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This article provides a review of radon remediation methods and an algorithm of their appli-
cations. The methods assessed are applicable for indoor radon originating from the ground
beneath or around a building. It was established that radon activity concentration in underly-
ing soil or ground ranging between 15 and 30 kBqm-3 would contribute to an average annual
indoor radon concentration from 20 Bqm-3 reaching up to 1030 Bqm™3 in the region, .
e., a 10-15 fold difference, while the average radium concentration in soil was assessed as
30 Bgkgl. The geo-morphological analysis in the investigated region classifies the top soil as
very permeable, containing huge volumes of soil air which is easily transported with the tem-
perature and pressure gradient. It was demonstrated that both soil characteristics and con-
struction characteristics must be taken into account when designing radon remediation meth-
ods.

One hundred eighty nine buildings were investigated, remediated, and assessed as part of this
research work. The average remediation efficiency was established as 50 %. The paper pro-
vides an overview of recommended remedial actions and most common mistakes made by

construction experts influencing the efficiency of radon remediation.
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INTRODUCTION

Protection of the population from radon in
dwellings consists of several consecutive steps [1].
The first step is a long term radon measurement and
analysis of the results obtained. If noncompliance to
national regulations in terms of radon reference levels
is established, the second step is to find out the source
of radon indoors. Generally, there are three potential
sources of radon indoors: the soil or ground under and
around the building, construction materials, and
household water, if private wells are used. The third
step in the process would be to analyse the construc-
tion and engineering applications of the building in
terms of their influence on radon availability to indoor
air. Having assessed these abovementioned aspects a
corrective action for radon reduction can be chosen.

According to data published by Pavlenko and
German et al., radon originating from soil is the major
source of indoor radon in Ukraine, namely in 95 % of
cases. The article thus, deals with radon remediation

* Corresponding authors; e-mail: olga.german@hotmail.com

solutions and assessment of their efficiency for radon
entering the building from soil, as the most popular
and applicable ones [2].

Available practical experiences demonstrated
that radon prevention measures applied during con-
struction or radon remediation measures, if applied
correctly, could contribute to significant radon reduc-
tion indoors ata low cost compared to health deteriora-
tion that might be caused by high radon exposure. [1,
3,4] Atthe same time, some radon remediation experi-
ences from the UK achieving 5 % to 47 % of efficiency
could be used as an example of varying efficiency of
remediation. [5]

Many research works were published in numer-
ous countries, confirming that radon concentration in
soil air is thousands of times higher than that at the
ground level. Once the soil air containing >?>Rn enters
the building, it will result in high levels of radon activ-
ity indoors. [6, 7].

There are two principal mechanisms allowing
222Rn to enter indoor air. These are the molecular dif-
fusing and active transport with air convention caused
by the pressure gradient between the soil air and the air
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indoors [8-10]. The air pressure gradient, in its turn, is
caused by the temperature difference indoors and out-
doors, and due to wind direction towards the walls of a
building. The higher the difference between the indoor
and soil air pressure the more soil air will be sucked
into a building (indoor air pressure depends on the air
exchange rate and ventilation systems used, which
could potentially lead to an air pressure deficit).

Apart from, or combined with soil characteris-
tics, high radon activities indoors are caused by con-
struction solutions and engineering applications in ev-
ery separate case:

— defected ground isolation,

— low air pressure indoors,

— high permeability of soil drainage under a build-
ing or around it,

— characteristics of the building foundation, and

— other construction solutions utilized, for instance,
ventilation stock or chimney, etc. [11]

To summarise the above, radon contaminated air
from soil beneath or around a building will always
move through the openings in construction and gravel
filling beneath, along the pressure gradient. Radon
concentration indoors depends on the uranium and ra-
dium content in soil, its permeability, moisture content
and, to a lesser extent, the content of these
radionuclides in building and construction materials.

As radon transfer from soil to indoors depends
on available openings and pathways, its concentration
in two neighbouring buildings could differ up to a
magnitude of 2. This was demonstrated by Pavlenko
in the town of Samtchintsy, Nemirov Oblast, which
was built for re-settlement of Chernobyl evacuees and
the standard construction model was applied through-
out the whole settlement. Radon activity in these
dwellings varied between 80 and 1200 Bqm™ [12].

Indoor radon concentration and air exchange
rate measurements performed in parallel in many
countries estimated that the average 22’Rn inflow ve-
locity varies between 6 and 60 Bqm™ per hour. [13]. In
several Swedish experiments this value was even
higher [11].

It was also demonstrated, that in radon protected
buildings the contribution of soil air indoors makes
about 1 % of the total indoor air volume, the rest com-
ing from the atmosphere [14]. In poorly isolated
houses with several radon entry points, contribution of
soil air to its total indoor volume makes up to 20 %. In
such case the radon activity concentration indoors is
high even ifits activity in soil air is relatively low [ 15].

The radon remediation methods are based on
knowledge of the radon sources and its transfer mech-
anisms, and consists of the following general ap-
proaches: maximum prevention of contacts with soil,
isolation of radon entry points, radon exhaust from the
ground under buildings. In engineering terms, these
general radon remediation approaches are known as:

— insolation,

—  pressurization, and
— ventilation.

EXPERIMENTAL
Research work phases

The experimental part of this work was per-
formed part of the development cooperation project
between the Swedish and Ukrainian authorities “Re-
duction of risks caused by exposure to radon gas and
natural radiation” (2009-2014) and continued as the
regional programme in the Kirovograd Oblast “Stop
Radon” (2010-2015) [16].

In the first phase of this work, measurements of
radon activity indoors were carried out applying pas-
sive radon track detectors. Radon activity in soil,
Ra(U), Th, and K content in soil and the gamma dose
rate were measured in the selected region (over 1200
measurements). Information on geomorphological
characteristics, such as topsoil type, ground classifica-
tion, moisture, landscape, efc.), was collected to com-
plete the radon risk information data base. Using the
database information, radon prone areas were identi-
fied.

In the second phase of the research work, active
radon measurement methods were used to assess ra-
don activity in basements and foundations of buildings
with high radon activity indoors. Analysis of the con-
struction and engineering characteristics was per-
formed as well at this stage.

In the third phase of the work, 189 buildings with
high radon activity were selected and radon
remediation was justified for being implemented in
those. In selecting radon remediation methods local fi-
nancial possibilities were considered and methods
were adjusted to some extent to the available materi-
als. One round of consultancy was provided by the
Swedish experts to the local authorities in Kirovograd.

The remediation activities were performed in
189 buildings (kindergartens and schools), by means
of local radon experts and part of the “Stop Radon”
project. A second round of radon activity measure-
ments was conducted during the nearest heating pe-
riod and radon remediation efficiency was assessed.

Measurements

Radon passive track detectors were utilised for in-
door radon activity measurements with exposure time of
at least 30 days during the heating period, and the mini-
mum detectable activity (MDA) of 5-10 Bqm™ [17].

Calibration of radon track detectors was per-
formed as a quality assurance stage in radon activity
measurements at the Marzeev Institute of Hygiene and
Medical Ecology'. The efficiency of the radon track de-
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tectors batch was estimated in the “radon atmosphere”
with known radon activity, accredited by the State
Metrological Authority of Ukraine (21.01.2004). Stan-
dard etching procedures were applied for each batch of
detectors.

Radon measurements in soil air were done at a
depth of 80 cm and utilised the application of radon
emanation measuring equipment MARKUS-10 (Swe-
den). Gamma spectrometric measurements for Ra(U),
K, Th as well as gamma dose-rate measurements were
performed in the same sample points using
Exploranium GR-130 (Canada) employing a 0.7 L
Nal(Tl) detector. The instrument performance checks
were performed prior to every measurement using a
standard procedure and radioactive source incorpo-
rated into each equipment piece. Calibration of the
Exploranium detector is performed by the Geological
Survey of Sweden every second year at the standard
calibration platform for naturally occurring materials
in Borldnge, Sweden.

The results of all measurements were put into
field protocols and completed with information on
soil, ground, moisture and landscape characteristics,
weather conditions, for each measurement point. The
Exploranium equipment coordinates data was used
and verified by a second GPS device.

RESULTS AND DISCUSSIONS
Radon risk assessment

The results of soil measurement established
that Rn-222 activity insoil airvaried between 15and
30 kBgm™, while the average Rn-222 equilibrium
equivalent concentration (EEC) indoors in the same
region was measured as 20-1030 Bqm™ (Rn activity
50-2575 Bqm™).

The statistical distribution of EEC in the investi-
gated region, presented in fig. 1, is characterised by
log-normal distribution. The mean geometric 61 Bqm™
value and the standard deviation of 102 Bqm evidence
high variability of indoor radon activity in this region.

In 5 out of 35 investigated settlements of the
Kirovograd region, non-compliance to the national ra-
don reference level (EEC 100 Bgm™) was demon-
strated in all measured buildings. In 30 % of cases radon
activities within the boundaries of the same settlement
differed several folds. Maximum radon activities mea-
sured exceeded the national standard as much as 5-7
folds. Only 3 out of 35 settlements complied with the
national reference level and buildings with elevated ra-
don activities were not identified.

Radon activity measurements in soil air and
gamma spectrometric measurements were per-

! New name since 2016 State Institution “O. M. Marzeev Institute
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Figure 1. Statistical distribution of EEC of Rn-222 in
investigated buildings of the Kirovograd region;

n —number of buildings investigated; m,—mean arithmetic
value for EEC of Rn-222; m, — mean geometric value for
EEC of Rn-222, SD — standard deviation

formed at the second stage of the research work. The
most common top soil in the region chernozem (of
varying quality) is built of loess, clays, loam and
sandy loam ground. The ground characteristics cor-
relate well with the radon air activity results. Actu-
ally, the ground in the region is characterised by a
low concentration of radium, and radon activity
consequently, but due to their structure and huge
amount of available ground air, the little radon that
is released into the soil air is easily transported to
constructions and buildings with the soil air flow
quickly along the pressure gradient.

Activity concentration of Ra-226 in soil varied
between 14 and 39 Bgkg with an average of 29 Bqkg
on the surface and 30 Bgkg at the depth of 80 cm. In
other words, radium content did not change much with
depth in the region. The average concentration of ra-
dium in the region was just few Bq higher than the
country's average, but is still considered to be low
compared to the world data.

This fact allows us to derive a conclusion that the
high radon activities indoors are caused by specific
characteristics of constructions (poor isolation from
ground and lack of proper ventilation indoors), and not
by high radon or radium activities in soil.

Radon remediation methods

Radon remediation in existing buildings means
literally re-construction works, and requires specific
considerations in regards to means and methods.
There are four general radon remediation approaches
(see fig. 2): isolation of ground (a), increase of indoor
pressure (b), ventilation of the space under the house
(c), and reduction of pressure under the house (d).

Ground isolation consists either of total isolation
of the floors with polyethylene or other non-perme-
able material or isolation of separate holes and points
of entrance of communications. It is worth mentioning
that the last one is very important. Based on published
international experience from countries such as Swe-
den, Great Britain, France, and USA a rule of 98 % is
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Figure 2. General radon reduction methods

derived [18-20]. “The 98 % rule" means that isolation
of 98 % of holes and openings in the foundation will
result in the situation when 98 % of available radon
will seep into the building through the remaining 2 %
of openings. This rule was also tested in a computer
code, when a building was modelled with a single
opening as the point of radon entrance to the indoor air.
The reduction of the number or size of openings leads
to an increase inflow rate of the air from under the
building. The increase rate in the model was higher
with every step taken to reduce the size of the opening
[21]. This means that leaving 2 % of openings or holes
in the floors will diminish the whole purpose of isola-
tion. The efficiency of isolation is assessed as 2:1, i. e.
if successful, it will allow reduction of radon activity
indoors to half of its original activity.

Increase of indoor pressure (b), leads to preven-
tion of the so-called “stuck ventilation” effect and,
consequently, prevention of radon air inflow from be-
neath the house. To increase indoor pressure a 60 W
ventilation fan is usually installed to allow the inflow
of fresh outdoor air into the house. As a result, the in-
door air pressure increases and the pressure gradient is
from inside the building towards the ground. This
method allows also the improving of the indoor air
quality, it has though a problem with condensation as
the air outdoors is humid. The inflow air needs to be
“dried” and filtered. The method allows the reducing
of indoor radon activities as much as three times its
original level [5].

Forced ventilation as described above, is seldom
present in private housing constructions and, particu-
larly, in single detached houses. Another problem with
the method is the need for heating the air in cold cli-
mates and it, thus, becomes costly and less attractive.

Ventilation of the space under the house (c) is ap-
plicable for foundations of all types and materials —
concrete, wood etc. The ventilation may be natural, for
example, through the permeable material in the wall,
through special ventilation openings in a foundation
and applying ventilation fans. This method allows the
significantly reduction of indoor radon, but, if applied
wrongly, leads to increased condensation under the
house.

Reduction of pressure under the house (d) or the
radon drainage system is an effective radon
remediation method allowing reduction of radon ac-
tivities by 8 to 20 times. It is achieved by installing a
ventilation fan in a shallow pit under the building con-
nected to a pipe. The air from the ground is exhausted
through the pipe to the outdoors and is thus prevented
from entering indoors. This radon remediation method
is very popular, and in combination with isolation al-
lows reductions of indoor radon to very low levels
without risking other problems. [11, 18, 21]. A 75V
ventilation fan is sufficient enough for the purpose of
the method, but its efficiency may depend on the per-
meability of the surrounding soil.

Radon remediation in Kirovograd

The Kirovograd regional programme “Stop Ra-
don” allowed us to scientifically justify radon
remediation methods and assess their efficiency. A to-
tal of 1023 establishments for children were investi-
gated and 189 of them were remediated in the course
of this programme. It should be noted, that due to lim-
ited financial resources radon remediation actions rec-
ommended by experts were not fully implemented,
which is reflected in their efficiency. Nevertheless,
this was the first Ukrainian experience in radon
remediation and a significant health risk reduction for
children.

The results of radon indoor measurements al-
lowed the establishing of three classes of buildings:
— EEC>250 Bqm (radon activity 600 Bqm ),

— EEC 100-250 Bqm
(radon activity 250-600 Bqm™), and
— EEC < 100 Bqm (radon activity 250 Bqm ).

Radon remediation was carried out in the build-
ings with radon activities 6-10 times exceeding the na-
tional reference level for schools and kindergartens,
which is 50 Bqm™ annual average EEC.

As mentioned earlier, the analysis of radon and
radium content in soil, and construction characteris-
tics of the typical rural building of the Kirovograd re-
gion demonstrated that radon activities indoors de-
pend primarily on the latter. All the investigated
buildings with elevated radon activities indoors had
several common characteristics, namely:

— poor isolation of ground with a huge number of
openings towards the ground, open holes around
the entrance points of communications,
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— space under the floors was not ventilated, and
— lacking or wrong ventilation system indoors.

Based on the construction characteristics two

major groups of buildings can be distinguished:

— one storey building of bricks, without a cellar,

— two-three storeyed building with some cellar or
crawl space for communications.

The Ukrainian radiation hygiene regulations and
their enforcement make it possible to exclude building
materials as a source of radon. This was also proven by
gamma dose-rate measurements , which ranged be-
tween 0.23 and 0.28 uSvh™!. Water supply for the in-
vestigated buildings is certified and contains neither
radon no other NORM. Thus, the only possible indoor
radon source in all cases was soil/ground under the
buildings.

Based on all available characteristics of the
buildings in question, radon remediation methods
were recommended for each individual case.

The best remedial efficiency is expected to be
achieved by application of the radon slab suction sys-
tem in combination with isolation of the ground. There
could be several points for installation of suction
points, depending on the total area of the building and
number of bearing walls.

Two concrete examples of recommended radon
remediation installations are presented below.

Case 1.Kalinovka kindergarten is a one storeyed
of red bricks building, 50 cm underground space and
wooden floors with broad gaps between planks. The
floor is covered with plastic or fabric carpet in some
rooms, while other rooms have no cover at all. Win-
dows in the building are very old and there is no in-
stalled ventilation system, but periodic opening of
windows is done for letting some fresh air in during the
summer time. The windows are sealed and not opened
during the whole heating period.

A set of investigation measurements was carried
out in and around the building with the following re-
sults:

— indoor dose rate 0.07-0.09 uSvh™',

— annual average radon EEC 191 Bqm, and

— short-term measurement of radon in the space un-
der the floor varied between 400 Bqm™ in the
kitchen and hallway and 1040 Bqm in the play-
room.

The following radon remediation measures were
recommended for the Kalinovka kindergarten:

— install a forced ventilation system to achieve an
normal air exchange rate,

— isolate floors and entering points of all communi-
cations and pipes, and

— install aradon slab suction system with several ac-
tion points.

Case 2. Municipal secondary school in
Znamenka is a red bricks building, with wooden floors
covered with parquets. The underground construc-
tions accommodate communications (mainly pipes).

Windows in the building are new with a high level of
insulation. A natural draught ventilation system is
achieved by outflow channels. No inflow channels for
ventilation have been installed.

A set of investigation measurements was carried
out in and around the building with the following re-
sults:

— indoor dose rate 0.07-0.09 uSvh™',

— annual average radon EEC 191 Bqm, and

— short-term measurement of radon in the space un-
der the floor varied between 400 Bqm™ and 1910
Bqm .

The following radon remediation measures were
recommended for the Znamenka kindergarten:

— install outflow ventilation channels and achieve a
normal air exchange rate,

— isolate floors and entery points of all communica-
tions and pipes, and

— install a radon slab suction system.

As noted earlier, radon remediation recommen-
dations were planned and engineered individually for
each case. Unfortunately, they were not fully or cor-
rectly implemented by the contractors, which led to
somewhat varying efficiency: in some cases radon ac-
tivity increased after competition of works.

EFFICIENCY ASSESMENT

To assess the efficiency of radon remediation mea-
sures long term radon measurements were performed in
189 schools out of 200 chosen for remediation in the re-
gion.

It was established that when radon remediation
works were fully completed in the Novoarkhangelsk dis-
trict, radon activity decreased 5 folds, in the
Kropivnitsky town (former Kirovograd) radon activities
decreased 3.2 folds and in the Ulyanovskiy and
Alexandrovskiy district radon activities decreased 2.8
folds. In all other cases the efficiency of remediation was
significantly lower. In two cases radon activity increased
twice after remediation. A 48% decrease of radon activ-
ity was achieved on average for the pilot region.

Investigation of the achieved results revealed the
following:

— radon activity was reduced only slightly when
mistakes were made in air exchange rates,

— floor and communication systems were poorly
isolated or isolation was not implemented at all,
which reduced the efficiency of the radon suction
system (without approval), and

— radon activity increased in several cases when con-
tracting companies replaced the recommended ven-
tilation system with a different type (without ap-
proval).

Practical experience of insufficient or incom-
plete remedial actions, replacement of the recom-
mended technical solutions by people with no knowl-
edge or lack of understanding of radon remediation
and ventilation systems demonstrated poor efficiency
of the work or, in some cases had the opposite effect.
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For example, in a few schools radon activity in-
doors increased compared to the original ones. In these
cases a contractor made a decision to replace ventila-
tion systems without any underlying calculations or
engineering. Outflow ventilation channels equipped
with a fan at a two meter height from the floors without
performing any isolation of the floor and communica-
tions was installed. As a result, the inflow of soil air in-
doors increased and radon activity doubled.

The best remedial effect was achieved for those
cases where radon ventilation was combined with cor-
rectly and fully done isolation.

CONCLUSIONS

It was demonstrated that soil permeability and
construction characteristics of buildings should be
considered when choosing the radon remediation
method, to account for radon availability and mobility.
As shown in the Kirovograd region, though radon ac-
tivity in soil air was low, ranging from 15 kBqm™ to
30 kBqm3, indoor radon activities reached up to 1030
Bqm™ (EEC). This is due to the typical soil of the re-
gion, which is characterised by high permeability and
contains a huge amount of free soil air, which moves
easily, together with radon, along the temperature and
pressure gradient. Careful calculation of air exchange
rates, understanding and knowledge of its influence on
radon activity indoors and hygiene parameters of the
indoor air are necessary prerequisites for carrying out
any replacement or changes in ventilation systems.
This pilot programme of radon remediation confirms
the need to inform the population of the risk of radon in
general as well as the need for education and training
of radon remediation experts and contractors, in par-
ticular to promote understanding and correct imple-
mentation of radon remediation measures.
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Tartjana [IABJIEHKO, Onra TEPMAH, Hukonaj AKCEHOB,
Mupociaasa ®PU3IJYK, Anaromuj OIIEPYYK

INPOLIEHA E®OUKACHOCTU PEMEINJAIIMIE PAJOHA Y
OBJIACTUA KUPOBOTPAIA Y YKPAJIMHU

Y oBoM pajty AaT je mperiie MeTOa peMefujalirje pajoHa Kao U aJrOpuTaM lbUXOBUX IPUMEHA.
IIponemeHe MeToe MPIMEHIBLUBE CY IIPH peMerjalyji pafoHa KOji MOTHYIE W3 3eMJBHIITA UCIIOf] WM U3
OKOJIMHE 3rpajie. ¥ CTAaHOBIbEHO je 1a KOHIICHTpAIMja aKTUBHOCTH PajloHa Y 3EMIBHIITY UCIIOJ 3TPajie y
orcery of1 15 10 30 kBqm™ MOKe JONPUHETH MPOCETHO] TOMIIEL0] KOHIEHTPAIMjH PAOHa Y 3aTBOPEHOM
npocropy oft 20 Bqm~ cse go 1030 Bqm™ y oBoM permony, mro je nosehame ox 10 mo 15 myra, Aok je
NpoceYHa KOHIEHTpalja pajujyMa y 3eMJbUINTY Tpornemena Ha 30 Bgkg™!. Teomopdomorika ananusa y
UCMUTUBAHOM MOJAPYYjy KiacuuKyje TOpHH CI0j 3eMIBHINTAa Kao BeOMa MPOMYCTIbUB, Ca BEJIHMKUM
3alpeMuHaMa Bas3[yxa y 3eMJBUIITY KOjH CE€ JIAKO MOXE KpeTaTu ycieJ TpajujeHTa TemmepaType U
nputncka. [lokazaHo je a mpu MpojeKToBamky METO/a peMefihjaliije pajjloHa KapaTKEPUCTUKE 3EMIBHUIIITA
7 rpabeBUHCKE KapaKTEPUCTUKE MOPajy OUTH y3eTe y 003up.

Y TOKy OBOT HCTpakKMBama, UCIUTAHO je 189 3rpajia 3a xoje je peMeanjanuja MpojeKToBaHa u
moToM onemeHa. [Ipoceuna edukacHocT pemenujanmje m3Hocuna je S0 %. OBaj papm jaje mperien
MpEeTnopyvYeHNX aKlyja peMeujanuje 1 Hajuelnrhe Tpelke Koje ce jaBibajy Mpu u3rpajmu o0jekara Koje
yTU4y Ha e(PUKACHOCT peMejujaluje pagoHa.
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