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Abstract

This study aims to measure tritium {*H) concentrations in different bottled drinking water around the world, understand the
regional propertics and their relation to tritium concentrations, and evaloate radiation dose from the consumption of botiled
drinking water. A tofal of 41 different brands from 23 locations have an activities range of < (L04-1.31 Bg L. The countries
located in the northern latitudes have the higher observed value which is consistent with the latitnde effect. There is a high
chance that other control factors could also affect the activity conceniration of the drinking water, such as the continenial
effect, seasonal effect, or human activities. The maximum annual effective dose of 1.7 % 107° mSv was calculated using the

highest valoe.
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Introduction

People are usually exposed to ionizing radiation from both
naturally occurring and anthropogenic sources whether
internal or external [1, 2]. The main pathways radiation
could travel through the body are ingestion, inhalation,
or through the skin and result in accomulation of the dose
inside [1, 3]. Typically, the public receives a radiation dose
of about (0.3 m5v annually due to radionuclides of natural
origin in their diet, including drinking water which contrib-
utes to around 0.01 mSv of the estimated dose due to the
ingestion of namrally cccurring radionuclides [3].

Mineral water and groundwater have the probability of
containing some naturally occurring radicactive material
(NORM) [4]. In addition, artificial radionoclides could
appear in drinking water from several sources due i various
causes, for instance, accidental or regular discharges from
nuclear facilities, the medicine indusiry, military activities,
and dispersion of atomic nuclear weapons fallout [3-3].

Tritium is a radioisotope of hydrogen with a half-life of
12.3 years [6]. This radionuclide emits very low-energy beta
radiation that cannot penetrate the layer of human skin and
can be absorbed by some materials such as plastic, glass,
or metal [6]. Most natural tritiom is from nuclear reactions
between nitrogen or oxygen atoms in the upper amosphere
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and secondary cosmic rays [7]. Forthermore, tritium can
originate from various anthropogenic nuclear activities such
as nuclear reactors and nuclear fuel reprocessing planis,
which both release iritium into the environment. During
the pericd of nuclear weapon testing from 1952 to 1963,
tritium in northern Hemisphere precipitation was found to
be drastically increased, covering the natural tritiom signal
in the atmosphere for decades before returning o the natural
level |5, 8] Tritium mainly exists in the form of iritiated
water (HTO) and is produced in various ways to enter the
environment [9]. Its presence in water sources could indicate
industrial contamination [ 10].

After the Fukoshima Daiichi Muclear Power Plant
(FDNPP) accident which occurred in Fukushima prefecture,
several studies about the behavior of tritium in terrestrial
arcas have been reported [11, 12]. There are also investiga-
tions about the tritium in drinking water sources conducted
in several couniries. Usaally, the activity conceniration that
was found is lower than the WHO recommend guidance
level. Tritium concentration in precipitation peaks in spring
increases with latitude, which was observed in the north-
ern Hemisphere and is known as the latitude effect [13]. It
also tends to decrease in the summer season [5]. In addition,
tritium concentrations in continental precipitation arcas had
always been higher compared to maritime precipitation, and
the effiect is called the continental effect [7]-

Several investigations were conducted to sindy the radio-
nuclide contents in botiled drinking water [ 14, 15]. Bottled
water consumption also has a trend to increase in recent
years a5 shown in Fig. 1. Kinahan et al. have reported on the
assesament of the radionuclides in bottled drinking water
which the brands were available in Japan [2]. Activity con-

centrations of 24U, 20U, 28U, **Ra, *PRa. "PRo, Y"Po,

HMopp, 2K, FH, "C, 'MCs, and "Cs were determined in
20 different brands of samples, and “L, U, 7917, P*Ra,
*“Ra and *""Po radionuclides activity concentration above
the minimum detsction activity valoe were determined. The
estimated dose was below 0.1 mSv v~ which is the WHO
recommendation guidance level and ***Ra contributes the
most to the estimated value. Bofmarid et al. also reported
o the natural radionuclides in bottled drinking waters pro-
duced in Croatia and their contribution to radiation dose
[14]. Dizman & Mukhiarli studied tritium concentrations
and consequent doses in bottled natural and mineral waters
sold in Turkey and Arerbaijan [15]. However, the informa-
tion on iritiom in bottled drinking water is still very scarce
regardless.

This study aims (o measure tritium concentrations in dif-
ferent bottled drinking water commercially available around
the world, understand the regional properties and their rela-
tion to iritium concentrations, and assess radiation dose from
the consumption of botiled drinking water.

Therefore, this study was expected to contribute informa-
tion on iritiom in bottled drinking water from varioons brands
across the world o the public for the safety monitoring of
the foodstuffs.

Material and methods

Sampling

Boiiled drinking water samples of 41 different brands from
23 locations: New Zealand. Chile, South Africa, Fiji. Indo-
nesia, Camercon, Brunei, Thailand, Philippines, Oman,
Spain, USA, ltaly, Bulgaria, Hungary, Austria, France,
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England, Northern Ireland, Scotland, Norway, Finland,
and Dubai were purchased. The locations of the samples
were distributed across the different continents which wene
shown in Fig. 2. This gives the wide distribution geographi-
cally. Since April 2015, the samples have been collected
continuously.

Tritium measurement

Each sample was removed from the organic materials by dis-
tillation process to prevent the interference of organic com-
pounds, and then the filirated water was electrolyzed to be
enriched with tritium wsing a solid polymer electrolyte mem-
brane (XZ001, De MNora Permelec Ltd.)y [T]. The enriched
sample once again was distilled. An aliguot of 50 mL was
mixed with 50 mL of a liquid scintillation cocktail (UTtima
Gold LLT, PerkinElmer) in a 143 mL., low-diffusion polyeth-
ylene vial (LDPE vial) with an inner Teflon coating. In the
study of bottled drinking water, counting cfficicncies wens
24 4% and the relative uncertainty was less than 9.3%. The
limit of detection of tritium (LOD) was around 0.04 Bg L
which can be determined using the following equation [9].

Fig.2 Location of 41 boitled waler samples

(271 +4.65Ry X 1)

LaD = = 1M, O 1
WV, = REf =60 =t 0o, M

where By, represents the counting rate of the blank sample, ©
is the counting time, Vs is the volume of the water samiple,
and Eff is the % of the counting efficiency.

Afier shaking to make a homogenous cocktail, the vials
were stored inside the low background liguid scintillation
counter (LSC-LB5, Nihon RayTech). Tritium radioac-
tivity measurements were done with LSC for 1,000 min
(50 min = 10 times % 2 cycles), and counting efficiencies
were determined using secondary standard iritiom solwtion
(11817 +0.39 Bq L', reference date: December 20, 2020)
which was certified by tritium solution (SRM 4361C, MIST)

[71.
Solid polymer electrolysis [SPE) system

In this study, an electrolytic apparatus, Tripure (XZ001, De
Mora Permelec Lid. Japan) was used. The diagram of the
system shown in Fig. 3 included two water reservoirs, the
semiconductor with the cooling function that has the Pelier
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Fig.3 The schematic diagram
of the solid polymer electrolytic
apparatus
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effect, the electrolysis cell, and a DC power supply [17]. At
the anode made of titanium, the sample water is oxidized o
oxyzen gas and hydrogen ions. Hydrogen ions are comverbed
to hydrogen gas at the cathode by a solid polymer electro-
Iyte membrane that consists of perfluoro-sulfonic acid. This
membrane has the function to prevent the mixing of H,
and 0, produced by the clectrolysis of water [18]. The rvo
types of gases are released from each side of the water vessel
through the thermoelecinic cooler to avoid the loss of waier.
The water level sensor is set to shot down antomatically o
not exceed the lower limit of the water volume.

In this experiment, the initial volume of sample water
was et at B0 ml. The elecirolysis was started at a constant
current of 50 A until the water was reduced o approximate by
100 mL and then operated at 20 A until the volume reached
the water level sensor at about 55 mL. The relationship
between iritium concentration in sample water and water
volome during clectrolysis was defined by the following
Cquation:

Vi _ (TexVy P -
vV, \T,xV,

where T, and Ty are initial and final ritiom concentrations,
¥; and ¥ are initial and final water volumes, respectively,
and j is the separation factor of tritium.

Mormally, the separation factor f has been influenced by
isotope fractionation due o evaporation, inside pressure of
the electrolytic cell, vapor pressure of sample water during
clectrolysis, etc. Therefore, it is common to determine the

€ Springer

apparcnt separation factor, f,, by an experiment. Addition-
ally, the tritium enrichment factor (Z;) was defined using the
following equation:

{1- )

Tr I"‘Ill
Iy =3 =)

i I"‘III' :3}

In pur previous studies, the initial water volume was set
at 300 mL and the operation time was approximately less
than 30 h [3].

Estimation of internal dose of bottled mineral water

The annual effective dose for tritivm was determined accornd-
ing to the following equation:

D=Dy %D x Y xC, (4)

where [ is the annual effective dose (5v) from the ingestion
of tritium in the water, C, is the tritiom concentration in
the water {Bg L"), D, is the daily consumption of water
{the value was estimated to be 2 L d=") [10], D is the dose
conversion factor of *H for adulis, (1.8% 107" Sv Bq~") and
¥ is the ingestion period (365 d) [1, 3].

Result and discussion

The radicactive activity concentrations of tritium in bottled
drinking water of 41 different brands are in the range of
less than 004 and 0.05-1.31 Bq L~". There are 12 out of 41
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samples of bottled drinking water brands that vield a con-
centration below .04 Bg L', the LOD value. The countries
located in the northern latitudes have the higher observed
value which is consistent with the latitnde effect. The sample
from Finland (67°N, 26°E) yiclded the highest value of all
the samples as shown in Tables 1 and 2.

As some of the previous studies have already investi-
gated tritium concentration in water samples, Table 3 dem-
onstrated the general range of concentrations of tritium that
were found. The range of concentration found in botiled
mineral from Tarkey, Azerbaijan, and Serbia were slighily
higher compared to the result of this study.

According to the data in Table 3, tritium conceniration
did not exceed the WHO recommend guidance level [10]
which is comparable to our sfudy.

Other samples which the source located in the northern
Hemisphere also have a trend that has a higher concentra-
tion, especially the location in the range of 3060 degrees in
the northern latitode as demonstrated in Fig. 4.

Asg it was already mentioned that the majority of natu-
ral iritium occurs from the interaction of cosmic rays with
atoms in the upper aimosphere. Iis concentration is influ-
enced by latitude and seasonal change and cosmic ray fuxes
at different altitudes and latitudes in the atmosphere [7. 13,
19].

Additionally, the atmospheric circulation is also different
as latitude changes which affected the transfer behavior of
tritium in the environment. Since “H is used as one of the
tracers of the water cycling in the atmosphere, including
surface and underground waters and ocean circalation, there-
fore, the movement of water is also a very important factor
for the *H behavior study [20]. The climate conditions of the
roposphere and stratosphere and the seasonal changes of the
boundaries between these layers of the aimosphere create the
paticrn of the isotopes on the carth’s surface which result in
the variation of *H concentration [20].

Additionally, the concentration of iritium in precipita-
tion observed by the JAEA Global Network of [sotopes in
Precipitation (GNIP) in recent years shown in Table 4 have
a comparable range of iritium to this shdy.

The slightly higher tritium concentration in Finland sam-
ple (1.31 Bg L"), the maximum value in this study might
also influence from the reason which Finland is one of the
countries located around the Baltic S5ea. The wastc from the
countries that own the nuclear power reactors falls into the
Baltic Sea which is shallow and isolated from the Atlantic
Ocean, and the water has low purification efficiency. The
investigation was conducted in the environment of the Gulf
of Finland. and the result showed tritium concentration in
vegetation and water sample [28]. The highest value in the
water sample is 5.77 Bq L' was found in the wastewater
from the Kuzmolovsky village and 27.15 Bg L~"in the veg-
ctation of Pushkin City. This might be due to the radinactive

Tablel Summary of ritiem activity concentration im bottled waler
{Bg L~y which has the counting ermor (a) applies o all the demaon-
siraled resulis of the tritium concentrations

Sample Location *H concen-
tration (Bg
LY

1 England N TR T

2 Souwth Africa 009 -= 00l

k] America 1520001

4 Indomesix 09 =00

5 Hungary < 0

& England L1807

T Cameroon <0

B France 050+ 0001

o Thailand 0192001

[} Marthern Ireland 029001

11 Easier island 0162001

12 Bulgaria < 0

13 <004

14 Phalippines < 0

15 Phalippines < 0

I Phalippines < 0

17 Phalippines < 0

15 Phalippines < 0

19 Phalippine= 00E =002

il Hungary < 0

| Aumsiria 122001

> oss =00

i} Thailand 006 -= 002

M iy 0450002

5 Fip 005 =002

5 (hman L9+ 002

.f Brunei < 0

X Sootland 051 =001

» France <0

m Mew Feakwnd | 009 =002

1] England 0L13£0002

2 iy 047 =002

i3 Marway 039 +002

k| Finland 131 =002

15 Mew Feakwnd 005 =001

15 Spain 01l =002

a7 IE .44 +0.02

ix 024 =002

9 Hawain 031 =002

40 France OS5 +0.02

41 Deubai 0L12£002
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Table 2 Maximum amnuml effective dose calculated w=ing maccimsm
tritium comceniration from the bottled mineral waler sample (mSv)

Isotope  Min{BgqL™") Max({BqL™") Medion(Bg Maxinmm
L% anmual
effectve
diose (mSv)
*H d 131 016 1.7 10

storage being located near the Kouzmolovsky village and
Pushkin city being nearer to the nuclear power plant resuli-
ing in the higher content of tritium however, the value has
ot exceeded the maximum concentration limit

= L5
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& .
g1t
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a .

s r | Y
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g 1 % .t ‘I - £ oug
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Fig.4 Correlation between tritium concentrations and latitude of
each coumtry

Table 3 The comparison data

of tifium activities in the water Foariry Sampls :LEE:E_?;"E"“ Feference
samples from the literatune
Tarkey Bottled matural water L71-348 Diizrman and Mukhearli [15]
BEottled mineral water L73-3.17
Agerhaijan Bottled matural water 221-30
BEottled mineral water L76-3.19
Serhia BEottled mineral water 002005 Jankovic” et al. [21]
Spain BEottled mineral water 0.70-0.90 Palomo et al. [22]
Thailand Tap waler 041-0.75 Rittiromg et al. [23]
Greece Bottled water [L60-2.00 Kamamanis et al. [24]
Califormia Precipitation 0150066 Harms et al. [25]
Crech republic Surface water 0.90-1.40 Mares"ova” et al. [26]
Precipitation 0L.90-1.40

Conclusions

Bottled drinking water samples of 41 different brands
from Mew Zealand, Chile, South Africa, Fiji, Indonesia,
Cameroon, Brunei, Thailand, Philippines, Oman, Spain,
USA, lialy, Bulgaria, Hungary, Ausiria, France, England,
Northern Ireland, Scotland, Norway, Finland, and Dubai
were investigated. The locations of the samples were dis-
iributed across the different continenis, giving the wide
distribution geographically therefore, we can study the
Table 4 Tritium comcentration data in precipitation in some mombor:
ing stations from GNP [27)

Sample Location of the monitoring Year “H concen-
stafion traticn {Bg
L")
Precipitabion  Auwsiria (W ienna) M2l 0.57=1.63
Cameroon { Domala) 19 0i2-1.34
Spain {Madrid) 2] OEE-1.0d
Finland (Expoo) W21 0.66-1.42
France (Thowmon:les-bains) M2l 051=1.44
Phillippines {Quezan city) WIS 0.06-0.18
Thailand (Bangkok) A 012-0.21

) Springer

correlation between sample location and its concentra-
tion. The tritium concentration could be said o be com-
parable to the previous studies. The maxinmum annual
effective dose of 1.7 % 10-° mSv was calculated using the
highest value {1.31 Bg L-'). The estimated doses were
less than the WHO-suggested recommendation threshold
of (.1 m3v for drinking water consumption.

Acknowledgements The anthors would like to thank members of
Mational Institute for Fusion Science, Japan (Miki Nakada, Chie Iwata
and Akemi Kalin) for their support of tritimm measurement. The asthors
declare that they have no conflict of imterest.

References

I. Eckerman K. Harrison J, Menzel H-G. Clement CH (2013) ICRP
publication | 19: compendium of dose coefficients based on ICRP
publication 6. Anmals ICRP 42{4)e] -1 30 htps:/doi.org/10.
100 & berp 201 305,003

2. Kinahan A, Hosoda M, Kellsher K. Tsujiguchd T, Akata N, Toko-
namd 5, Cormivan L. Vinird LL {2020 Assessment of radiabon
dose frem the consamption of bottled drinking water in Japan. Int
1 Environ Res Public Health 17{14):1 =12 hitps:{doi.org/ 1 0. 33590/
ijerph 17144092

1. 'World Health Organization. (201E). Management of mdicactivity
in drinking-waler. World Health Crganizabion



Journal of Radicanabytical and Muckear Chemistry (2024) 333:2597-25603

2503

Khamdaker MU, Nasir NLM, Zakirin N5, Kassim HA, Asdue.
raman K. Bradley DA, Zulkifli MY, Hayyan A (201 7 Radiation
dose i the Malaysian populace via the consumption of bottled
mineral water. Radiat Phys Chem 140: 173-179. htps-doiorg/
10 1l 6. radphryschem. 301 7.01 018

Akata N, Kakinchi H, Shima N, Iyogi T, Momoshima N, Hiss-
matzu 5 (2011} Tritium concentrations in the aimospheric envi-
romment 2t Bokkasho, Japan before the final iesting of the spent
muclear fuel repmocessing plant. J Environ Badioact 1029837~
E42. hatps=ifdoiorg 1 0. D016 jenyvrad. 200 1.05.005

United MNations Scientific Commitiee on the Effects of Atomic
Radiation. {2010). Soarces and effects of ionizing radiation,
umited nations scientific commitbes on the effects of alomic radia-
tion {UNSCEAR) 2008 report, volume I: Report to the gemeral
aszembly, with scientific anmexes A and B-sources. United Mations
Alkeata M, Kakiuchi H. Tanaka M, khikawa Y, Kurita N, Forukaea
M. Hegediis M, Kovics T, Gusyey M. Sanada T (202 1) Isotope
amdl chemical composition of monthly precipitation ollected at
Sapporo, morthern part of Japan during 201 3-3019. Fus Eng Des
168: 112434, htps:Vdoi.orgs 101016 fosengdes 202 1. 112434
Maxumota T, Mamoka T, Shimada G, Obata H. Kagi H, Suruki
K. Yamamoto K, Miseguchi T, Hagino K, Tomioka N, Samban-
dam , Brummer [}, Klans PM, Aggaraal P (3013} Tritiom in
Japanese precipitation following the March 2011 Fukushima Dai-
ichi Muclear plant accident. Sci Toal Environ 445 -446:365-370.
hittpe:doiorg 10. 101 6. scitnteny. 201 2. 1 2.069

Feng B, Chen B, Zhao C. He L. Tang F. Zhuo W (2020} Applica-
tion of a liguid scintillation system with 100-ml] counting vials
for environmental tritiom determination: procedure optimization,
perfrmance test, and onceriainty analysis. J Environ Radioact
225 106427, hitps:Vdol.org! 10 1006 jemvrad 20201 06427
Caidelines for drinking-water quality: fourth edition inoorporating
the first and secomd addenda. (2022). Waorld Health Organiation
Sakuma K, Machida M, Korikami H. Iwala A, Yamada 8, Iijima
K (2022} A modeling approach to estimate 3H discharge from
rivers: comparison of discharge from the Fukushima Dai-ichi and
inveniory in seawater in the Fukushima coastal region. Sci Total
Environ 806:151344. hips:tdoi.org! 10. 1016/ sciteteny 202 1.
151344

Ueda 8, Hasegama H, Kakiwchi H, Ochiai 5, Alkata N, Hisamatsw
g [2015) MNuoclear accident-derived *H in river waler of Fukushina
Prefeciure during 201 1-2014. ] Environ Radioact 146:102-109.
hatpe:doiorg 10, 10167, jenvrad 200 5.04.014

Morizshima H, Kawai H, Koga T, Niwa T (1985) The trends of
glohal tritium precipitations. ] Radiat Res 26{3):283-312. hapsf
doiorg/ 10 1 26%rr. 26. 283

Rofmaric M, Bogic M. Benedik L. Strok M {2012} Natural radio-
muclides in bottled drinking waters produoced in Croatia and their
contribution to radiation dose. Sci Total Environ 4375364
hatps:doiorg’ 10. 101 6. scitnteny. 01 2.07.018

Dizman S, Muekhtarly O (2021 ) Tritiem concentrations and conse-
guent doses in boitled natural and mineral waters sold in Torkey
amd Azerbaijan. Chemosphere 267:12872 1. hitps:fidoi.org T
10164 chemaosphere 20201 28721

The mimeral water association of japan. data sheels—various
statistics of mineral waters. https:minekyo.net’poblicefindex /57
Accessed 18 Ang M22

.

I

I8

Akata N, lwata C. Kato A, Tanaka M, Tazne H, Shima M, Bator G.
Kovics T, Kakimchi H (2030} Low-volume electralytic enrichment
fior iritium measurement using improved solid polymer electrolyie
sysbem at NIFS and its application

MMomoshima N, Nagao Y, Toyoshima T (2005 Electrolytic enmich-
ment of tritinm with solid polymer electrolyte for application s
environmental measurements. Fus Sci Techmol 48(]1 j:500-523
Singh AK, Siingh D, Singh RF (2011 ) Impact of galactic cosmic
rays on Earth’s aimosphere and boman health. Atmos Environ
45(23):3806- 38 1 8. haps:idoi.org/ 10, 1016 atmoseny. 201 104,
027

Stamoalis K. Xenofon A, Konstantinos [, Zaharoula T (2018)
Variation of both tritium {*H) and berylum {"Be) concentrations
in &ir, rain and humidity samples collected at loanmina, Morth-
wesiemn Greece

Jankovid MM, Todorovié D), Todorovic NA, Nikaloy T (2002}
Matural radioneclides in drinking waters in Serbia. Appl Radiat
Isotop T 12):2703-2T10. hitps:{fdod. ong1 0.1 016, apradiso 200 2.
08.012

FPalomao b, Pefialver A, Bormull F, Aguilar C (2007 ) Measarement
of radicactivity in bottled drinking water in Spain. Appl Radiaz
Isotop G50 10): 1 165=1 172 hitps:{fdod. ong1 0.1 016, apradiso 2007,
022

Rittirong A, Moithong P, Hazama B. Sakuma ¥, Saenboomruang
K. Sodprasert W (2019} Determination of tritiem levels in tap
waters collected from variows regions in Thailand osing liguid
scintillation counting. J Phys Conf Ser 1283:012021. hiaps-fidod.
org/ 10 1088/ 742 -6 5965 1 2R5/ 1001 2021

Earmmanis [, Stamoualis K. loannides KG (2007 ) Natwrl radiono-
clides and heavy metals in bottled water in Greece. Desalination
21301 :50-97. hatps-fdoiorg] 0. 10166, desal . 2006, 03 604
Harms PA, Viszer A, Moran JE. Eser BE (2016} Distribation of
tritium in precipitation and sarface water in California. J Hydrol
534063-T2. hitps:fdod.org/10L 10167, jhydrol 2001 5.12.046
Marefovd [, Hanslik E, Juranova E, Sedlifovd B (2017) Deter-
mination of low-level iritium concentrations in surface water
and precipitation in the Crech Republic. ] Radicanal Mucl Chem
314:1-7. hips:fidoi.org/10. 1007/ 1 096T-017-54 102
IAEAMNMO (2023) Global metwork of isséopes in precipitation.
The GNIP Database, hitps:muclens iaea org'wiserfimdex_aspx
Eulkova MA, Davidochkina AY (2011) Tritium in the environ-
ment of gulf of finnland. Imt ] Chem Eng Appl. hips:fdoiorgf10.
T3 joea. 201 1. .v2.66

Publizher's Note Springer Mature remains newtral with regard o
jurisdictional claims in published maps and institutional affiliations.

Sprimger Mature or its Boensor (e.g. a society or other partner) holds
exchusive rights io this article under a publishing agreement with the
author(s) or other righisholderisT; author self-archiving of the accepied
manmscript version of this article is solely governed by the terms of
such publishing agreement amd apphicable law.

€ Springer





