vertikalnim profilu a horizontalni zmény, uvaZzuji se
zaroven i pfipadné zmény objemoveé aktivity radonu v pudnim vzduchu v plose.

Pro stanoveni radonového indexu je rozhodujicim parametrem opét odborné
posouzena plynopropustnost. U homogennich ploch tedy jedina kategorie
plynopropustnosti, u nehomogennich ploch nejvétsi z kategorii plynopropustnosti z dil€ich
ploch, které jsou pro dany pozemek, resp. danou stavbu relevantni.

V posudku o radonovém indexu pozemku musi byt kromé odborného posouzeni
plynopropustnosti (nizka - stfedni - vysoka) uvedeny i popisy zemin ve vertikalnim profilu
pro vSechny realizované ru¢né vrtané sondy a dale bud makroskopicky popis vzorku
(vzorku), ¢ sumarni prehled subjektivniho hodnoceni odporu sani pfi odbéru vzorku

pudniho vzduchu.

2.5. Stanoveni radonového indexu pozemku

Stanoveni radonového indexu pozemku vychazi z hodnoceni dvou vstupnich
parametrd, objemové aktivity radonu v padnim vzduchu a plynopropustnosti zemin. Kromé
téchto parametrii mohou byt pro celkové hodnoceni podstatné téz udaje o strukturné-
geologické situaci pozemku (regionalni geologicka jednotka, hornina tvorici skalni
podklad, tektonické linie, reliéf terénu a j.).

Postup stanoveni radonového indexu pozemku RI zavisi na typu vstupnich dat. Pro
numerické udaje objemové aktivity radonu v pldnim vzduchu i plynopropustnosti zemin se
radonovy index pozemku stanovi pomoci radonového potencidlu pozemku RP
(kap.2.5.1.). Pro numerické udaje objemové aktivity radonu v pddnim vzduchu a
stanovené kategorie plynopropustnosti zemin odbornym posouzenim se radonovy index

pozemku stanovi dale uvedenym postupem (kap. 2.5.2.)



Posudek o stanoveni radonového indexu pozemku musi obsahovat i relevantni udaje

pozadované vzorovym protokolem méfeni v pfiloze €.6 k vyhlasce ¢. 307/2002 Sb.

2.5.1. Radonovy potencial pozemku

Pokud jsou k dispozici numerické vysledky méfeni objemové aktivity radonu v ptdnim
vzduchu i pfimého méfeni plynopropustnosti zemin ve vSech odbérovych bodech, je
mozno urcit radonovy index pozemku pomoci modelu ,radonovy potencial pozemku® - RP.
indexu pozemku. Uprava pro novelizaci metodiky stanoveni radonového indexu pozemku
vychazi ze situace znazornéné na Obr.1 (Fig. 1, anglicka verze, kap.2.5.1.), nahrazuje
lomené hranice oddélujici nizky a stfedni, resp. stfedni a vysoky radonovy index pozemku

hrani€nimi pfimkami a takto umoznuje citlivéjsi posouzeni hrani¢nich pfipadu RI.

Dvojici pfimek ve tvaru pismene V, které vymezuji stfedni radonovy index, je mozné
definovat obecné. Jsou dany rovnicemi:
-logk=ai.ca- (a1 .cao*log ko),
-logk=0a2.ca- (02 . Cao +log ko),
kde a1 a a2 jsou smérnice téchto hrani¢nich pfimek a (cao ; - log ko) jsou soufadnice
jejich pruseciku. Parametr RP je potom definovan vztahem:
RP = (ca-ca)/(-logk+logko) [1]

Pro zachovani navaznosti na dfivéjSi metodiku klasifikace radonového rizika (Barnet
1994) je optimalni definovat rovnice hrani¢nich pfimek a parametr RP v nasledujicim
tvaru:

-logk=1/10.ca-(1/10+log 1E-10)=0,1ca+ 9,9

-logk=1/35.ca-(1/35+log 1E-10) = 0,0286 ca + 9,971

RP=(ca-1)/ (-logk-10), [2]

kde ca = 1 kBg.m?3, resp. — log ko = 10 pfi ko = 1E-10 m? jsou vhodné zvolené
soufadnice prusediku hraniénich pfimek se smérnicemi as = 1/10 (kBq.m?)" a a. = 1/35
(kBg.m3)™".

Grafické znazornéni je uvedeno na Obr. 2 (Fig. 2, anglicka verze, kap.2.5.1.).

Pro uréeni radonového potencialu pozemku pomoci grafu na obr.2 se vyuziva zpravidla

(kap.2.3.3.) hodnota tfetiho kvartilu (cazs) statistického souboru hodnot objemové aktivity



radonu a hodnota tfetiho kvartilu (kss) statistického souboru hodnot plynopropustnosti
zemin.
Zpracovatel posudku mUze zvolit pro hodnoceni ve zvlastnim zddvodnéném pfipadé i
jiny statisticky parametr, davody jeho pouziti musi byt v posudku uvedeny.
Vysledkem hodnoceni je Ciselna hodnota RP podle rovnice [2], charakterizujici
jednoznacné radonovy index pozemku, a umoznujici zaroven jeho slovni vyjadfeni (je-li
RP < 10, radonovy index pozemku je nizky, je-li 10 <= RP < 35, radonovy index pozemku

je stfedni, je-li 35 >= RP, radonovy index pozemku je vysoky).

2.5.2. Stanoveni radonového indexu pozemku v ostatnich pfripadech

Pokud nejsou k dispozici numerické udaje z pfimého méreni plynopropustnosti zemin,
vychazi se pfi stanoveni radonového indexu pozemku z tabulky Tab.1.

Jako rozhodujici parametr pro hodnoceni dle této tabulky se vyuziva zpravidla
(kap.2.3.3.) hodnota tfetiho kvartilu (cazs) statistického souboru hodnot objemové aktivity
radonu.

PFfi hodnoceni velkych ploch se vyuziva zpravidla tfeti kvartil celého statistického
souboru hodnot (v pfipadé homogennich ploch), resp. u nehomogennich ploch nejvétsi
z tfetich kvartili z dil€ich ploch, které jsou pro danou stavbu - zastavénou plochu -
relevantni.

Zpracovatel posudku mlze zvolit pro hodnoceni ve zvlastnim zddvodnéném pfipadé i

jiny statisticky parametr (kap.2.3.3.), davody jeho pouziti musi byt v posudku uvedeny.

Plynopropustnost zemin je ur€ena postupem uvedenym v kap. 2.4.1.2. a 2.4.2.2.

Vysledkem hodnoceni je stanoveni radonového indexu pozemku (nizky - stfedni -

vysoky).
Tab. 1 — Stanoveni radonového indexu pozemku
Radonovy . . . oy
ind Objemova aktivita radonu v pidnim vzduchu
ex 3
pozemku (kBq.m™)

Nl'Zky ca <30 ca<20 ca<10
Stredni 30<=ca<100| 20<=ca<70 | 10<=ca<30
Vysoky ca>=100 ca>=70 ca>=30

nizka stfedni vySoka
plynopropustnost zemin




2.6. Radonovy priizkum pozemku

Tato zavéreCna kapitola se netyka pfimo stanoveni radonového indexu pozemku
(RI), pouze dopliuje podklady, které by mél dale radonovy prizkum pozemku poskytnout,

aby mohl byt nasledné urcen radonovy index stavby (RB).

V pfipadé nepodsklepenych rodinnych dom( i dalSich nepodsklepenych objektu
zalozenych v nezamrzné hloubce 0,8 m Ci blize povrchu terénu, popf. nad terénem, tj.
s kontaktnimi sparami objektu s podlozim v maximalni hloubce 0,8 m, neni nutno pro ucely
stanoveni RB zpracovavat v ramci radonového prizkumu pozemku zadné dalsi specialni

ukoly.

V ostatnich pfipadech, tj. kdyz neni znama uroven zalozeni budouciho objektu,
resp. je hloubé&ji nez odbérova uroven pfi stanoveni radonového indexu pozemku, je nutno
v ramci radonového prlzkumu pozemku pfipravit podklady pro stanoveni radonového
indexu stavby (hloubku zalozZeni stavby a dalSi faktory je mozZzno zohlednit pouze tehdy,

pokud jsou k dispozici odpovidajici udaje).

Terénni prace, dokumentace plynopropustnosti zemin a posudek se v téchto

pfipadech rozSifuje o:

B popis (popisy) vertikalniho profilu do urovné min. 1,5 m, v€etné prislusného
hodnoceni plynopropustnosti jednotlivych vrstev s vyuzitim pravidel hodnoceni
vkap.4.1.2.a4.2.2.

m informace o horninach tvoficich skalni podklad v zajmovém uzemi, zohledfiujici
zvlasdté mozny vyskyt hornin s vysokym obsahem radia **Ra a tedy mozny

narust objemové aktivity radonu s hloubkou.

Radonovy index stavby (RB) vyjadfuje miru potfebné stavebni ochrany stavby pied
vnikanim radonu z geologického podlozi. Vychazi zradonového indexu pozemku a
zohlednuje hloubku zalozZeni stavby a proménlivost plynopropustnosti zemin ve vertikalnim
profilu. Stanoveni radonového indexu stavby provadéji odbornici v oboru pozemniho
stavebnictvi na zakladé hodnoceni podkladu, které jsou pfipraveny v ramci prizkumu pro
stanoveni radonového indexu pozemku (radonovy priizkum pozemku) a vlastnich predpist
a postupd.

V nasledujicich kapitolach jsou shrnuty vysledky dil€ich vyzkumnych ukoll, na jejichz

zakladé byla sestavena nova metodika.



Vysledky vyzkumnych projektl souvisejici se stanovenim

radonového indexu pozemku

3. Méreni objemové aktivity radonu v padnim vzduchu

Vzhledem k tomu, Ze se objemova aktivita radonu v pldnim vzduchu mize podstatné
ménit i na malych vzdalenostech, je hodnoceni zaloZzené na vysledku jednoho méfeni
téméFf bezcenné. Puvodni verze jednotné metodiky pro klasifikaci radonového rizika
zakladovych pud (Barnet 1994) stanovuje minimalni pocet 15 méfeni objemové aktivity
radonu v pudnim vzduchu pro hodnoceni stavebni plochy pro vystavbu jednotlivého
rodinného domu (Matolin and Prokop 1991). Podobné pro radonové prizkumy na vétSich
plochach predepisuje méreni v zakladni siti 10 x 10 m, pouze v nékterych specialnich
pfipadech v siti 20 x 20 m.

Tato ¢ast vyzkumného ukolu se tykala statistického hodnoceni namérfenych hodnot
objemové aktivity radonu v pldnim vzduchu. Hlavnim cilem bylo znovu provéfit pozadavky
tykajici se minimalni pozadované velikosti datového souboru a zakladni sité méficich
bodua.

3.1. Vstupni data

Pro statistické testovani byla pouzita pfedevSim archivni data RADON v.o.s., t,|.
analyzovaly se vysledky ziskané pfi béznych komercnich méfenich. V ramci projektu se
uskutecnila pouze néktera doplnujici méfeni.

Detailni analyza se tykala 13 vétSich datovych souborl (pocet méficich bodd od 61 do
200). Data pochazeji z radonovych prizkumi provedenych na rozsahlejSich stavebnich
plochach v letech 1993 az 2000, v siti 10 x 10 m. Nejprve se spocCetly zakladni statistické
parametry pro 13 puvodnich souborl dat. Z kazdého zakladniho souboru se potom
vybralo nékolik podsoubort hodnot odpovidajicich siti 20 x 20 m a statisticka analyza se
opakovala. Nakonec byly pro kazdy zakladni datovy soubor testovany jesté dva
podsoubory vybrané nahodné. Kromé toho bylo analyzovano dalSich 30 mensich datovych

souborl (18 nebo 25 méficich bodu).

3.2. Statistické hodnoceni
Vétsi datové soubory (pfiklad uveden v Tab.2) Ize podle pfevazujiciho typu distribuce

rozdélit do nékolika skupin. Rozdéleni nékterych datovych souborl bylo mozné dobfe



aproximovat log-normalnim rozdélenim, rozdéleni jinych souborl bylo heterogenni, t.j.
neodpovidalo ani normalnimu, ani log-normalnimu modelu. Normalni rozdéleni bylo
pouzitelné pouze v ojedinélych pfipadech. Toto zjiSténi je v souladu se zavéry predchozi
studie (Neznal et al. 1994a): Ani normalni ani log-normalni rozdéleni neni univerzalné
pouzitelné. Pro popis rozdéleni hodnot objemové aktivity radonu v plddnim vzduchu jsou
vhodnéjsi robustni neparametrické odhady jako median nebo tfeti kvartil.

Jednim z cild vyzkumu bylo posouzeni shody hodnoceni zalozeného na rliznych sitich
meéficich bodud (10 x 10 m, nebo 20 x 20 m) a posouzeni moznosti snizit minimalni
pozadovany pocet méfeni. Hlavni problém spociva v tom, Ze ze statistického hlediska je
poCet namérenych hodnot obvykle maly. Jakékoliv zmensSeni rozsahu vybéru vede
k rozSifeni pfislusnych intervall spolehlivosti. Jinymi slovy: Pfi malém poctu hodnot je
Sitka intervall spolehlivosti ovliviovana vice velikosti datového souboru nez variabilitou
dat.

Minimalni velikost datového souboru, ktera zajiStuje pfijatelnou relativni chybu
smeérodatné odchylky (10%), je cca 50 hodnot za pfedpokladu normalniho rozdéleni dat.
Pro log-normalni distribuci je minimalni velikost souboru pro tuto situaci jesSté podstatné
vétsi. Radonové pruzkumy se obvykle provadéji na plochach o rozloze do 1 ha, méfeni na
vétSich plochach je vyjimecné. Pfi méfeni v siti 10 x 10 m odpovida 1 ha 121 méficich
bodd, v siti 20 x 20 m je to jen 36 méficich bodl. Tento pocet jiz nestali pro ,korektni*
statistické hodnoceni ani tehdy, je-li rozdéleni hodnot normaini.

KdyZ se hodnoti datovy soubor s vétsi variabilitou, vede pfechod od sité 10 x 10 m
k siti 20 x 20 m k podstatnému rozSifeni intervall spolehlivosti pro median a pro treti
kvartil (Tab. 2). Hraniéni hodnoty, které oddéluji jednotlivé kategorie radonového rizika,
jsou pfitom napf. pro vysoce propustné pudy 10 a 30 kBg.m™. Interval spolehlivosti pro
treti kvartil by tak mohl pokryt vSechna tfi pasma odpovidajici tfem rdznym kategoriim
rizika.

V pfipadé malych datovych souborl (15 hodnot objemové aktivity radonu v pidnim
vzduchu odpovidajicich stavebni ploSe pro jednotlivy rodinny dim) je korektnost
statistického hodnoceni vibec diskutabilni.

Je mozZné konstatovat, Ze ze statistického hlediska nejsou duvody pro nahrazeni
zakladni pouzivané sité odbérovych bodu 10 x 10 m siti 20 x 20 m. Stejny zavér plati i pro
snizeni minimalniho rozsahu datového souboru pfi hodnoceni pozemku pro jednotlivy

rodinny dam.



Tab. 2 — Viysledky statistického hodnoceni

Soubor 1591-96
Cely |1.stand.|2. stand. | 3. stand. | 4. stand. 1. 2.
nahodny | nahodny
soubor vybér vybér vybér vybér vybér vybér
,10x10
m
N 197 57 50 47 43 60 40
Mean 7,9 7,2 7.4 7,4 9,8 7,4 7,6
meano 6,3 6 59 6,2 7,6 6,1 6
Median 52 5,1 5,1 53 54 5,1 51
Qs 8,5 8,3 7,8 7,6 10,4 8,5 8,4
Sigma 7,5 5,8 7,2 6,3 10,5 6,5 7,2
sigmaso 3 2,7 29 2,8 5 3,3 3,6
/x - mean/ 4,9 4,1 4,6 4.1 7 4,7 5,2
/X - median/ 4,1 3,5 3,9 3,6 5,8 3,9 4,2
(Q75- Q25)/2 2,3 2,2 21 1,8 3,2 2,6 2,5
Minimum 1,1 1,1 1,4 1,4 1,4 1,4 1,4
Maximum 58,5 27,7 38,3 33,4 58,5 30,4 30,4
sigma/mean 0,95 0,8 0,96 0,86 1,07 0,88 0,95
SE (mean) 0,5 0,8 1 0,9 1,6 0,8 1,1
test normality ne ne ne ne ne ne ne
95%CI: mean | (6,8;8,9) | (5,7;8,8) | (5,4,9,5) | (5,5;9,2) |(6,6;13,0)| (5,8;9,1) | (5,3;9,9)
95%Cl:median| (5,0;5,7) | (4,3;6,0) | (4,4;6,0) | (4,7;,6,6) | (5,0;7,4) | (4,1;5,6) | (3,8;5,6)
95%Cl: sigma | (6,8;8,3) | (4,9;7,1) | (6,0;8,9) | (5,3:;8,0) |(8,7;13,3)] (5,5;8,0) | (5,9;9,2)
95%ClI: Qs (6,9;10,9)((6,0;11,2)((6,0;12,7)| (6,5;14,3) | (7,3;21,5)((5,6;12,3) | (5,3;17,9)

N = pocet hodnot — rozsah datového souboru;

mean = aritmeticky pramér;

mean;o = useknuty aritmeticky pramér (10%);

Q25 = prvni kvartil (25% percentil);

Qs = tfeti kvartil (75% percentil);

sigma = vybérova smérodatna odchylka souboru;

sigmaso = vybérova smérodatna odchylka souboru odpovidajici useknutému prdméru (10%);
95%CI = 95% interval spolehlivosti

4. Odbér vzorka pudniho vzduchu

Zafizeni pro odbér vzorkd padniho vzduchu, které se b&zné pouziva v Ceské republice,
sestava ztenké duté ocelové tyCe s volnym hrotem. Sonda se zatloukda do pldy do
hloubky 0,8 m pod povrchem. Potom se do sondy vlozZi protahovaci drat a poklepanim na
horni konec dratu se volny hrot na dolnim konci sondy posune o nékolik centimetrd. Tak

vznikne u dolniho konce sondy dutina. Vzorky pudniho vzduchu se odebiraji sanim napf.



pomoci velkoobjemové injekéni stfikacky a pfevadéji do prfedem evakuovanych
Lucasovych komor (Fig. 3, anglicka verze, kap.4.). Podobny princip odbéru vzorku
pudniho vzduchu popisuje i Reimer (1990).

Méfeni objemové aktivity radonu v pudnim vzduchu, kterd byla provedena
v pfedchozich letech (Matolin et al. 2000, Neznal et al. 1994b, Neznal et al.1996a),
naznacuji zavislost vysledkd méfeni na hloubce odbéru vzorku, na plynopropustnosti
pudy, na rozmérech dutiny, z niz se vzorky pudniho vzduchu odebiraji, a na pouzité
metodé odbéru vzorkd. V pudach s nizkou plynopropustnosti neni odbér vzorki ve
standardni geometrii Casto mozny, je nutné zvétsit rozméry dutiny (t.j. aktivniho prostoru)

v pudé.

4.1. Geometrie aktivniho prostoru

Ke studiu vztahu mezi objemovou aktivitou radonu v pudnim vzduchu a ménici se
geometrii aktivniho prostoru byly vyuzity Ctyfi testovaci plochy charakterizované nizkou
plynopropustnosti pldy, resp. vysokou pUldni vihkosti. Na kazdé testovaci plose se méreni
provadéla v deviti méficich bodech, v kazdém méficim bodé se odebiraly vzorky vzduchu
z rliznych hloubek a s pouzitim rznych rozmért aktivniho prostoru:
- hloubka odbéru 60 - 62 cm, vySka dutiny 2 cm, oznaCeno jako ,geometrie 60 cm (2 cm);
- hloubka odbéru 80 - 82 cm, vyska dutiny 2 cm, oznaceno jako ,geometrie 80 cm (2 cm);
- hloubka odbéru 80 - 85 cm, vysSka dutiny 5 cm, oznaceno jako ,geometrie 80 cm (5 cm)*;
- hloubka odbéru 80 - 90 cm, vyska dutiny 10 cm, oznaceno jako ,geometrie 80 cm (10
cm);
- hloubka odbéru 70 - 90 cm, vySka dutiny 20 cm, (sonda byla povytazena zpét k povrchu),
oznaceno jako ,geometrie 70 - 90 cm®;
- hloubka odbéru 60 - 90 cm, vysSka dutiny 30 cm, oznaceno jako ,geometrie 60 - 90 cm®;

- hloubka odbéru 40 - 90 cm, vyska dutiny 50 cm, oznaceno jako ,geometrie 40 - 90 cm®.

4.2. Terénni méreni

Vysledky zaznamenané na tfech testovacich plochach (plocha Svétice, 20 km jv. od
Prahy, skalni podklad ordovické bfidlice, kvartérni pokryv sprasové hliny; plocha Dubnice
v severnich Cechach, 20 km zapadné od Liberce, skalni podklad kfidové slinovce a
piskovce, pokryv deluvialni a fluvialni jilovitopisCité sedimenty; plocha RlOzena v jiznich
Cechach, 90 km jizné od Prahy, skalni podklad melanokratni Zula, pokryv deluviofluvialni
sedimenty) byly podobné. Témér stejné hodnoty objemové aktivity radonu v padnim

vzduchu byly dosazeny s ,geometrii 80 cm (2 cm)“, ,geometrii 80 cm (5 cm)“, a ,geometrii



80 cm (10 cm)“. Hodnoty objemové aktivity radonu ve vzorcich odebranych s pouzitim
.,geometrie 70 - 90 cm“ byly trochu nizSi, ale jeSté srovnatelné. Vysledky dosazené s
pouzitim ,geometrie 60 - 90 cm® byly nizSi a podobné jako vysledky pozorované v pfipadé
,geometrie 60 (2 cm)“ (Fig. 4, anglicka verze, kap.4.2.). Na Ctvrté testovaci plose Ptice (20
km zapadné od Prahy, podlozi tvofi ordovické jilovité bfidlice, kvartérni pokryv eolicko-
deluvialni jilovité hliny), charakterizované homogennim vertikalnim pudnim profilem nebyla
pozorovana témér zadna zavislost objemové aktivity radonu v pudnim vzduchu na

meénicich se rozmérech aktivniho prostoru (Fig. 5, anglicka verze, kap.4.2.).
4.3. Vliv zmén geometrie dutiny na vysledky méreni

Je mozné konstatovat, Ze méfené hodnoty objemové aktivity radonu v pidnim vzduchu
nezavisi na ménici se geometrii dutiny ani v ptidach s nizkou plynopropustnosti, pokud je
pudni vrstva homogenni.

Pokles objemové aktivity radonu v padnim vzduchu s rostouci velikosti aktivniho
prostoru (t.j. pfi pouziti ,geometrie 70 - 90 cm®, ,geometrie 60 - 90 cm®, nebo ,geometrie
40 - 90 cm) indikuje nehomogenitu vertikalniho ptdniho profilu a vy$si plynopropustnost
pudy v povrchové vrstve.

Perfektni tésnost vSech Casti odbérové aparatury je zakladni podminkou bezchybného

odbéru vzorkd padniho vzduchu v padach s nizkou plynopropustnosti.

5. Stanoveni plynopropustnosti pudy

Pro urceni plynopropustnosti zemin je dle stavajici metodiky stanoveni radonového
indexu pozemku mozno vyuzit pfima méreni plynopropustnosti in situ nebo zrnitostni
analyzu vzorkd zemin (propustnost je odvozena z obsahu jemné frakce ve vzorku zeminy).
Pfi odvozeni plynopropustnosti ze zrnitostniho slozeni je zavaznym nedostatkem
skuteCnost, Zze tak nejsou zohlednény dalSi vyznamné parametry ovliviujici vyslednou
plynopropustnost (pfirozena vihkost, objemova hmotnost, efektivni porovitost). V pfipadé
primych méfeni plynopropustnosti jsou potom vysledky do znané miry ovlivnény
parametry méfeného mikroprostoru. Nejcastéji pouzivané pfistroje pro pfima méfeni navic
neumoznuji prfesné stanoveni plynopropustnosti v pfipadé extrémné vysoké i naopak
nizké plynopropustnosti (plynopropustnost kolisa v nékolika fadech). Ve stavajici metodice
navic nejsou zahrnuta pravidla pro statistické hodnoceni souboru hodnot
plynopropustnosti (v€etné pozadovaného minimalniho poctu méfeni), ani postupy

hodnoceni zmén ve vertikalnim profilu.



Pro zdokonaleni metodiky jsme se zaméfili zvlasté na vybér vhodnych metod pro
urceni plynopropustnosti zemin a hornin a na ploSné a ¢asové zmeény plynopropustnosti a
této Casti vyzkumného projektu zabyvajici se stanovenim plynopropustnosti zemin jsou

obsazZeny v praci Neznal a Neznal (2003).

5.1. Srovnani jednotlivych metod stanoveni plynopropustnosti, terénni méreni

Nejdfive bylo porovnano stavajici hodnoceni plynopropustnosti s metodami
pouzivanymi v zahrani€¢i - reSerSe zahraniéni literatury (Tanner 1994), analyza dalSich
postupu - pfima méfeni pomoci jedné Ci vice sond, varianty podtlakovych &i pfetlakovych
systému (Damkjaer and Korsbech, 1992), Sifeni plynné latky v zeminé (Asher-Bolinder et
al. 1990), moznost prenosu tlakovych zmén pro stanoveni plynopropustnosti (Garbesi et
al. 1993), odvozeni plynopropustnosti z dalSich parametr( - propustnosti pro vodu (Rogers
and Nielson 1991) &i typu vegetace a vlhkosti (Morris and Fraley 1994). Vyhody a
nevyhody jednotlivych stanoveni, v€etné ekonomické stranky, byly zohlednény pfi vyvoji tfi
prototypu pfistroji pro stanoveni plynopropustnosti.

Testovani téchto prototypl a srovnani s pouzivanymi postupy potvrdilo omezené
moznosti pfi pfimém méfeni plynopropustnosti. Jelikoz se bé&éhem pfipravy prototypu
nepodafilo sestavit vhodnéjsi pfistroj, pro dalsi méfeni byl k dispozici systém RADON
JOK. Sledovani ploSnych a c¢asovych variaci bylo realizovano na dvou plochach
s odliSnymi geologickymi poméry (plocha Svétice, 20 km jihovychodné od Prahy, skalni
podklad buduji ordovickeé brfidlice, pokryvné vrstvy sprasové hliny; plocha Klanovice, lezici
na vychodnim okraji Prahy, podlozi tvofeno kfidovymi piskovci, pfekrytymi pisky) kazdy
mésic béhem jednoho roku. Plynopropustnost byla méfena v 15 bodech v hloubce 0,8 m
pod povrchem terénu, tj. vtéze urovni kde je odebiran pldni vzduch pro stanoveni
objemové aktivity radonu. Aby mohla byt posuzovana vzajemna korelace, byly dale
sledovany i dalSi parametry a jejich zmény v ploSe a Case (zvlasté objemova aktivita
radonu a pfirozena vlhkost). Pro konec¢né hodnoceni byly k dispozici i vysledky méfeni
z ploch Kocanda a Lysa nad Labem (kap. 8.1.).

Pro srovnani pfimého mérfeni plynopropustnosti s plynopropustnosti odvozenou ze
zrnitostniho slozeni byla realizovana méfeni na dalSich 21 plochach. Srovnani bylo
zaméfeno na celkové hodnoceni plynopropustnosti vychazejici z makroskopického popisu
zmén jednotlivych parametri ve vertikalnim profilu, na hodnoceni zalozené na pfimém
méfeni plynopropustnosti a konec¢né na hodnoceni plynopropustnosti odvozené ze

zrnitostniho slozeni a obsahu jemné frakce ve vzorcich zemin.



5.2 Vysledky terénnich méreni

Z pozorovanych Casovych zavislosti vyplyva, Zze vysoké koeficienty korelace mezi
jednotlivymi  parametry byly zjiStény na plochach s homogennim a vysoce
plynopropustnym prostfedim. Naopak na plochach se stfedni €i nizkou plynopropustnosti
nebyla nalezena prakticky zadna korelace mezi objemovou aktivitou radonu v pldnim
vzduchu a plynopropustnosti, ani mezi plynopropustnosti a pfirozenou vihkosti ¢i mezi
dalSimi parametry. Tento zavér byl dokonce potvrzen i na ploSe s vysokou
plynopropustnosti, kde byly svrchni horizonty pomérné vysoce saturovany vodou (Fig. 6,
anglicka verze, kap.5.2.).

Pri statistickém vyhodnoceni souboru hodnot méfenych plynopropustnosti je nutné
uvazit, Ze jednotlivé hodnoty mohou byt, zvlasté v pfipadé stfedni Ci nizké
plynopropustnosti, ovlivnény parametry méfeného mikroprostoru. Vyhodnoceni tak mohlo
byt zkresleno jak vyskytem anomalnich hodnot odpovidajicich vysoké plynopropustnosti,
tak na druhé strané i ,nepfesnymi hodnotami pod dolni hranici méfitelnosti v pfipadé
extrémné nizké plynopropustnosti. Pro hodnoceni plynopropustnosti na zakladé pfimych
méreni by tak mél byt vyzadovan pomérné rozsahly soubor pfimych méfeni.

PFi srovnani riznych zplUsobl stanoveni plynopropustnosti na 21 plochach bylo
zjisténo, ze u naprosté vétsiny ploch odpovida celkové hodnoceni plynopropustnosti
vychazejici z makroskopického popisu zmén jednotlivych parametrd ve vertikalnim profilu
a hodnoceni zalozené na pfimém méfeni plynopropustnosti, CasteCné potom i hodnoceni
plynopropustnosti odvozené ze zrnitostniho slozeni. Pokud je hodnoceni na zakladé
zrnitostni analyzy odliSné, ,podcenéni“ plynopropustnosti a tedy niz8i plynopropustnost
vychazejici ze zrnitostniho slozeni je zpravidla zplusobena nizSi pfirozenou vihkosti Ci
vyskytem mikro a makrotrhlin. Naopak nadhodnoceni plynopropustnosti je mozné napf. u

jemnozrnnych piskld s vysokou pfirozenou vihkosti.

5.3. Hodnoceni plynopropustnosti
Pro stanoveni plynopropustnosti je v ramci novelizovaného znéni metodiky doporu¢eno
uvazit dva postupy, pfimé méfeni plynopropustnosti zemin in situ na zakladé rozsahlého
souboru méfeni Ci tzv. odborné posouzeni plynopropustnosti zemin.
Pfimé méreni plynopropustnosti zemin by mélo byt provadéno v hloubce 0,8 m pod
povrchem terénu. Doporu€eny postup méfeni odpovida pfistrojim pracujicim na principu
meéfeni prutoku vzduchu pfi jeho vysavani ze zeminy nebo pfi jeho vtlaceni do zeminy za

pouziti stalého tlakového rozdilu.

V pfipadé pfimého meérfeni plynopropustnosti jsou pozadavky na minimalni pocet



méficich bodl stejné jako u meéfeni objemové aktivity radonu v ptidnim vzduchu, tj.
minimalné 15 méficich bodu u jednotlivého objektu (pozemky mensi nebo rovné 800 m?),
a méfeni v siti 10 x 10 m u vétSich ploch (pozemky > 800 m?). Rozhodujicim parametrem
pro stanoveni radonového indexu pozemku je tfeti kvartil datového souboru, ktery snizuje
vliv ojedinélych vysokych hodnot plynopropustnosti.

V pfipadé pfimého mérfeni plynopropustnosti zemin neni pro stanoveni radonoveého
indexu pozemku nutny popis zemin ve vertikalnim profilu, ale posuzovatel odpovédny za
hodnoceni musi posoudit lokalni anomalie plynopropustnosti a ploSnou variabilitu dat.
Odborné posouzeni plynopropustnosti je vyuzivano, pokud neni plynopropustnost zemin
méfena pfimo ve vSech shodnych odbérovych bodech, kde je stanovena objemova aktivita
radonu v pldnim vzduchu. Odborné posouzeni, kdy je vysledkem zafazeni do jedné ze
tfech kategorii propustnosti (klasifikace nizka - stfedni - vysoka), je zaloZzeno na popisu
zemin ve vertikalnim profilu do hloubky min. 1,0 m a je doplnéno alespon jednou
z nasledujicich metod:

(a) Makroskopicky popis vzorkd odebranych z hloubky 0,8 m, v€etné klasifikace

plynopropustnosti (nizka - stfedni - vysoka). Pfi této klasifikaci se vyuziva odhadu

obsahu jemné frakce ,f“ (<0,063 mm) v zeminach a horninach.

(b) Subjektivni hodnoceni odporu sani pfi odbéru vzorku pudniho vzduchu ve vSech
odbérovych bodech, v€etné odhadu prevazujici klasifikace plynopropustnosti

(nizka - stfedni - vysoka).

Béhem odborného posouzeni plynopropustnosti zemin, které vychazi z odborného, ale
subjektivniho hodnoceni erudovanym zpracovatelem posudku, je nutné popsat a uvazit
zmeény parametra ve vertikalnim profilu od povrchu terénu do urovné predpokladaného

zakladani stavby, resp. do urovné predpokladaného kontaktu budova — podlozi.

6. Rychlost plosné exhalace radonu z povrchu pudy

Podrobna analyza vysledk mérfeni, stejné jako dalSi informace o méfeni rychlosti
ploSné exhalace radonu z povrchu pady v ramci vyzkumného ukolu, jsou obsazeny v praci
Neznal and Neznal 2002.

Jednotny postup, ktery se v Ceské republice pouziva pro stanoveni radonového rizika
zakladovych pud, je zalozen na méfeni objemové aktivity radonu v paddnim vzduchu a na
ureni plynopropustnosti pady. Vzorky pldniho vzduchu se odebiraji z hloubky 0,8 m pod
povrchem. V nékterych specialnich pfipadech - kdyz je tlouStka pokryvu velmi mala a

skalni podklad vystupuje mélce k povrchu terénu, nebo pfi saturaci odbérového horizontu



vodou - je odbér vzorkd pudniho vzduchu komplikovany nebo téméf nemozny. Nabizi se
otazka: Nebylo by mozné nahradit objemovou aktivitu radonu v pldnim vzduchu jinym
parametrem?

Rychlost plosné exhalace radonu je parametr, ktery umoznuje popsat radonovy
potencial pldy nebo radonovy potencial odpadovych materiall kontaminovanych
pfirodnimi radionuklidy. Existuji rdzné metody pro méfeni rychlosti plosné exhalace - napf.
metoda vyuzivajici jednoduchy akumulator (Hinton 1985, Andél et al. 1994, Neznal et
al.1996b, Merta and Burian 2000). Na druhé strané je znama alespon jedna vazna
nevyhoda spojena s méfenim tohoto parametru: ProtoZe stav zemského povrchu vyrazné
ovliviiuje ménici se pocasi, Ize oCekavat velkou ¢asovou proménlivost vysledkl méfeni

rychlosti ploSné exhalace na daném misté.

6.1. Metoda vyuzivajici jednoduchy akumulator

Stanoveni rychlosti plosné exhalace radonu metodou jednoduchého akumulatoru je
zalozeno na méfeni rostouci objemové aktivity radonu pod valcovym poklopem,
pfilozenym na méfeny povrch. PFfi terénnich méfenich byl pouzit valcovy poklop se
zakladnou o plose 0,08 m? vysoky 0,2 m. Jedno stanoveni rychlosti plosné exhalace
radonu vychazelo z méfeni naristu objemové aktivity radonu ve &tyfech vzorcich vzduchu
odebranych z akumulatoru v pravidelnych 40-ti nebo 60-ti minutovych intervalech. V ramci
vyzkumu byly stanovovany i dalSi parametry. Vzorky pudniho vzduchu na méfeni
objemové aktivity radonu se odebiraly zhloubky 0,8 m. Kpfimym méfenim
plynopropustnosti in situ byl pouzit pfistroj RADON-JOK, ktery pracuje na principu
vysavani plynu ze zeminového prostfedi pod stalym, pfesné nastavitelnym tlakovym
rozdilem. Padni vihkost se stanovovala vazenim plvodnich a vysuSenych vzorkd puady.
K méreni ¢asovych zmén pudni vihkosti byla pouzita nepfima metoda zalozena na méfeni

relativni dielektrické konstanty zemin.

6.2. Testovaci plochy

Vétsina terénnich méfeni probéhla na ¢tyfech testovacich plochach charakterizovanych
odlisnymi geologickymi podminkami (plocha Dubnice v severnich Cechach, 20 km
zapadné od Liberce, skalni podklad tvofi kfidové jilovce a piskovce, prekryté jilovitymi
pisky a pis&itymi jily; plocha Straz, lezici v severnich Cechach v sousedstvi mésta Straz
pod Ralskem v arealu odkalisté Chemické upravny uranové rudy; plocha Rizena v jiznich
Cechach, 90 km jizn& od Prahy, skalni podlozi tvofi melanokratni Zula, vystupujici mélce

k povrchu terénu; plocha Zibridice v severnich Cechach, 18 km zapadné od Liberce,



podloZi reprezentuji kfidové piskovce, prekryté jilovitymi a pisCitymi naplavy). V jednom
dni méfeni se stanovovala rychlost plosné exhalace radonu, plynopropustnost pudy a
objemova aktivita radonu v padnim vzduchu v deseti riznych mérficich bodech. Vlhkost
pudy se stanovovala v $esti sondach v rdznych hloubkach pod povrchem zemé&. Casové
zmény vS8ech uvedenych parametrd se sledovaly od Iéta 2000 do Iéta 2001. Méfeni se
opakovala kazdy druhy mésic, t.j. celkem sedmkrat na kazdé plose.

Na testovacich plochach Dubnice a Straz byly testovany dva rizné zpusoby ulozeni
akumulatoru na méfeny povrch: (a) poklop pfilozeny na neporuseny povrch pudy a
utésnény po obvodu jilem nebo jilovitym piskem (tento zplsob je dale oznacen jako
spovrch®); (b) svrchni vrstva puady byla odstranéna a poklop byl uloZzen se zakladnou
zhruba 10 cm pod povrchem zemé (dale oznaceno jako ,-10cm®).

V zafi 2001 se uskutecCnila dopliujici méfeni rychlosti ploSné exhalace radonu,
plynopropustnosti pldy a objemové aktivity radonu v pudnim vzduchu na dalSi testovaci
ploSe Zdiméfice (situované asi 5 km jihovychodné od okraje Prahy, podlozi tvori
proterozoicke bfidlice, svrchni horizonty jily), vybrané pro extrémné nizkou

plynopropustnost plidy a saturaci vrchnich vrstev pady vodou.

6.3. Pouzitelnost metody

Podrobny pfehled a analyza vysledku je obsazena v praci Neznal and Neznal (2002).
PloSna proménlivost rychlosti ploSné exhalace radonu byla srovnatelna nebo mirné vyssi
nez plosna variabilita objemové aktivity radonu v pudnim vzduchu. Vétsi proménlivost byla
pozorovana tehdy, pokud méfeni probihalo za extrémnich meteorologickych podminek -
kdyz byl ptdni povrch zmrzly nebo zaplaveny vodou, nebo za silného vétru.

Casova variabilita rychlosti plosné exhalace radonu byla vyznamné vy$s$i nez asova
variabilita objemové aktivity radonu v ptidnim vzduchu (ve vzorcich odebiranych z hloubky
0,8 m pod povrchem). Na dvou testovacich plochach se testovaly dva rlizné zpusoby
ulozeni akumulatoru na meéfeny povrch (,povrch® a ,-10 cm®). Oproti oCekavani se
nepotvrdilo, Ze by druhy zpusob byl méné citlivy na zmény meteorologickych podminek.

Casovéa proménlivost naméfenych hodnot byla u obou metod podobna.

Zavislost mezi rychlosti plosné exhalace radonu z povrchu plidy a objemovou aktivitou
radonu v pudnim vzduchu, stejné jako zavislost mezi rychlosti ploSné exhalace radonu a
vlhkosti plidy byla obecné velmi slaba. Tento zavér plati i pro ptdni vihkost v hloubce 0,1
m pod povrchem.

Je mozné konstatovat, ze méfené hodnoty rychlosti ploSné exhalace radonu jsou silné



ovlivhiovany podminkami na povrchu pady. Vyrazné nizsi hodnoty byly pozorovany v dobg,
kdy byl povrch zemé zmrzly nebo pokryty vodou. Na testovaci ploSe Rlizena doslo
k poklesu rychlosti plosné exhalace radonu po zhutnéni povrchovych vrstev pldy pfi t&€zbé
dfeva.

Doplriujici méfeni na testovaci plose Zdiméfice ukazalo, Ze pouZiti rychlosti plosné
exhalace radonu ke stanoveni radonového potencialu na mistech s nizkou
plynopropustnosti a saturovanych vodou neni vhodné. Za téchto podminek jsou méfené
hodnoty rychlosti ploSné exhalace radonu velmi nizké, i kdyZz hodnoty objemové aktivity
radonu v pudnim vzduchu indikuji vysoky radonovy potencial.

Z uvedenych davodu neni mozné doporucit méreni rychlosti ploSné exhalace radonu
z povrchu pldy jako standardni doplfikovou metodu pro stanoveni radonového rizika

zakladovych pld.

7. Okamzité, kontinualni a integralni méreni objemové aktivity

radonu v pudnim vzduchu

Hodnoceni radonoveho indexu pozemku je zalozeno na stanoveni objemové aktivity
radonu v pudnim vzduchu. Pfevazné pouzivané postupy jsou zaloZeny na okamzitém
(¢asové nahodném) odbéru vzorku pudniho vzduchu a nasledném méfeni nejCastéji
pomoci Lucasovych komor. Tato ¢ast vyzkumného projektu byla zaméfena na posouzeni
teplotni stability pfistroju s Lucasovymi komorami a srovnani vysledkl okamzitych méreni

radonu s terénnim méfenim kontinualnim a integralnim.

7.1. Laboratorni testy a terénni srovnavaci méreni

Po zpracovani reSerSe odborné literatury k vlivu teplot na scintilaéni detektory radonu
byly provedeny laboratorni testy vlivu teplot na vysledky méfeni. Opakované se
stanovovala odezva pfistroji s Lucasovymi komorami na kontrolni zdroj zafeni alfa pfi
teplotach v mezich od -6 do + 35 °C. Treti krok predstavovalo terénni srovnavaci méfeni.
Sledovaly se kratkodobé zmény objemové aktivity radonu v padnim vzduchu s pouzitim
riznych méficich metod - okamzitd méfeni (Lucasovy komory), kontinualni monitory
objemové aktivity radonu, integralni stopové detektory.

Podrobny popis méfici techniky a vysledky srovnavacich méfreni jsou obsahem clanku
Neznal et al. (2004).



7.2. Vyhodnoceni vysledki

Laboratorni testy pfistroju s Lucasovymi komorami potvrdily zavislost odezvy pfistroju
na teploté, zejména v pfipadé, neni-li nastaveni pracovniho napéti fotonasobice
scintilaéniho pocitate optimalni ve stfedu plata pracovni charakteristiky. Terénni
srovnavaci meéfeni radonu v padnim vzduchu indikovala ¢asové zmény menSiho rozsahu,
jejichz asovy prubéh nebyl u riznych metod stejného trendu. Pfiklad je uveden na Obr. 7
(Fig. 7, anglicka verze, kap.7.2.).
Podstatna ¢ast pozorovanych €asovych zmén je pravdépodobné zplsobena chybami a
fluktuacemi samotnych méficich metod a neodrazi skutec¢né Casové variace méfené
veliciny.
Pokud méfeni neprobiha za extrémnich meteorologickych podminek, jsou vSechny
testované metody pro stanoveni radonového indexu obecné pouzitelné. Vyznamnou

nevyhodou kontinualnich a integralnich metod je ovSem jejich podstatné vyssi cena.

8. Posouzeni vlivu dalSich parametrd pidy na stanoveni

radonového indexu

Stavajici metodika stanoveni radonového indexu pozemku je zalozena na méfeni
objemové aktivity radonu v pudnim vzduchu a na uréeni plynopropustnosti zemin a hornin.
Plynopropustnost je tak jednim ze dvou rozhodujicich parametri pro kone¢né stanoveni

radonového indexu.

V nékterych pfipadech je ovSem urceni vysledné plynopropustnosti velmi téZké, napf.
v pfipadé velkych zmén plynopropustnosti v horizontalnim sméru (Ball et al. 1981, Tanner
1991). Z téchto ddvodu bylo naplni dil¢iho ukolu zvazit, zda neni k dispozici jiny parametr
nez plynopropustnost, ktery by mohl Iépe popsat radonovy potencial uzemi. Zaméfili jsme
se na porovnani vyhod a nevyhod jednotlivych parametrd zemin (pfirozena vihkost, stuper
saturace, efektivni porovitost, pérovitost, objemova hmotnost a sucha objemova hmotnost)
pro stanoveni radonového indexu pozemku, s ohledem na ploSné a Casové variace téchto

parametrd, v€etné dostupnosti méficich metod a pfistrojového vybaveni.
8.1. Vybrané parametry

Pro porovnani vyhod a nevyhod spojenych s jednotlivymi zminénymi parametry byla
realizovana méreni na dvou testovacich plochach s homogennim, ale odliSnym vertikalnim
profilem (plocha Lysa nad Labem, situovana na vychodnim okraji mésta Lysa nad Labem

40 km vychodné od Prahy, skalni podklad tvofi kfidové sedimenty, kvartérni pokryv



fluvialni pisky; plocha Kocanda, lezici 50 km vychodné od Prahy, podlozi buduje
proterozoicka pararula, kvartérni pokryv spras a spraSova hlina). Zasadni ukol
predstavoval vybér parametri a postupl jejich stanoveni. Jelikoz byly sledované
parametry uvazovany pro rutinni komeréni méfeni, byly zaroven posuzovany i ekonomické
souvislosti jejich stanoveni, a pfi vlastnim sledovani jsme se zaméfili na polni metody. Pro
méfeni byly vybrany nasledujici parametry: plynopropustnost, pfirozena vilhkost,
porovitost, stupen saturace, objemova a mérna hmotnost zemin. Tyto parametry, stejné
jako objemova aktivita radonu v padnim vzduchu, byly zjiStovany kazdy mésic béhem
jednoho roku, zpravidla v 15 odbérovych bodech v riznych hloubkach pod povrchem
terénu. Pro vysledné posouzeni byla dale k dispozici i vybrana data z méfreni na plochach

Klanovice, Svétice (kap. 5.1.).

8.2. Pouzitelnost jednotlivych parametru

Pomérné dobra korelace mezi jednotlivymi parametry byla zjiSténa na plochach
s homogennim a vysoce plynopropustnym prostfedim. Koeficienty korelace mezi
hodnotami medianu na testovaci ploSe Lysa nad Labem (plocha s homogennimi svrchnimi
vrstvami, charakteristicka pomérné nizkymi hodnotami objemové aktivity radonu v padnim

vzduchu a vysokou plynopropustnosti) byly nasleduijici:

Cra(0.8M)/ Crn(0.4m) = 0.92 k(0.8m)/ k(0.4m) = 0.83
Cra(0.8m)/ k(0.8m) = - 0.68 Cra(0.4m)/ k(0.4m) = - 0.60
Cra(0.8m)/ W(0.1m) = 0.70 k(0.8m)/ w(0.1m) = - 0.52
Cra(0.8m)/ W(0.25m) = 0.88 k(0.8m)/ w(0.25m) = - 0.66

Pozn.: Hodnoty v zavorce pfedstavuji hloubku pod povrchem terénu; crn je oObjemova

aktivita radonu v pudnim vzduchu, k je plynopropustnost, w je pfirozena vihkost.

Naopak na plochach se stfedni Ci nizkou plynopropustnosti nebyla nalezena prakticky
zadna korelace mezi objemovou aktivitou radonu v pudnim vzduchu a plynopropustnosti,
ani mezi plynopropustnosti a pfirozenou vlhkosti ¢i mezi dalSimi parametry. Tento pfipad
ilustruje i Obr. 8 (Fig. 8, anglicka verze, kap.8.2.) - testovaci plocha Kocanda. Ackoli
vykazuje tato plocha pomérné homogenni svrchni horizonty, pfi posuzovani vzajemnych
vztahl mezi parametry se projevila velka plosna variabilita i zmény ve vertikalnim sméru.
Nejednalo se pfitom pouze o plynopropustnost, kdy byly hodnoty podstatné ovlivhény

dil¢imi zménami v charakteru zeminy. Obdobné zavéry byly zaznamenany i na plose



s vysokou plynopropustnosti, kde byly svrchni horizonty pomérné vysoce saturovany
vodou (testovaci plocha Klanovice).

Zminéné rocni sledovani bylo doplnéno opakovanym méfenim objemové aktivity
radonu a plynopropustnosti na ploSe Prosek v Praze 9 s podstatné zménénymi
povrchovymi vrstvami (pfed a po strojovém zhutnéni a vapenné stabilizaci, svrchni
horizonty tvofi spraSe, prekryvajici kifidové piskovce). Niz§i hodnoty objemové aktivity
radonu v pudnim vzduchu odpovidajici vysSi plynopropustnosti pred témito Upravami a
vySSi hodnoty objemové aktivity radonu odpovidajici nizSi plynopropustnosti po téchto
upravach vyustily ve stejné hodnoceni radonového potencialu uzemi.

Pro novelizované znéni metodiky je doporuc¢eno hodnotit co mozna nejvice parametrd
a jejich zmény ve vertikalnim profilu od povrchu terénu do urovné predpokladaného
zakladani stavby, resp. do urovné predpokladaného kontaktu budova — podloZzi. Je nutné
co nejlépe makroskopicky popsat nasledujici parametry: plynopropustnost, zrnitostni
slozeni, pfirozenou vlhkost, stupen saturace, efektivni poérovitost, pérovitost, objemovou
hmotnost v pfirozeném uloZeni a suchou objemovou hmotnost, zhutnéni, mocnost
kvartérniho pokryvu, charakter zvétrani svrchnich horizontl skalniho podkladu a zmény

povrchu terénu vyvolané antropogenni ¢innosti.

9. Radon availability

Pro klasifikaci radonového rizika zakladovych pud se pouzivaji dva hlavni parametry -
objemova aktivita radonu v ptidnim vzduchu a plynopropustnost pud. Podle pavodni
jednotné metody, ktera se pouziva v Ceské republice (Barnet 1994), je hodnoceni
semikvantitativni (viz Tab. 1). Klasifikace plynopropustnosti je zalozena na popisu
vertikalniho profilu. Pokud jde o objemovou aktivitu radonu v puadnim vzduchu, za
rozhodujici hodnotu se povazuje tfeti kvartil souboru naméfenych hodnot.

Pro praktickou pouzitelnost vysledkl radonového prizkumu - vybér optimalni stavebni
technologie - se jevi uziteCnym definovat jediny parametr pro popis radonového potencialu
zakladovych puad. V zahraniéni literatufre se prevazné nazyva radon availability, pro
vybrany model vyuZity v metodice byl zvolen pfeklad radonovy potencial. Tento parametr
by mél umoznit pfesné&jSi posouzeni radonového rizika zejména v hraniénich pfipadech,
kdy se naméfené hodnoty blizi mezim, které oddéluji jednotlivé kategorie rizika.
Pfedmétem vyzkumu bylo studium a testovani rdznych pfistupd a modell radon

availability.



9.1. Testované modely

Po zpracovani prehledu dostupné literatury se podrobnéji zkoumalo pét rdznych
modell radon availability. Jiz na pocatku se vyskytla Fada problému tykajicich se zejména
otazky, jak vubec ovéfovat shodu zcela rozdilnych modelt (s proménlivymi pozadavky na
kvalitu vstupnich dat, s rozdilnymi vystupy, apod.). DalSi potiZze souvisely s tim, Ze méfeni
plynopropustnosti pud neni standardizovano a porovnavani dat ziskanych rlznymi
metodami je velmi problematické.

Nakonec byly ovéfovany ti modely. Svycarsky pfistup, piivodné navrzeny Surbeckem
et al. (1991) a pozdéji modifikovany (Surbeck and Johner 1999), je také zaloZen na
stanoveni objemové aktivity radonu v pidnim vzduchu a plynopropustnosti pad. Radon
availability se vyjadfuje jako RA = cgn . k, Nnebo RA = cr. . (k)" (crn je Objemova aktivita
radonu v pldnim vzduchu, k je plynopropustnost). Jiny postup, podobny ¢eskému, navrhli
Kemski et al. (1996). Opét se méfi objemova aktivita radonu a plynopropustnost, radon
availability se vyjadfuje jako tzv. radonovy index a nabyva hodnot od 0 do 6. Mé&fici
metody, stejné jako hranice oddélujici kategorie radonového rizika (radonového indexu),
jsou v porovnani s ¢eskou metodou ponékud odlisné. Posledni koncept radon availability
(Neznal et al. 1995), ktery se testoval, je podrobné popsan v kapitole 2.5.1. (jiz pod
nazvem radonovy potencial).

Aby se snizily chyby zplsobené chybéjici standardizaci méreni plynopropustnosti,
hrani¢ni hodnoty plynopropustnosti byly ve vSech modelech upraveny tak, aby byly
srovnatelné s hraniénimi hodnotami pouzZivanymi v Ceské republice. Dvé verze vSech

” “* ” “

vySe zminénych modell (oznacené jako “Surbeck I”, “Surbeck II”, “Kemski I”, “Kemski II”,
“‘Neznal I” a Neznal II”) se ovéfovaly s pouzitim archivnich dat spolecnosti RADON v.o.s. -
hodnot objemové aktivity radonu a plynopropustnosti naméfenych na 25 stavebnich
plochach. Verze ,Surbeck I je prosty nasobek objemoveé aktivity radonu v ptidnim vzduchu
a plynopropustnosti, verze ,Surbeck Il je zaloZena na soucinu objemové aktivity radonu a
druhé odmocniny plynopropustnosti. Obé verze modelu ,Kemski“ vyuzivaji stejné hraniéni
hodnoty objemové aktivity radonu oddélujici kategorie radonového rizika (10 kBg.m=, 30
kBg.m?, 100 kBg.m=a 500 kBg.m™), ale odliSné hranice pro propustnost (verze ,Kemski I
- 410" m? a 4.10™ m? verze Kemski Il - 410" m? a 4.10™ m?). Model ,Neznal I je
definovan vztahy:

-logk=1/10.ca-(1/10 +log 1E-10) =0,1ca+ 9,9

-logk=1/35.ca-(1/35+log 1E-10) = 0,0286 ca + 9,971

RA=(-logk-10)/(ca-1),



tedy smérnice pfimek jsou dany hodnotami 1/10 a 1/35 a jejich prusecik odpovida
hodnotam ca = 1 kBg/m?, resp. k = 1E-10 m?.
Konecné verze ,Neznal Il ma rozSifeny interval stfedni propustnosti a je urCena
rovnicemi:
-logk =2/10.ca-(2/10 + log 2,524E-9) = 0,2 ca + 8,398
-log k =2/35.ca-(2/35+ log 2,524E-9) = 0,0571 ca + 8,540
RA=(-logk-8,598)/(ca-1),
tedy smérnice pfimek jsou dany hodnotami 2/10 a 2/35 a jejich prusecik odpovida
hodnotam ca = 1 kBg/m?, resp. k = 2,524E-9 m?.

V pfipadé objemové aktivity radonu se jako rozhodujici parametry testovaly maximalni
hodnoty a hodnoty tfetiho kvartilu pfislusnych datovych soubord. Pro plynopropustnost to
byly hodnoty tfetiho kvartilu a medianu. Vysledné hodnoty radonového indexu, stanovené
s pouzitim rldznych modell, se porovnavaly s hodnotami radonového indexu uréenymi
podle puvodni jednotné metody. Zakladni srovnani testovanych modell je uvedeno na
Obr. 9. (Fig. 9, anglicka verze, kap.9.1.). Ovéfovani se tykalo také reprodukovatelnosti
hodnoceni - pro tento ucCel byly pouzity vysledky opakovanych méfeni na nékolika

testovacich plochach.

9.2. Porovnani riznych pristupt

Shoda mezi vysledky hodnoceni podle plvodni metody a s pouzitim modelt ,Neznal“ a
.Kemski“ byla podle oCekavani dobra, protoZze hranice oddélujici jednotliva pasma rizika
jsou vtéchto modelech podobné (viz Tab. 3).Vice odliSsné bylo hodnoceni podle
Surbeckovych modell. Ve vétsiné pfipadd byly v nejlepSi shodé vysledky pro treti kvartil
objemové aktivity radonu v padnim vzduchu a pro tfeti kvartil plynopropustnosti.

Rozporné vysledky hodnoceni se tykaly zejména stavebnich ploch charakterizovanych
hraniénimi podminkami. Obvykle je bylo mozné vysvétlit rozdilnou klasifikaci
plynopropustnosti pfi pouziti riznych metod (popis vertikalniho profilu a méfeni in situ).
Reprodukovatelnost hodnoceni byla relativné dobra, bez ohledu na pouzity model.

Na zakladé vysledku testl Ize konstatovat, Zze vSechny modely jsou obecné pouzitelné.
Proménlivé vysledky hodnoceni byly zplUsobeny pfedevSim rozdilnou klasifikaci
plynopropustnosti - na nékterych plochach byla plynopropustnost odvozena z popisu

vertikalniho profilu niZ8i nez plynopropustnost méfena in situ.



Aby se zachovala kontinuita s puvodni metodikou, byl pro zac¢lenéni do novelizované
metodiky doporu¢en model ,Neznal I“. Model je zcela obecny a je mozné ho rizné
modifikovat - napf. definovat pfechodova pasma mezi nizkym a stfednim a stfednim a

vysokym radonovym indexem.

Tab. 3 — Posouzeni shody vysledného hodnoceni radonového indexu podle testovanych modelt a podle
stavajici metodiky na 25 plochach

Surbeck | | Surbeck Il | Neznal | Neznal Il | Kemskil | Kemski ll
Rozhodujici parametry S N S N S N S N S N S N
maximum Crn; median k 11 14 | 12 | 13 | 22 3 21 4 20 5 21 4
maximum Cra; tfeti kvartil k 11 14 13 12 18 7 22 3 20 5 21 4
treti kvartil crn; median k 9 16 14 11 18 7 21 4 21 4 24 1
treti kvartilcr,; treti kvartil k 13 112 | 15 [ 10 | 21 4 21 4 24 1 24 1

S = shoda, N = neshoda; cr, = objemova aktivita radonu; k = plynopropustnost

10. Vyvoj referenénich ploch pro stanoveni objemové aktivity

radonu v padnim vzduchu

Srovnavaci méreni objemové aktivity radonu (*?Rn) v pudnim vzduchu na referenc¢nich
plochach je provérfenim jednotnosti a spravnosti vysledkd uréeni objemové aktivity radonu
v padnim vzduchu pro Ggely stanoveni radonového indexu pozemkd v Ceské republice.
Uspé&sné srovnavaci méfeni je pro organizace realizujici stanoveni radonového indexu
pozemkd v CR jednou z podminek pro ziskani povoleni pro tuto &innost (zakon &. 18/1997
Sb. ve znéni pozdéjsich uprav). Referenéni plochy jsou vybrané pfirodni plochy splfujici
pozadavky rozdilné drovné objemové aktivity radonu v pudnim vzduchu, rovnomérné
distribuce radonu v mezich referen¢ni plochy, vhodné mocnosti a plynopropustnosti zemin
umoznujicich odbéry vzorkd padniho vzduchu v hloubce 0,8 m, znalosti strukturné
geologické situace a koncentraci K, U a Th v horninach, ¢asovych zmén objemové aktivity
radonu v zeminach, pfistupnosti na referencni plochy pro vozidla a pfistroje a jejich malé
vzajemné vzdalenosti. Vice informaci o této Casti vyzkumného projektu je obsazeno
v praci Matolin (2002).



10.1. Referenéni plochy pro srovnavaci méreni objemové aktivity radonu v pidnim
vzduchu v Ceské republice

Pfi vyhledavani a vyzkumu ploch byly pouzity metody méfeni radonu, gama
spektrometrie, geoelektrické metody, mélka seismika, rucni vrty a analyza zemin a méfreni
plynopropustnosti zemin.

Tfi nové referenéni plochy lezi 60 km jz. od Prahy, v oblasti Milina, jsou na travnatych

pozemcich, kazda referencni plocha zahrnuje 15 stabilizovanych bodu v méfi¢ské siti 5 x
5m.
Referenéni plocha Cetyné lezi 5 km jv. od Milina, podloZi tvofi leukokratni biotiticka
ortorula jilovského pasma, ktera je pokryta fluvialnimi kvartérnimi pisCitymi hlinami a
hlinitymi pisky. Stfedni hodnota mediant objemové aktivity radonu v pidnim vzduchu na
plose, stanovena z ro¢nich opakovanych méreni, je 31,6 kBg/m® a thoronu 44,7 kBg/m?,
koncentrace pfirodnich radionuklidi v zeminach je 1,2 % K, 2,0 ppm eU a 8,9 ppm eTh.
Plynopropustnost je v jednotlivych bodech plochy nizka az vysoka.

Referenéni plocha Bohostice lezi 7 km jv. od Milina, podlozi je tvofeno leukokratni
biotitickou ortorulou, kterou pokryvaji kvartérni piscité hliny a hlinité pisky. Stfedni hodnota
medianl objemové aktivity radonu v padnim vzduchu na ploSe je 51,8 kBg/m® a thoronu
39,7 kBg/m*. Koncentrace pfirodnich radionuklidi v zeminach je 1,4 % K, 2,3 ppm eU, 7,0
ppm eTh. Plynopropustnost zemin je nizka az vysoka, odbéry vzorkd vzduchu jsou
snadné.

Referenéni plocha Buk lezi 2 km ssv. od Milina, podloZi tvofi stfedné zrnity biotiticky az
amfibol-biotiticky granodiorit (milinsky typ) stfedoCeského plutonu. Zeminy odpovidaji
eluviu granodioritu. Stfedni hodnota median objemové aktivity radonu v padnim vzduchu
na plose je 154,7 kBg/m® a thoronu 119,5 kBg/m®. Koncentrace pfirodnich radionuklid
v zeminach je 2,3 % K, 3,6 ppm eU a 13,8 ppm eTh. Plynopropustnost zemin je vysoka a

odbéry vzorku pudniho vzduchu jsou snadné.

Zakladni parametry referencnich ploch jsou uvedeny v Tab. 4



Tab. 4 — Charakteristiky testovacich referencnich ploch

Parametr Referenéni plocha

Cetyné Bohostice Buk
#2Rn, pramér medianu/rok (kBg/m?®) 31,6 51,8 154,7
222Rn, stfedni hodnota variaéniho koef. V 0,39 0,17 0,27
220Rn, pramér medianl/rok (kBg/m?) 44,7 39,7 119,5
2R, stfedni hodnota variaéniho koef. V 0,31 0,29 0,23
U, (ppm el) 2,0 2,3 3,6
Th, (ppm eTh) 8,9 7,0 13,8
Plynopropustnost N, (S),V (N), (S), V \
Vlhkost — v hmotnostnich % vody (%) 16,8 — 24,4 15,1 - 21,5 9,7-14,8

Plynopropustnost: N — nizka, S — stfedni, V — vysoka

10.2. Casova proménnost parametri referenénich ploch

K posouzeni charakteristik referenénich ploch a jejich ¢asové proménnosti byla
v obdobi jednoho roku 2000 — 2001 na stabilizovanych bodech referen¢nich ploch
realizovana opakovana méfeni objemoveé aktivity radonu, objemové aktivity thoronu,
plynopropustnosti zemin in situ, vinkosti zemin a teploty atmosférického vzduchu. Vihkost
zemin byla téZ stanovena laboratorné. Vysledky opakovanych méfeni vymezila rozsah

zmeén sledovanych parametri béhem klimatického roku.

10.3. Testy spolehlivosti stanoveni objemové aktivity radonu v piadnim vzduchu

Testy spolehlivosti vysledkl méfeni objemové aktivity radonu v pudnim vzduchu jsou
zalozeny na srovnani vysledkl testované organizace s vysledky spravce referencnich
ploch a dalSich organizaci v den méfeni a se souborem dat vSech pfedchazejicich méreni
na referencnich plochach. Organizace ovéfujici si spravnost hodnot stanoveni objemové
aktivity radonu v pudnim vzduchu zméfi a stanovi vlastnim postupem a pfistrojem
hodnoty u 15 stabilizovanych bodl méfi¢ské sité na kazdé referenéni ploSe. Vysledky
vyjadiené v kBg/m® radonu (*?Rn) se testuji pocitatovym programem TestMOAR,
sestavenym M. Bartoném, pracovnikem oddéleni Aplikované matematiky a vypocetni
techniky PFfF UK v Praze, za uziti statistickych metod. Data jsou podrobena 3 dil€im
testim.

Test 1 je zaloZen na vypoctu rozdili hodnot objemové aktivity radonu na jednotlivych
bodech (N=15) referencni plochy a medianu odpovidajicich hodnot uvedenych spravcem
a dalSimi organizacemi ve skupiné v den méfeni. Test 1 je pouzit pro uroven spolehlivosti

a=1%.



Test 2 urCuje tésnost linearni regrese y = a + bx a jeji parametry mezi objemovymi
aktivitami radonu v padnim vzduchu vSech bodu tfi referenénich ploch (N = 3x15 = 45),
uvedenymi testovanou organizaci (y), a mediany (x) hodnot pro odpovidajici body
uvedenymi spravcem a organizacemi méficimi ve skupiné. Test 2 je pouzit pro uroven
spolehlivosti a = 1 %.

Test 3 stanovi aritmetické praméry objemové aktivity radonu v puadnim vzduchu
uvedené testovanou organizaci pro jednotlivé referenéni plochy a normuje je ve dvou
krocich: k odpovidajicim stfednim hodnotam na ploSe z méfeni spravce a v druhém kroku
ke stfedni hodnoté této normované veliCiny stanovené ze souboru dat vSech
pfedchazejicich méfeni organizaci na referenéni ploSe. Idealni hodnota vysledné
normovaneé veliiny je rovna 1, pfipustné odchylky jsou v mezich 0,7 — 1,3. Test je
proveden pro méfeni na kazdé referencni plose, hodnoceni se fidi sumarizaci jednotlivych
vysledku na plochach.

Vysledny protokol uvadi vypocCtené numerické udaje a kritické hodnoty jednotlivych
testu.

Nové radonové referencni plochy (Matolin et. al. 2001), dostupné od roku 2000, jsou
vyznamné pro hodnoceni Uudaju o radonu v horninach v ramci vyzkum( v geovédach, jsou
zasadni pfi stanoveni radonového rizika stavebnich pozemkl a pfispivaji k projektu

globalni standardizace udajl o radionuklidech v horninach (IAEA, in print).

11. Ovéreni metodiky pro mapovani radonového rizika

Podle plvodni metodiky (Barnet 1994) byla realizovana také méreni na testovacich
plochach pro mapovani. Tyto udaje jsou vyuzivany pfi tvorb& map radonového indexu
geologického podlozi v M 1:50000, které jsou urCeny pro ekonomicke a cilené vyhledavani
objektd s pfekroCenymi hodnotami objemové aktivity radonu ve vnitfnim prostfedi (Barnet
et al. 2003).

Po vytvofeni nové metodiky stanoveni radonového indexu pozemku bylo nutné
posoudit, zda je vhodna i pro tento ucel. Zaroven byla provedena i analyza spolehlivosti a

vypovidaci schopnosti téchto map.

11.1. Ovéreni moznosti vyuziti nové upravené metodiky pro u¢ely mapovani

PFi tvorbé map radonového rizika se v sou¢asnosti vyuzivaji rizné postupy (Appleton
and Miles 2002, Kemski et al. 2002). Mapy sestavené a publikované CGS od roku 1999
v tisténé formé nebo na CD nosici vyuzivaji data z vlastnich méfeni nebo data Asociace

radonového rizika. Do konce roku 2003 bylo vytvofeno 154 mapovych listd z celkového



poCtu 214 listd. Konstrukce map radonového rizika — indexu je zaloZena na vyuziti
vektorizovanych geologickych map 1:50000, publikovanych CGS. Podrobny postup
sestavovani map je obsazen v pfispévku MikSova and Barnet (2002). Kategorie
radonového rizika — indexu je pro jednotlivé horninové typy urCena méfenim objemové
aktivity radonu v pldnim vzduchu a propustnosti na testovacich plochach. Na kazdém
mapovém listé bylo zvoleno nejméné 20 méfenych ploch v ruznych geologickych
jednotkach, na kazdé této ploSe bylo zméfeno 15 bodul. V souasné dobé jsou v jednotné
bazi data z pfiblizné 9000 testovacich ploch. V mapach je pouZito Ctyfstupriové déleni
kategorii radonového indexu (nizka, pfechodna, stfedni, vysoka).

Pfi mapovani se tak vychazi se zakladni jednotky - jednoho dokumentacniho bodu,
ktery zahrnuje vysledky méfeni na jedné testovaci ploSe s 15ti odbérovymi body sité.
Rozdily v nové navrhované metodice oproti metodice stavajici jsou pro ucely mapovani
minimalni, nebot velikost minimalniho odbérového souboru i rozhodujici statistické
parametry souboru hodnot zUstavaji stejné. PFfi hodnoceni testovacich ploch se hodnoti
radonovy potencial (radonovy index pozemku) a problematika spojena se stavebnim
indexem se moznosti vyuziti metodiky pro mapovani tudiz nedotyka. Je proto ziejmé, ze
nové navrhovanou metodiku bude pro mapovani mozné vyuzit. Je pfitom zajisténa
navaznost jak zpracovavanych mapovych listt na predeslé, tak i soubort dat obsazenych

v radonové databazi.

11.2. Analyza spolehlivosti a vypovidaci schopnosti prognéznich map radonového
indexu geologického podlozi 1 : 50 000

Vypovidaci schopnost map a jejich spolehlivost byla analyzovana srovnanim udaju
z detailnich radonovych priazkum( s udaji odpovidajici progndézni mapy radonového
indexu geologického podlozi. Pro srovnani byly vybrany nasledujici pfipady:

a) Uzemi, kde jsou zastizeny vSechny kategorie radonového indexu, s rozsahlym
zastoupenim vy$Sich kategorii radonového indexu (mapa Rigany, 13-31, 1:50000).
V tomto pfipadé bylo celkem porovnano hodnoceni 37 nahodné& vybranych ploch.
Spolehlivost mapy odpovidala 62,2% za pfedpokladu, Ze v pfipadé tzv. pfechodné
kategorie v mapé souhlasi vysledek detailniho prizkumu nizky radonovy index i vysledek
stfedni radonovy index. Rozdil mezi vysledky detailnich prizkumu a predpokladanou
kategorii radonového indexu byl dan lokalnimi geologickymi poméry, zejména vyskytem
pokryvnych kvartérnich vrstev.

b) Uzemi, kde je v co nejvétsim rozsahu zastizena kategorie nizkého radonového

indexu, resp. kategorie pfechodna (mapa Stéti, 02-44, 1:50000). V tomto pfipadé bylo



posuzovano 19 cilené vybranych ploch dle morfologie terénu a dalSich faktord, kde byl
predpokladan vyskyt odliSné kategorie indexu. Toto odliSné zarazeni bylo skutecné
dokumentovano ve vétsiné pripadu, a bylo tak potvrzeno, zZe vyskyt dostateéné velkych
ploch ,spolehlivé“ zafazenych do kategorie nizkého radonového indexu je uzce svazan
s homogenitou geologickych pomérl, ktera nemuze byt dostate¢né vymezena a popsana
v geologickych mapach 1:50000.

c) Uzemi, kde byl srovnavan vyznam lokalnich a regionalnich geologickych udaji pfi
stanoveni radonového indexu (mapa Beroun, 12-41, 1:50000, plocha Chaby). Na této
ploSe o velikosti 16 ha bylo v souvislé siti 10x10m zméfeno 1689 odbérovych bodu.
Zjisténé rozdily mezi udaji odecCtenymi z mapy a zjisténymi detailnim mérfenim byly
podstatné. Distribuce radonu v ploSe byla znaCné ovlivnéna a podminéna zmeénami
v geologickych pomérech. Tyto zmény mohly byt detailné popsany a ,mapovany” az
podrobnym inZenyrskogeologickym  prlzkumem, nemohou tak byt postizeny
v dostateCném rozsahu na geologické mapé 1 : 50000.

d) Uzemi, kde byla predpokladan vyskyt homogennich geologickych pomérd a tedy i
shodny radonovy index pozemku (mapa Mélnik, 12-22, plocha Kly). Dle mapovych udaju
se jedna o prostfedi vysoce propustné pro radon s predpokladanym prechodnym
radonovym indexem. Na ploSe bylo provedeno celkem 150 bodovych odbérd pudniho
vzduchu v siti 10 x 10 m, celé uzemi bylo zafazeno do nizkého radonového indexu. Pfi
dostateCnych informacich o lokalnich geologickych pomérech by tudiz bylo mozné

vytipovat uzemi, kde Ize oCekavat shodny - homogenni radonovy potencial uzemi.

Nova metodika je zcela vyuzitelna pfi hodnoceni méfeni na vybranych plochach pro
tvorbu progndéznich map radonového indexu.

Analyza spolehlivosti téchto map zaroven dala odpovéd na otazku, zda nelze vytvorit
prognozni mapy s vysokou mirou spolehlivosti vyuzitelné pfimo pro odecteni kategorie
radonového indexu pozemku. Potvrdilo se, ze rozdily v lokalni a regionalni geologické
stavbé a rovnéz rozdily v jednotlivych litologickych jednotkach v ramci celého uzemi CR
uzemi jsou natolik podstatné, Ze zpochybriuji moznost efektivné vytvofit prognézni mapy
spolehlivé pro vyc€lenéni uzemi s danym radonovym indexem pro ucCely nové vystavby.
Nelze dokonce ani jednotné stanovit minimalni pocet ploch pro charakterizovani
radonového indexu dané geologické jednotky o urcité velikosti, nebot poc€et téchto ploch je
pfimo umérny nestejnorodosti geologickych poméru.

Pouzivana metodika tvorby prognéznich map vychazi ze zobecnéni udaju ziskanych

vramci celé Ceské republiky. Nemize se vzhledem k vychozimu méfitku zabyvat



lokalnimi udaji o geologické stavbé uzemi. Cilem mapovani proto neni a ani nemuze byt
vytvoreni takového mapového podkladu, ktery by umoznil odecist pfimo kategorii

radonoveho indexu plochy zastavby pro novou vystavbu.

Podékovani

Tato prace je vysledkem vyzkumu provedeného v ramci projektu VaV €. R/2/2000

zadaného Statnim urfadem pro jadernou bezpecnost.
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