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A b s tract: Within this paper is presented information about current study of radon and radium analysis in
self-bottled drinking water from the public water fountain “Elixir” in the Mokliste area, city of Kavadarci. Obtained
results for the radon in water measurements, for the preventive method taken samples, ranged from 3.40 up to 3.69
Bg-I-%, while values for the typical method taken samples ranged from 2.60 up to 3.62 Bq-I"t. Radon concentration
measured from samples obtained in typical way showed lower than the corresponding values obtained using the
preventive sampling method, where comparison of respective samples P1-T1, P2-T2 and P3-T3 have shown lower
values of 1.09 %, 17.62 % and 23.53 % for typical method. Obtained results for the radium in water, for the preventive
method taken samples, ranged from 0.08 up to 0.19 Bg-I-* while values for the typical method taken samples ranged
from 0.11 up to 0.14 Bq-I. Radium concentration measured from samples obtained in typical way showed lower than
the corresponding values obtained using the preventive sampling method, where comparison of respective samples P1-
T1, P2-T2 and P3-T3 have shown differences in respective values of of 8.33 %, 42.11 % and 42.86 % for typical
method. The committed effective dose for the population consuming the self-bottled water from the Mokliste public
drinking water fountain of the region was estimated using the concentration of 222Rn and ??°Ra in water samples, which
ranges from 21.09 to 33.43 uSv y ! for preventive method and from 22.79 to 26.01 uSv y! for traditional method.
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INTRODUCTION

Radiation from a variety of sources (natural
and anthropogenic) has always been a potential dan-
ger to humans. The average world annual dose is
about 2.4 uSv, so although it is inevitable, its cont-
rol is necessary (UNSCEAR, 1993; WHO, 2011,
WHO 2018).

As it is already well known, surface and under-
ground waters contain radionuclides as natural com-
ponents in various concentrations depending on
their origin. The radionuclides are part of the terres-
trial composition where they could be found in dif-
ferent concentrations. The radionuclides from
radiactive series of 28U, 2°U, and 2Th are present
in the human body and contribute to internal radia-
tion emitting alpha and beta particles. The major
fraction of the internal dose received by humans
from naturally occurring radionuclides can be easily
attributed to radium (*®Ra) and its daughter pro-
ducts, especially radon (??2Rn). As a result of natural

processes like decay and dissolution from the surro-
unding geological environment (rocks, soils) of its
parent nuclide radium (**Ra) and consecutively
radon (*?Rn) are released into waters (Moreno et
al., 2014; Fonollosa et al., 2016). Also, radon in
water may originate from dissolution of airborne
radon into water and other higher radon bearing wa-
ter in-flows in the catchment area. Also, we would
like to stress that it has long been known that many
mineral springs contain significant concentrations
of naturally occurring radionuclides (mostly radium
and radon) in higher concentration (in the range of
200-300 Bq-I; Najeeb et al., 2014) than the usual
drinking water (Moldovan et al., 2009). Recently
radon and radium concentration in ground water and
its variability with time and space have been studied
(Alshamsi et al., 2013; Eross et al., 2015). Radium
is more chemically active and it can easily be absor-
bed from the soil by plants and transported to the
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food chain to humans when it may affect the tissues
(bone marrow that produces red blood cells) and can
cause bone cancer, too. The radioactive gas radon,
as a decay product of ?°Ra, is very important from
the point of view of health risk. 22Rn is an inert gas
whose concentrations in ground water are report-
edly related to a number of factors including its
emission from surrounding rocks, temperature,
pressure, rainfall and earthquake activities (llani et
al., 2006; Sannappa et al., 2006). The alpha radia-
tion emitted by radon and its progeny polonium is
considered a significant health hazard by the united
state environmental protection agency because at
elevated levels it causes lungs cancer (Lubin et al.,
1995; UNSCEAR, 2006).

Up to date national and international regula-
tions on water intended for human consumption
exclude bottled mineral waters due to fact that they
have always been regarded as a voluptuary good.
However, in our modern era of living consumption
of bottled mineral waters, without any doubts, has
become very popular and even a significant segment
of the population (due to a higher standard of living)
drinks exclusively only mineral water as drinking
water, approximately 1 liter for day (Statista, 2016).
This is very similar to the average individual
consumption of bottled mineral water is 0.36 liters

for day in Europe (Di Carlo et al, 2019). Population
exposure to radon concentration in such waters is
usually low because radon half-life (3.8 days) is
much shorter than the typical time needed by bottled
waters to reach consumers’ houses. As a conseg-
uence, radon concentration measured in mineral
bottled waters is usually lower or much lower than
its above-mentioned parametric value (Kralik et al.,
2003). Oposite to that scenario, in non-industrially
bottled mineral waters, radon exposure can be not
negligible when consumers fill bottles and contai-
ners directly from public fountains thus reducing
significantly the time elapsing between mineral
water bottling and subsequent consumption. As we
all already know water for human consumption
should be free from chemical, microbiological and
radiological contamination (UNSCEAR, 2000).

Recently, under the influence of certain res-
pectable medical individuals in the Republic of
Northern Macedonia, significant number of inhabit-
ants of the town of Kavadarci and the surrounding
settlements started to self-bottle water for individual
use from the public fountain in the locality Mok-
liste, approximately 6 km from the city center. This
water is believed to have positive effects to human’s
health, so self-bottling is becoming more common
lately.

STUDY AREA

Radon and radium activity concentration mea-
surements in the public fountain water was carried
out on 6 samples from the Mokliste location in the
Kavadarci city. Sampled water is regularly used for
direct human consumption.

As it is already known elevated radon concen-
trations are often encountered in water coming from
wells drilled in bedrocks, containing medium to
high uranium content. Radon in drinking water sup-
plies derived from drilled wells is entirely depen-
dent on the geochemistry of the bedrock or sands
and gravels into which the well is drilled and the
recharge rate of the bedrock fractures or the sand
and gravel aquifer. In that regard, within this part,
we are giving brief preview of the local geology.

Geological characteristics of the Tikves area

The geological characteristics of the Tikves
area up to date have been studied by numerous
geologists, but the most complete description can be
found in the works of Maksimovi¢ et al. (1954);

Hristov et al. (1973), and lately in Stojanova and
Petrov (2012, 2014). Based on the regional and de-
tailed geological explorations for the necessities of
the Basic Geological Map of the Republic of North
Macedonia, the geological setting and litho-strati-
graphic sequence in Tikve$ area were defined (Fig-
ures 1 and 2).

The oldest formations have northwest-south-
east direction delineation (NW-SE) and belong to
the inner part of the Vardar zone. The lowest Paleo-
zoic (Pz) metamorphic complex is represented by
two series as follows: a series of amphibole and
amphibole-chlorite schists with layers of marbles
and a series of quartz-schist with quartz-sericite
interlayers of marble and phyllite. Along the ruptu-
re structures in the Vardar zone in the form of
elongated stripes and intersected lenses of serpenti-
nite appear, too. The furthest south-west of the area
Tikves is represented with marbles and dolomites,
which are probably of Devonian age. Through a
series of Paleozoic metamorphic rocks developed
the Mesozoic (Mz) formations, mainly from the Late
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Cretaceous age. The Turonian (K2) sandstones, mas-
sive conglomerates and limestone extend to the
southwest and the west of the Tikves area. The dia-
base and the submarines outbursts of spilite are

Holocene alluvium (al)

Holocene river terraces (1)
Holocene diluvium (d)
m Pleistocene tuff (Q)

Pliocene sandy serie (P/)
m Eocene Upper flysch zone (E)

Paleozoic and Mesozoic rocks area (Pz, Mz)

= ===y = =

common in the lower parts of the sequence, where
also smaller masses of gabbro appear. The Paleo-
zoic and Mesozoic rocks cover nearly 39 km? in the
southwest and west part of the Tikves area.
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Fig. 1. Sketch of the Tikves area geological map
(Excerpt from the Basic Geological Map of N. Macedonia modified by Stojanova and Petrov, 2014)

The complex of Tertiary and Quaternary sedi-
ments covers most of the Tikves area. The Upper
Eocene (“Es) flysch sediments and yellow sand-
stones occur along the valleys of the Vardar, Crna
Reka and Luda Mara rivers, as well as in a fraction
of the Tikves basin. These sediments with depth to
3500 m cover about 34 km? mainly in the northern
part of the Tikves area. The Tikves basin is filled
with Pliocene (PI) sediments, bordering with the
Vardar river in the north and the Paleozoic-Meso-
zoic formation which covers the northwest-south-
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east. This area is mainly represented by sandy series
of different sands. These series are homogeneous,
containing mostly yellow sands with low content of
coarse sandy clay (pebble sandy clay) and fine-bean
gray sandstone, poor in fossil remains. The Pliocene
(PI) sediments cover most (about 182 km?) of the
central part of the Tikves$ area. Southeast of Kava-
darci there are Quaternary (Q) pyroclastic volcanite
with tuffs, breccia and agglomerate, which covered
around 25 km? The Quaternary period is represen-
ted by diluvium (d), river terraces (t) and alluvium
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(al). The diluvial sediments (12 km?) contain coarse
material from the surrounding rocks, mixed with
sand and clay material. Along the Vardar, Crna and
Luda Mara rivers terrace sediments are formed (23
km?). The terraces contain gravel, sand and clay.
Alluvial sediments (40 km?) cover the flooding
plains of the rivers of Vardar, Crna and Luda Mara
and consist mainly of sand and clay. The city of Ka-
vadarci is located in the Tikves basin, in the SW part
of the Republic of North Macedonia. This particular
basin is composed of the peripherally positioned
Paleogene sediments (basal lithozone, lower flysch
lithozone, lithozone of yellow sandstones and upper
flysch lithozone) that are extending in the NW-SE
direction and occupy more than 20% of the area and
their thickness that reaches 3000-3500 m while the
central parts of the basin are covered by Neogene
and Quaternary deposits (Stojanova and Petrov,
2014).

Paleogene sediments comprise of four litho-
stratigraphic units: basal lithozone, lower flysch
lithozone, lithozone of yellow sandstones, and
upper flysch lithozone (Figure 2).

The basal zone (thickness varies from 350-700
m) of the Paleogene sediments within the Tikves
basin is represented by conglomerates and sand-
stones that alternately change into clayey soil and
sandy marls, and pelitomorphic limestone. The
lower flysch lithozone (thickness is 300 m) differs
from other units by rhythmic occurrence and preva-
lence of sandstones over conglomerates, and by rare
inner layers of clayey soil, marls, and aleurolites.

being a separate lithostratigraphic unit because of
the rhythmic occurrence and prevalence of clayey
soil and sandstones with the presence of thin inner
layers of marls, aleurolites and limestones (Maksi-
movic et al., 1954; Stojanova and Petrof, 2014).
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The lower flysch lithozone is composed of yellow
sandstones with layers and inner layers of clayey
soil and marls. The lower and upper borders of the
. . L4.5km
lithozone of yellow sandstones (thickness from 100 Fi : o

; ) g. 2. Geological column of the Tikves basin
to 400 m) are continuous and clear, which separates (Stojanova and Petrov, 2014)
this unit from the lower and upper flysch lithozone. 1 —basal lithozone, 2 — lower flysch lithozone,
The upper flysch lithozone (thickness of this litho- 3 - lithozone of yellow sandstones, -
zone ranges from 2000 to 2500 m) is isolated as 4 —upper flysch lithozone, 5 — paleorelief

METHODOLOGY

Within this part of the paper, we explain the
water sampling, measurement system and analysis
process itself.

Water sampling procedure. The radon con-
centration is evaluated at the point where the drink-
ing water is put into bottles for two main reasons:

i. The radon concentration in samples collected
directly at the public water fountain is higher than
in any other scenario interesting the same source.
Indeed, referring to bottled water, the radon concen-

tration in water stored in containers for transport and
subsequent consumption (after a certain period of
time) decreases due to the natural radioactive decay
of Rn and the leakage through the sealing of the
bottles. Also, radon concentration in water is signi-
ficantly reduced during the processes of bottling and
packing in plant operations.

ii. Sampling the water inside the plant allows
to know and minimize the time elapsing between the
collection and the first opening of the bottle.

Geologica Macedonica, 36, 1, 55-72 (2022)
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For the necessities of our research water was
collected in polyethylene terephthalate (PET) bot-
tles due to fact that such a material has lower radon
loss during storage (Leaney et al., 2006; Lucchetti
et al., 2016) than some other usually practiced types
of polyethylene (Jobbagy et al., 2017), which also
are compliant with 1SO 13164-1:2013 (I1SO, 2013a)
and 1SO 13164-3:2013 (ISO, 2013b) principles to
be practiced in water sampling and its storage, and
transport (Figure 3).

Preventive way usually is obtained by incli-
ning the bottle and supposedly reducing the water
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flow rate at the minimum value (Di Carlo et al.,
2019).

The remaining three samples were collected in
typical way, with a medium water flux and by
simply placing the bottle in vertical position during
filling operation, as a common user would have
done (Figure 3c).

For the drinking water public fountain of inter-
est, three samplings were carried out in the so-called
preventive way. As it is supposed such filling meth-
od aims to obtain a near laminar water flux that avo-
ids spontaneous degassing of dissolved gases during
filling the sampling bottle (Figure 3b).

Fig. 3. a) Star denotes position of the sampling area — the public water fountain in the Mokliste area, Kavadarci, North Macedonia;
b) Sampling the preventive way; ¢) Sampling the typical way.

Geologica Macedonica, 36, 1, 55-72 (2022)
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The sealed samples were then transported to
the University “Goce Delcev” Teaching Center in
Kavadarci where the radon concentration measu-
rements were performed. The time delay between
the sample collection and measurements was kept
below 6 h in order to increase measurements preci-
sion and to reduce radon loss due to diffusion thro-
ugh PET.

Measurement system and procedure

The water quality parameters measurements
such are pH, electrical conductivity and total dis-
solved solids (TDS) were performed using a glass
electrode. The instrument used was the HANNA
LF120 by HANNA Pvt. Ltd with an accuracy of 0.1
pH units a relative accuracy of 1% for the other two
parameters.

The measurements were carried out by means
of AlphaGUARD DF2000 (Bertin Instruments®) to

A

e
b A -

|loNiZATION CHAMBER
DETECTOR

60 cm =

Degassing Vessel Security Vessel

measure radon concentration, and AquaKIT (Bertin
Instruments®) accessory for samples degassing
(Figures 4a, 4b). According to (Jobbagy et al.,
2017), the emanometry techniques relying on ioni-
zation chamber are characterized by a low detection
limit (0.3 Bg-1"") and a typical uncertainty (cover-
age factor k = 1) ranging between 5% and 12%.

The measuring set-up (Figure 4), consists of:
(i) a degassing vessel, a custom gas washing vessel
of DURAN® that hosts the degassing process; (ii) a
security vessel, a DURAN® container to collect all
the water drops in the gas flow; (iii) an active coal
filter, used to reduce the radon content in the mea-
surement set-up before injecting the sample; (iv) an
Alpha Pump (Bertin Instrumens®); (v) six connec-
ting tubes, Tygon® connections of different length
and with an interior diameter of 4 mm (5/32").

30 cm

<

a)

b)

@ 40 cm

Volumetric Pump

Fig. 4. a) Scheme and b) illustration of radon in water concentration experimental setup. The diagram shows the position where
temperature and pressure are monitored. Attention should be paid to tubes length and internal diameter when computing the inner
volume of the whole apparatus (Saphymo GmbH, 2017)

Geologica Macedonica, 36, 1, 55-72 (2022)
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It is important to declare that:
* the lower nozzle of the degassing vessel is con-
nected to the lower nozzle of the security vessel;

* the upper nozzle of security vessel is connected
to the volumetric pump inlet;

* the volumetric pump outlet is connected to the
inlet of ionization chamber;

* the ionization chamber outlet is connected with
the upper nozzle of the degassing vessel such to
close the circuit.

Vsystem B Vsample

Chir x
i Vsample

When all previous requirements are satisfied,
the pressure head by the volumetric pump over-
comes the hydraulic head of the circuit preventing
the water from flowing backward the ionizing
chamber of the continuous radon monitor.

The radon concentration in water results from
the following equation:

+ k] —C. x [Vsystem - Vsample
0

Vsample

Cwater -

where:

e Cuater IS the radon concentration in the water
sample [Bqg-17Y];

* Cair is the radon concentration [Bg-m~2] of the
air flowing in the measuring system during the
degassing process of water samples. The radon
concentration is monitored by the detector,
whose functioning mode is set to 1 min FLOW,
for 20 minutes. The air flow rate is set to 0.5 |-
min™t;

* Cois the radon concentration [Bg-m~2] of the air
contained in the measuring system before the
injection of the sample inside the degassing ves-
sel. The radon concentration is monitored by the
detector, whose functioning mode is set to 1 min
FLOW, for 10 minutes. The air flow rate is set
to 0.5 I-min™%;

* Vsystem 1S the total volume [ml] of the complete
measuring system, 1150 ml + 1%, according to
AquaKIT manual (Genitron Instrument GmbH,
2012; Saphymo GmbH, 2017);

* Vsample IS the water sample volume [ml]. All the
measurements referred in this paper were
performed with a sample volume of 100 ml;

» K is the Ostwald absorption coefficient which
describes the ratio of the radon concentration in
water to the radon concentration in air, at ther-
modynamic equilibrium. This coefficient has
been computed using the following mathema-
tical formula: K = 0.105 + 0.405e %9592T[°C]
(Battino and Clever, 1965; Weigel, 1978).

As it was already mentioned above, radium is
naturally occurring radioactive element in the
earth's crust and it is chemically similar to calcium
and absorbed from soil by plants, passed up the food
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chain to humans. The radiation emitted by radium
will affect the tissues in the bone marrow that pro-
duces red blood cells and also can cause bone cancer
(Shivakumara et al., 2014). We would like to stress
that radium 226 (**Ra) and its radioactive decay
products are responsible for much of the internal
dose that humans receive from natural radionuc-
lides. In general radium (?*Ra) is a direct precursor
of radon (?*Rn), and is in secular equilibrium with
it. Ara and Agrn (the radioactive decay constants of
radium and radon) have been found to be appro-
priate for the number of radium and radon atoms Nra
and Nrn (Shivakumara et al., 2014). In the case of
secular equilibrium, during t << T1/2(Ra), where
T1/2 (Ra) = 1620 years, the rate of disintegration of
radium is actually constant, so it can be roughly said
that e ~#rnt ~ 1, which means Ngrn = Nra (0) and the
number of radon atoms is given by the equation:

In addition, even if the condition t >T1/2 (Rn)
is satisfied, where T1/2 (Rn) = 3.82 days, then
e *rnt ~ 0, which leads to the equation:

ARa

Ngn = NRaA
Rn

Or that Arn - Nrn = Zra - Nge, Which actually
means that the activities of the parent (**Ra) and the
“daughter/product” (???Rn) become equal. In prac-
tice this means that the radon concentration is equal
to the radium concentration, this occurs after a peri-
od of 30 days when radium can be counted in a se-
cular balance with radon. For the analysis data pro-
cessing was used Data View software by Bertin Ins-
truments®.
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RESULTS AND DISCUSSION

Ours analyses of six samples (three by preven-
tive method and three by typical method) taken con-
secutively showed the results as given in Table 1

and Table 2. In addition, we present in more detail
the results and comments related to radon and ra-
dium.

RADON

All the analyses of the radon in air within water
samples from the preventive method showed mini-
mal value of 7.00 Bq-m~, maximal value of 844.88

Table 1

Bg-m-3, average value of 469.98 Bg-m= and median
value of 490.81 Bg-m~(Table 1; Figure 5).

Radon concentration in air and water within water samples from the public water fountain
in the Mokliste area

sample N (number of MinAirs MaXAjg Averag?s/xir MEdiarI/é\ir Watti
measurements)  (Bg-m3) (Bg-:m=) (Bg:m=) (Bg-m-3) (Bg-Ih)
P1 21 7.00 684.39 367.95 378.30 3.66
P2 22 117.36 844.88 543.20 561.35 3.69
Ps 21 176.20 825.70 495.31 512.07 3.40
T1 21 267.77 1341.00 577.31 515.31 3.62
T, 24 82.25 681.66 384.87 379.06 3.04
T3 21 27.82 602.59 309.29 275.08 2.60
Average P1—Ps 3.58

Average T1—Ts
AVERAGE all samples (P and T) 3.34

Calculation of radon in water measurements,
for the preventive method taken samples, ranged
from 3.40 up to 3.69 Bg-I%, while values for the
typical method taken samples ranged from 2.60 up
to 3.62 Bqg-l * (Table 1; Figure 5). Results of the
analyses of radon in air within water samples from
the typical method showed minimal value of 27.82
Bg-m~3, maximal value of 1341.00 Bg-m3, average
value of 422.05 Bq -m~ and median value of 408.76
Bg-m= (Table 1; Figure 6). Radon concentration
measured from samples obtained in typical way
showed lower than the corresponding values obtain-
ed using the preventive sampling method. Compa-
rison of respective samples P1-T1, P2-T2 and P3-
T3 have shown lower values of 1.09 %, 17.62 % and
23.53 % for typical method. An average P1-P3 va-
lues compared to average T1-T3 values showed
lower value of 13.69% for those obtained by typical
sampling method, which is quite similar to the find-
ings of Di Carlo et al. (2019) for numerous Italian
self-bottled mineral spring waters. We may

conclude that the typical way of sampling leads to a
not too large radon loss opposite to a more careful
sampling procedure (preventive method) and since
it represents the typical consumer’s handling during
self-bottling process of the water from the public
fountains, it can be considered more representative
(in regards to real radon levels) than the other alter-
native bottling approach.

As can be seen from Table 1 and Figure 7a, the
concentrations of radon in all analyzed water samp-
les (P1-P3 and T1-T3) from the public water foun-
tain in the Mokliste locality, city of Kavadarci, are
below the maximum allowed values according to
the MDK action level and the values recommended
by the World Health Organization (WHO, 2008).
However, even more important is the fact that the
concentrations of radon in all these samples (P1-P3
and T1-T3), which go directly to consumers and are
consumed, are below the strictest, maximum
allowed values, by the United States Environmental
Protection Agency (US-EPA, 1999).

Geologica Macedonica, 36, 1, 55-72 (2022)
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Fig. 5. Radon measurements, in all 3 samples of the preventive method (P1-P3)
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Fig. 6. Radon measurements, in all 3 samples for the typical method (T1-T3)
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Concentration levels of 222Rn in the drinking water Elixir from the Moklishte
locality (Kavadarci municipality), R. N. Macedonia
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Fig. 7. a) Radon concentration in drinking water from the Elixir public water fountain compared to maximum allowed values
according to the MDK action levels, World Health Organization (WHO) and United States-Environmental Protection Agency
(EPA). b) Radon in water concentrations obtained through typical vs. preventive sampling. The green dashed line denotes the
equality of the two variables (i.e., y = x). The dashed line denotes a situation where y variable is maximaly 13% lower than x

However, we must not ignore the fact that the
obtained values for the concentration of radon in
these self-bottled waters, are several times (4-5

As we already mentioned above, after the 30
days period after the initial water sampling and ra-
don in sampled water analysis, once again we meas-
ured the radon in water within the duplicate sam-
ples. In practice this means that the radon concen-
tration is equal to the radium concentration due to

Geologica Macedonica, 36, 1, 55-72 (2022)

variable (i.e., y = 0.87x).

times) higher than the values obtained when meas-
uring tap water from homes in the city of Kavadarci
(Tasev et al., 2021).

RADIUM

fact that after a period of 30 days when radium can
be counted in a secular balance with radon.

Ours analyses of six samples (three by preven-
tive method and three by typical method) taken con-
secutively showed the results as given in Table 2.
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Table 2

Radium concentration in air and water within water samples from the public water fountain
in the Mokliste area

Sample N (number of Minair Maxair Averageair Medianair Water
measurements) (Bg:m?  (Bg-m?) (Bg-m?) (Bg-m3) (Bg-IY)
P1 16 21.19 135.24 46.53 21.90 0.11
P2 15 19.88 133.20 44.79 21.74 0.19
Ps 9 20.49 92.01 41.83 21.90 0.08
Ta 13 21.19 191.50 50.60 49.66 0.12
T2 17 20.31 191.50 51.36 48.59 0.11
Ts 15 20.40 135.02 47.00 47.76 0.14
Average P1-P3 0.12667
Average T1-T3 0.12333
AVERAGE all samples (P and T) 0.125

All the analyses of the radium in air within wa-
ter samples from the preventive method showed
minimal value of 19.88 Bg-m~, maximal value of
135.24 Bg-m~3, average value of 44.82 Bg-m~= and
median value of 21.90-Bq m=2 (Table 2; Figure 8).
Results of the analyses of radium in air within water
samples from the typical method showed minimal
value of 20.31 Bg-m=3, maximal value of 191.50
Bg- m3, average value of 49.69 Bg-m~2 and median
value of 48.22 Bq-m~2 (Table 2; Figure 9). Calcula-
ted radium in water measurements, for the preven-
tive method taken samples, ranged from 0.08 up to
0.19 Bg-I* while values for the typical method ta-
ken samples ranged from 0.11 up to 0.14 Bg-IX. Ra-
dium concentrations measured from samples ob-
tained in typical way showed lower than the corres-
ponding values obtained using the preventive samp-
ling method. Comparison of respective samples P1-
T1, P2-T2 and P3-T3 have shown differences in
respective values of of 8.33 %, 42.11 % and 42.86
% for typical method. An average P1-P3 values
compared to average T1-T3 values showed diffe-
rence of 2.63% in favour of those obtained by typ-
ical sampling method. Similarly as it was case for
the radon values, we may conclude that the typical
way of sampling leads represents the typical con-
sumer’s handling during self-bottling process of the
water from the public fountains, and it can be con-
sidered more representative (in regards to real

radium levels in this case) than the other alternative
bottling approach.

None of the analyzed samples of drinking
water from the public fountain Elixir in the Mokliste
locality in the vicinity of Kavadarci, were above the
reference value for radium given by the World
Health Organization (WHO) in the amount of 1
Bg-1"! nor the newly proposed value of 0.5 Bg-I*
was not exceeded (Figure 10a).

Dose due to ?22Rn and #?°Ra concentration in water

The committed effective dose for the popula-
tion consuming the self-bottled water from the
Mokliste public drinking water fountain of the re-
gion was estimated using the concentration of 222Rn
and 2%Ra in water samples and directions given in
UNSCEAR (2000), WHO (2011), Shivakumara et
al., (2014). The parameters for the inhalation path-
way were 222Rn concentration in water, air water
concentration ratio of 10, indoor occupancy of
7000 h per year, equilibrium factor 0.4 and inhalati-
on dose conversion coefficient 9 nSv (Bg-h m=3)~L,
The effective dose to the ingestion mainly depends
upon the amount of water consumed by a human
being in a day (in our case 1 I-day™). The dose due
to inhalation and ingestion are calculated by the
equations given in UNSCEAR (2000).

Inhalation dose ???2Rn (uSv) = 222 Rn conc (Bq-171) x 10™* x 7000h x 0.4 x 9 puSv (Bq-h-m™3)7!

Ingestion dose ???Rn (uSv) = 222 Rn conc (Bq-171) x 3651- y™1 x 3.5uSv: Bq71 x 1073

Ingestion dose %2°Ra (uSv) = 22 Raconc (Bq- I™1) x 3651 y™1 x 0.28 uSvBq™! x 1073

Geologica Macedonica, 36, 1, 55-72 (2022)



Radon and radium concentration in self-bottled mineral spring water from the public fountain “Elixir” at the Mokliste area, N. Macedonia 67

Background values within the system Measured radium values
o e —
180 | A 450
170 AN o N
L N
160 400
150
140 — 350 .
130 3
g 130 0
<110 + :
3 250 3
2 100 3
N X
o~ 90 e @
8 200 8
o 80 |
+ 3
70 150 <
60 —
i 100
0 = =
30 e 4 &
w{=1— — | r —
10 i
0 - - ‘ E - - - - - L ; - & & - - L L = L | -
27,0120 27.01.20 27.01.20 27.00.20 27.00.20 27.00.20 27.01.20
09:10:00 09:15:00 09:20:00 09:25:00 09:30:00 09:35:00 09:40:00
P1
;_I Background values within the system Measured radium values
200 1,000
190 A /
/— ~ / 900
lao y 4 A} /
170 // 800
160 Z
150 700
140
— 7
130 600 E
© 120 T N
S0 Y
% 110 *
2 100 w3
I at
N LR o — — P— o
g 80 = 1 o o
70 3
I 00 Y
s+ T -
50 - S — —— L)
40 T 1 L T T+ 4
30 = = 0
20 = 100
10
3 P -200
27.01.20 27.01.20 27.00.20 27.00.20 27.00.20 27.01.20 27.00.20 27.00.20
09:50:00 09:55:00 10:00:00 10:05:00 10:10:00 10:15:00 10:20:00 10:25:00
P2
s Measured radium
100 ) Background values within the system | ‘2 -
5 : i
w ~ " N\ | 180
85 = 160
80
75 140
70
120
65 & 5 T 5
'vE? 60 100 §
S 55 —] K
2 80 3
< 50 — —_ o
N a5 — 2
E T - T T r - 60 @
z 40 — 3
35 a3
30 5
25
20 ; L | ! ! — & 1 — 1 .
15 L L i—1 4 o)
lo - -+
5 -40
0
27.00.20 27.00.20 27.01.20 27,0120 27.01.20 27.01.20 27.00.20
10:35:00 10:40:00 10:45:00 10:50:00 10:55:00 11:00:00 11:05:00
P3

Fig. 8. Radium measurements, in all 3 samples of the preventive method (P1-P3)
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Fig. 9. Radium measurements, in all 3 samples of the typical method (P1-P3)
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Concentration levels of 226Ra in the drinking water Elixir from
the Moklishte locality (Kavadarci municipality), R. N. Macedonia

=g easured value this study (Bq L-1)

10000,00
1000,00
100,00
10,00

e \WHO (Bq L-1) alpha

Mokliste

1,00 e \\'HO (Bq L-1) beta
0,10 */’ZLV‘E’—&*
0,01

== Kavadarci tap water average
(Tasev et al., 2021; Bq L-1)

P1 P2 P3 T1 T2 T3
Sample

a)

Moklishte public drinking water fountain

b)
Fig. 10. a) Radium concentration in drinking water from the Elixir public water fountain. b) Radium in water concentrations obtained
through typical versus preventive sampling. The green dashed line denotes the equality of the two variables (i.e., y = x).
The dashed line denotes a situation where y variable is maximaly 2.63% lower than x variable (i.e., y = 0.9737x).

Table 3
Exposure dose due to inhalation of radon and ingestion of radon and radium within sampled water samples
in this study.
Mokliste
Sampling location P1 P2 P3 T1 T2 T3
Number of measurements 21+16 22+15 21+9 21+13 24+17 21+15
pH 6.1 6.2 5.8 5.8 5.6 5.6
TDS (RNmeas/Ramess.) 200/210 200/200 200/200 200/210 200/200  200/210
EC (1S cm), (RNmeas/Ramess.) 420/440 420/410 410/410 410/430 420/410  410/410
22Rn (Bg 1Y) 3.66 3.69 3.4 3.62 3.04 2.6
226Ra (MBg 1Y) 110.00 190.00 80.00 120.00 110.00 140.00
Inhalation dose 22Rn (uSv y 1) 9.22 9.30 8.57 9.12 7.66 6.55
Ingestion dose 2%?Rn (uSv y?) 4.68 4.71 4.34 4.62 3.88 3.32
Ingestion dose ??°Ra (uSv y 1) 11.24 19.42 8.18 12.26 11.24 14.31
TOTAL dose (uSv y?) 25.14 33.43 21.09 26.01 22.79 24.18

TOTAL dose (uSvy™?)
TOTAL ingestion dose (uSv y?)

TOTAL inhalation and ingestion 22Rn (uSv y 1)

0.02514085 0.033430775 0.0210875 0.02601095 0.0227864 0.0241815
0.01591765 0.024131975 0.0125195 0.01688855 0.0151256 0.0176295
13.90 14.01 12.91 13.75 11.54 9.87
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Calculated values for the exposure during in-
halation of radon and ingestion of radon and radium
within water samples from the public water fountain
Elixir in the Mokliste locality, city of Kavadarci is
given in Table 3.

The dose due to ?22Rn is divided into two parts,
namely the dose from ingestion and the dose from
inhalation. For the ingestion and inhalation part,
22Rn and its progeny in water impart a radiation
dose to the stomach and lung respectively.

Computing from the radium and radon activity
concentrations in public fountain water samples,

the total dose due to ingestion and inhalation varies
from 21.09 to 33.43 uSv y ! with a geometric mean
of 65.94 uSv y*, which is below the prescribed dose
limit of 100 uSv y* by WHO (2011), see Figure 11
below. These values quite on the opposite side com-
pared to certain values measured around the World,
such as those at Malavalli, Mandya and Yettagana-
halli in India where the total dose is above maximal-
ly allowed 100 uSv y* due to higher concentration
of radium and radon in borewell water (Eckerman
et al., 2012; Shivakumara et al, 2014).

1
|
Moklishte T3 }
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Fig. 11. Total exposure dose for both 22Rn and ??°Ra and both methods of sampling (preventive and typical) in water
from the Elixir public water fountain in the Mokliste locality, Kavadarci

Discharging water of the local Mokliste foun-
tain spring flow system is characterized by elevated
total dissolved solid content (TDS), temperature and
by reducing conditions, and therefore with negligi-

ble uranium content, whereas some regional water
flow systems have lower TDS and temperature, re-
present oxidizing environments, and therefore their
radium content is probably low (Tasev et al, 2021).

CONCLUSIONS

A systematic survey of natural mineral spring
water located in Mokliste (Tikves region, Republic
of North Macedonia) was carried out in order to
evaluate if radon and radium levels in this mineral
spring water may be of public health concern due to
human consumption.

The measurements and analysis of the samples
allowed us to determine the concentration of radon
and radium in the mineral spring water that the

consumers self-bottled directly from the public
fountain located in Moklis$te, which is a common
habit lately in this particular region. Namely, the
radon concentrations were in the range from 3.40 to
3.69 Bq-I for the preventive method and in the
range from 2.60 to 3.62 Bq-I™* for the traditional
method and did not exceed even the strictest US-
EPA standards for drinking water of 11.1 Bq-I-1.
Similar to radon and radium measurements showed

Geologica Macedonica, 36, 1, 55-72 (2022)
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a range of concentrations from 0.08 to 0.19 Bq-I*
in the preventive method and 0.11 to 0.14 Bqg-It in
the traditional method, which in this case did not
exceed the existing (1.0 Bg-1t) and suggested (0.5
Bg-IY) values according to the World Health
Organization. In that direction were calculated

effective doses due to inhalation of radon and
ingestion of radon and radium, in the range from
21.09 to 33.43 uSv y! for the preventive method
and 22.79 to 26.01 uSv y*! for the traditional
method, which in neither one case did not exceed
the maximum permissible values of 100 uSv y ™.
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Peszume

KOHIEHTPAIIMJA HA PAJIOH U PAJIMYM BO CAMO®DJIAIIIMPAHA MUHEPAJIHA
N3BOPCKA BOJA OJ JABHATA YEHIMA ,,EJIMKCHUP*“ BO MOKJIMIITE,
PEINYBJIMKA CEBEPHA MAKEJOHUJA

Topan Taces!, Togop Cepapumoncku’, Biaxo Boes?, Jlazap Foprues
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Bo 0Boj Tpyx ce mpe3eHTHpaHN MHGOPMALUH 32 TEKOB-
HUTE MPOYy4YyBamka Ha PaJOH U PaAuyM BO caMO(IalIipaHuTe
BOJIM 32 MMUEHE 01 jaBHaTa yeuiMa Ennkcup Bo obmacta Mok-
mumTe, rpan KaBamapuu. JloOueHnTe pesynrtatu 3a pagoHOT
IIpH MepemaTa Ha Bo/IaTa, 32 IPUMEPOLIUTE 3eMEHH T10 TPEBEH-
THBHHOT MeToJ, ce asuxea of 3,40 mo 3,69 Bg-I7, momexa
BPEAHOCTHTE 32 IPUMEPOLINTE 3eMEHH 110 THITHYHHOT METOJI Ce
nsuxkea of 2,60 1o 3,62 Bq-IL. Konnenrpanujata Ha pagoHOT
H3MepeHa BO MPUMEPOIHTe 3eMEHN Ha THIMYEH Ha4yMH IOKa-
JKaJia IOHNUCKHU BPEAHOCTH O COOABETHHUTE BPEAHOCTH 00He-
HU CO MIPEBEHTUBHUOT METOJ Ha 3eMarbe MIPUMEPOIIH, KaJle CII0-
penbara Ha cooaBerHHuTe mpumepory P1-T1, P2-T2 u P3-T3
MoKakajla IOHUCKH BpeaHoctH o 1,09%, 17,62% u 23,53 %
3a TUMUYHHOT MeToA. [loOueHuTe pe3yiraTu 3a paguyMoT BO
BOJIaTa, 3a MPUMEPOLIUTE 3EMEHH CO MIPEBEHTUBHUOT METO/I, Ce

nsuxea on 0,08 1o 0,19 Bq-1, noxexa BpeanocTute BO Ipy-
MEpOIUTE 36MEHU CHOpeN TUIMYHHOT METOH Ce ABIDKEa OJ
0,11 10 0,14 Bq-I*. KonuenTpanujara Ha paiuyMOT U3MEPEHA
BO IPHMEpONHUTe JOOMEeHN Ha TUIMYEH HaYWH Oelre MOHUCKA
0J1 COOABETHUTE BPEIHOCTH JJOONEHH CO IIPEBEHTUBHUOT METOT
Ha 3eMame MPUMEPOILIH, KaJie ITO CriopedaTa Ha COOABETHUTE
npumepoun P1-T1, P2-T2 u P3-T3 nokaxana pa3ivku BO co-
oaBeTHUTE BpenHocTH o1 8,33%, 42,11 % u 42,86 % 3a Tunuu-
HUOT MetoA. [loTBpaeHaTa edeKTHBHA J103a 32 HACEJICHHETO
IITO ja KOHCYMHpa camodialipanara BoJia O/1 jaBHaTa YelMa
BO PETrHOHOT MoKHIITE Oetle MpoIeHeTa co yrnorpeda Ha KOH-
neHTpanyjata Ha 22’Rn u *Ra Bo npuMepoLuTe Ha BOJa, U CE
aswxu o1 21,09 no 33,43 pSv y! 3a npumeponuTe 3eMeHHU €O
NPEBEHTUBHUOT MeTO U ox 22.79 1o 26.01 uSv y! 3a tpaau-
LMOHAITHHOT METOJ.
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