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Zusammenfassung

Ein Beitrag zu Uran und Radioaktivität in natürlichen
Mineralwässern

Uran (238U) wurde mittels induktiv gekoppelter Quadru-
pol Plasma Massenspektrometrie (ICP-QMS) in 15, nach
ihren Gehalten an 226Ra ausgewählten, natürlichen Mine-
ralwässern europäischer Herkunft untersucht. Die Bestim-
mung von Uran mittels ICP-QMS erwies sich dabei als
effizienter Ersatz für arbeitsaufwändige radiochemische
Methoden.

Die Urankonzentrationen der Mineralwässer reichten
von weniger als 15 ng l-1 (experimentelle Nachweisgren-
ze der ICP-QMS) bis zu 8,6 µg l-1 (entsprechend 218 mBq
l-1). Ein extrem hoher Urangehalt von 188 µg l-1 (entspre-
chend 4747 mBq l-1) wurde in einem Mineralwasser aus
Mähren (Tschechien) gefunden. Im Mittel, bei allerdings
großer Bandbreite von 0-86 %, trug Uran etwa in glei-
chem Umfang zur Radioaktivität (Uran + 226Ra) der
Mineralwässer bei. Obgleich Tochter der 238U Zerfallsrei-
he, konnte keine signifikante Korrelation zwischen den
Gehalten an 226Ra und Uran gefunden werden.

Von den mineralischen Bestandteilen Ca2+, Mg2+, K+,
Na+, Cl-, HCO3

- und SO4
2- erklärten die Gehalte an Cl-

und K+ bereits 86-98 % der Variabilität der Radioaktivität
(Uran + 226Ra) der Wässer. Das Doppelte der Cl-Gehalte
in mg l-1 entsprach näherungsweise der Radioaktivität der
untersuchten Mineralwässer in mBq l-1.

Die Ergebnisse unterstreichen die Notwendigkeit, die
Gehalte an Uran und 226Ra in die Verbraucherinformatio-
nen auf Mineralwasserflaschen aufzunehmen.

Schlüsselwörter: Uran, Radium, Radioaktivität, Kationen,
Anionen, Mineralwasser  

Abstract

Methodical investigations on uranium (238U) concentra-
tions were conducted on 15 selected mineral waters from
European sources. The samples were selected according
to their radioactivity deriving from 226Ra, which ranged
from 3.7 to 1780 mBq l-1. 

The determination of 238U in mineral water by ICP-
QMS showed to be an efficient replacement for the labo-
rious radiochemical method. Results obtained by both
methods were in reasonable good agreement.

The  U concentrations in the specimens ranged from
less than the detection limit of ICP-QMS (15 ng l-1 238U)
up to 8.6 µg l-1 (corresponding to 218 mBq l-1). An
extreme U concentration was found in a source from
Moravia (Czech Republic) with 188 µg l-1 U correspon-
ding to 4747 mBq l-1. On an average U contributed the
same amount of radioactivity to a mineral water than
226Ra (range: 0-87 %). Although a daughter nuclide of  the
238U decay series, 226Ra concentrations were not correlat-
ed. In multiple regression analysis the mineral compo-
nents Ca2+, Mg2+, K+, Na+, Cl-, HCO3

- and SO4
2-

explained up to 99 % of the summarized radioactivity  (U
+ 226Ra) in the specimens. Chloride and potassium con-
centrations explained most of the variability and as a
rough role of thumb it was found that twice the chloride
concentration in mg l-1 was equal the summarized radioac-
tivity (U + 226Ra) in the investigated waters.

The results of the investigation underline the need to
communicate the content of radionuclides with the cus-
tomer information of natural mineral waters.

Key words: uranium, radium, radioactivity, anions,
cations, mineral-waters



1 Introduction

Radionuclides are part of our natural environment. Their
biological impact is mostly considered as negative (Banks
et al., 1995; BEIR III, 1980; BEIR IV, 1990), but there are
also sources which claim a positive effect of low radiation
for life processes, called �hormesis� (Luckey, 1991) and
as the active principle of a couple of spas and mineral
waters (Akerblom, 1994; Franke et al., 1987; Hevesy  and
Paneth, 1938; Jianli et al., 1983; McNulty, 1991; West,
1954). Uranium is present in the environment as a natural
element, but generally in low concentrations which may
be elevated as a result of leaching from natural deposits or
due to anthropogenic activities, such as mining operations,
nuclear industry, industrial and medical wastes, and last
but not least the use of phosphate fertilisers in agriculture
(Azuoazi et al., 2001; Barisic et al., 1992; Kobal et. al.,
1990; Schnug et al., 1996). Spalding et al. (1972) for in-
stance attributed the increased U concentrations in North
American rivers (~ 0.7-0.9 µg l-1 compared to ~ 0.1-0.2 µg
l-1 in South American rivers (Cothern and Lappenbusch,
1983)) to the use of phosphate fertilizers in the region.

A new source of uranium contaminations in certain
areas are military combat actions by which ammunition
with penetrators manufactured from 238U (�depleted ura-
nium�) is used. Not more than 10 % of the rounds fired
during an ambush usually hit targets, but the majority get
buried in the ground and becomes a potential risk for con-
tamination of groundwater, soil and plants. Heavy firing of
ammunition with depleted uranium penetrators in one area
could increase the potential source of uranium contamina-
tion of groundwater by a factor of 10 to 100. While the
radiation doses will be very low, the resulting uranium
concentration might exceed WHO health standards for
drinking water (Anonym, 2001a; UNEP, 2001). Notewor-
thy is also that �depleted uranium has the unusual proper-
ty that it becomes more hazardous with time� (Anonym,
2001b) because of its more dangerous daughter nuclides
with higher decay energies (fig. 1a and 1b).

Natural uranium is a mixture of three isotopes 238U,
235U, and 234U in the weight proportions 99.27 %, 0.72 %
and 0.006 % respectively. 1µg of natural uranium has an
activity of  25.28 mBq (Anonym, 2001b). Uranium can
adopt in four valences: U3+ (III), U4+ (IV), UO2

+ (V), and
UO2

2+ (VI), the predominant states in the environment are
U (IV) and U (VI) (Fellows, 1998). This number of differ-
ent valence is also one explanation for the potential toxic-
ity of uranium in comparison to other heavy metals
(Ribeira et al., 1996). Part of the decay series of 238U is
226Ra (fig. 1), which is considered as one of the most toxic
radionuclides. This is, because radium like calcium, with
which it shares the same group of the periodic system,
enriches in bones causing a long lasting and therefore dan-
gerous exposure of tissue to radiation. In uranium ores and
systems without any element specific enrichment or deple-
tion process uranium and radium occur in a relation of
weights of 1 : 3*10-7. 

In soils the average uranium concentration ranges from
1-4 mg kg-1. Mineral soils with a high content of clay can
have uranium concentrations much above this average,
because clay minerals have a high uranium content and the
surfaces of clay minerals are prominent adsorbers for this
element (Harmsen and Haan, 1980). In terms of masses
water is the most significant vector for the transport of ura-
nium (in solutions or by erosion) in the environment. The
transport of uranium to natural waters occurs by diffusion
or mass flow either dissolved or suspended. For informa-
tion on the hydro-geochemistry of uranium the reader may
refer to Drever, 1988, Garrets and Christ (1965) and
Krauskopf (1979). The solubility of uranium in soils de-
pends on many factors like for instance pH, redox poten-
tial, temperature, texture, organic and inorganic com-
pounds, moisture and microbial activity (Anonym, 2001b;
Harmsen and Haan, 1980). In the aquatic environment
uranium occurs in concentrations from 0.1-10 µg l-1 (Brits
and Smith, 1977), mainly as uranyl carbonate complexes.
In confined aquifers the uranium is found in the tetravalent
stage (U4+ (IV)) but in surface waters  in the hexavalent
state (UO2

2+ (VI), Ribera, et al., 1996). Almost all tetrava-
lent (uranous) compounds are really insoluble and are less
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Fig. 1 a
Decay series of  238U
(Anonym, 2001c)

Fig. 1 b
Average decay energy of the 238U series 
(Anonym, 2001b)



mobile than hexavalent (uranyl) ones. Due to the com-
plexation reaction between ligands that are present in nat-
ural waters, this stages are the most important ones of ura-
nium in water (Cothern and Lappenbusch, 1983; Erikson
et al., 1990).

The formation of hydrolysis products increases the sol-
ubility of uranium oxides by a complex formation between
a metal and one or more ligands (OH-, Cl-, CO3

2-, PO4
3-,

F-, SO4
2-, Higgo et al., 1989; Nguyen-Trung et al., 1991).

The amounts of hydrolysis products in solutions is direct-
ly related to the activity of UO2

2+ and the pH (Harmsen
and Haan, 1980). It also competes with the formation of
organic and inorganic complexes (Cothern and Lappen-
busch, 1983). At pH values below 4 the uranyl ion is com-
plexed by fluorite, between pH values 4 and 7.5 by phos-
phate and at higher pH values complexation with carbon-
ate to a carbonate-uranyl complex predominates (Erikson
et al., 1990). In the natural environment with typical pH
values around 6 or below and in the presence of oxygen,
humic and fulvic acids, very stable complexes are formed.

Human and animals can be contaminated by uranium in
different ways: inhalation, ingestion and contact. The
inhalation is not so important as food and water, and the
contact is important for the people that work directly with
uranium, and in the actually days for the people that live
in those places where the war is part of life. The ingestion
of uranium can be through the drinking water and food
chain, by animals that are contaminated and plants that are
able to take up the soluble form of uranium. 

Mammals have a particular high sensibility to uranium
(Fellows et al., 1998). Once the uranium is in the organ-
ism, it is transferred to the extracellular fluids and trans-
ported through the blood to others organs, uranyl (UO2

2+)
is the soluble form transported and it forms complexes
with protein and anions. The U that is not retained is elim-
inated by the urinary and fecal excretion, the retained in
the organism has two parts: the biological is linked with
mechanisms and kinetic of U�s transfer for the other
organs, and the physical that is linked with the emission of
radioactivity. 

The risks related with the exposure to uranium can be
chemical and radiological. The  first one is related with the
binding of U to biological molecules. This risk is particu-
lar high for kidneys because of peak concentrations during
the excretion process. The second one is the radiation
which is of particular risk for lungs and bones. The liver
and spleen are places of U accumulation. The most
remarkable effect of U toxicity going along with low and
medium contaminations is cancer. Compared to this muta-
tion is a phenomenon only associated with very high U
contamination of organisms. The dangers arising from the
biochemical toxcity of uranium are generally considered
to predominate the risks from its radioactivity (Milvy and
Cothern, 1990).

According to Cothern and Lappenbusch (1983) even at
low concentration levels drinking water accounts to more

than 80 % of the total U ingestion and Harduin et al.
(1994) underline the need to limit the uptake of soluble U
compounds with waters for personal risk reduction. With
the increased consumption of mineral waters, being adver-
tised as the �better drinking water� also the relative impor-
tance of this source of radioactivity is growing. 

Higher concentrations of U in ground water comes
along with low pH, low adsorption capacity, lack of
anions, and presence of uranium ores. In comparison to
this surface waters usually show low concentrations of U
because of precipitation and adsorption to bottom sedi-
ments especially at the presence of organic matter and
reducing conditions (Casas et al., 1998; Harmsen and
Haan, 1990; Higgo et al., 1989; Hydroisotop, 2001;
Nguyen-Trung et al., 1991).

The objective of the research work reported here was:
- to check ICP-QMS as an alternative method for the

radiochemical determination of 238U, 
- to investigate the U content in selected mineral waters of

different 226Ra radioactivity,
- to assess the contribution of U to the radioactive expo-

sures to humans by mineral waters, and
- to investigate the correlations between U and other min-

eral constituents in mineral waters.

2 Materials and Methods

Twelve mineral waters with a range of 226Ra activity
from 3.7 to 1780 mBq l-1 were selected in four groups
(<25; ~125 ~300: > 1500 mBq l-1 226Ra; tab. 1). The 226Ra
activities were taken from an official survey conducted by
Gans et al. (1987). 

The composition of mineral waters is considered to be
site specific and thus to be long term stable (Dopchai,
2000; Stevenson, 2000), which again keeps the validity of
analytical data even for later samples. Gans et al. (1987)
summarized radiochemical methods which were em-
ployed in their survey for analyzing 226Ra activity, involv-
ing direct emanation of 222Rn, precipitation of radium by
barium and enrichment of radium on poly-acryl-nitril
wafers, all followed by alpha-spectroscopy.  

U was analyzed in the same study according to Frindik
(1980) involving  the extraction by triisooctylamine, isola-
tion via anion-exchange as hexachloro-complexe and elec-
trochemical precipitation followed by alpha-spectroscopy.

In addition to the twelve samples selected by their 226Ra
activity three mineral waters from Czech sources  and one
from Turkey, the first bottled waters with an exceptional
high mineral content the second water from a hot spring
with a reported high 222Rn activity of 1000 mBq l-1 (sam-
pled on May 24, 2001 in Davutlar: 37° 44,17´ N; 27°
17,80´ E) were included in the survey, because such waters
are supposed to have a high content of radionuclides too
(Sanchez et al., 1999).    

In this study U was analyzed directly by means of induc-
tively coupled quadrupole plasma mass spectrometry
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(ICP-QMS) of 238U (Taylor, 2001) employing a VG-Ele-
mental Plasmaquad 3 instrument. ICP-QMS is an analyti-
cal technique where an (usually) aqueous sample is nebu-
lized to an aerosol which is transported into a plasma by
an argon gas stream. �Inductive coupling� is the process
which sustain the plasma by a cascading collision of elec-
trons accelerated in the outer spheres of the plasma by
radio frequency (typically 700 - 1500 W, ~ 27 MHz fre-
quency) with argon atoms. In the plasma at temperatures
between 7.000 - 11.000 K the elements in the sample are
atomized followed by immediately ionization. Ions are
representatively sampled from the plasma into the high
vacuum of a quadrupole spectrometer. Quadrupoles are
electromagnetic mass filters through which only ions of a
pre-selected mass can pass onto a detector, where they are
converted into a measurable electric current (Taylor,
2001).

The most important feature of ICP-QMS is that unlike
with radiochemical (DeCamargo and Mazilli, 1996) or
optical emission spectroscopy from an ICP source (ICP-
OES) (Dadfarina and McLeod, 1994; Miura et al., 2000)
no enrichment steps are required for the concentration
range in question.

The theoretical lower limit of detection (LLD) for 238U
by ICP-QMS is 2ng l-1 (El-Himri et al., 2000), but practi-
cally the LLD was found to be 15 ng l-1, which fits well
with the 13 ng l-1 reported by UNEP (2001).

Analytical data for Ca2+, Mg2+, K+, Na+, Cl-, HCO3
- and

SO4
2- were taken from the reports of reference laboratories

for the individual mineral waters (tab. 1 and Albu et al.,
1997). Missing data for individual waters were estimated
by regression equations calculated from the existing data

set (Ca2+ from SO4
2- ( = 0.36); K from Cl- (r = 0.98); Na+

from SO4
2- (r = 0.82; Cl- from Na (r = 0.71)).  Calculated

data are indicated in tab. 1.
Statistical treatments were conducted employing the

SPSS 10.0 statistical package.

3 Results and Discussion

3.1 Comparison of  238U determination by ICP-QMS with
radiochemical analysis

For three of the mineral waters data for U by ICP-QMS
conducted during this project and by radiochemistry, pub-
lished by two different sources (Frindik 1980; Gans et al.,
1987) were available for comparison (tab. 2). Although
derived from two independent analytical methods per-
formed in different laboratories on specimens which sam-
pling dates are 14 to 20 years apart, the results showed a
surprising good agreement (tab. 2).

The mean difference of 36% obtained in the comparison
of the two independent methods is in the same range as the
repetition of the determination of the 226Ra activity in two
mineral waters with sampling dates more than 14 years
apart by basically the same analytical method but also
conducted in two different laboratories (37 %; Apollinaris
and Heppinger by Gans et al., 1987 and PlusMinus, 2000).

Compared to this the determination of 226Ra  activity in
three mineral waters analyzed with one method in one lab-
oratory on specimens of three sampling dates but in a
much shorter time range (< 1 year) resulted with 43 % an
even higher variation (Vichy, Vittel, Volvic by Gans et al.,
1987).
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Table 1
Chemical composition and 226Ra activity of mineral waters 

Water 226Ra ** U Ca2+ Mg2+ K+ Na+ Cl- HCO3
- SO4

- Σ
mBq.l-1 µg l-1 mg l-1 mg l-1 mg l-1 mg l-1 mg l-1 mg l-1 mg l-1 ***

Volvic   3.7 0.39 9.9 6.1 5.7 9.4 8.4 65 6.9 112
Contrex   5.5 1.40 486.0 84.0 3.2 9.1 8.6 403 1187.0 2181
Bismark   6.3 > LLD 61.9 4.1 *4.2 10.0 14.9 193 17.0 305
Wittenseer 6.7 > LLD 0.2 5.7 1.3 9.8 17.8 243 32.0 310
Hella     7.4 > LLD 51.2 3.6 *3.2 8.2 *29.1 46 *0 .0 142
Evian     8.1 1.92 78.0 24.0 1.0 5.0 4.5 357 10.0 480
Perrier   11.5 2.62 143.0 3.4 *5.1 9.0 21.5 390 33.0 610
Vittel 23.3 0.72 91.0 19.9 4.9 7.3 *29.4 258 105.0 517
Apollinaris 118.0 0.10 100.0 130.0 20.0 410.0 100.0 1810 80.0 2650
S. Pellegrino 152.0 8.61 208.0 53.5 2.8 42.0 68.0 223 534.6 1132
Heppinger 307.0 0.23 115.9 164.8 52.7 856.0 244.7 2891 188.0 4513
Mlynsky   1780.0 0.78 *149.0 43.5 93.0 1682.0 591.1 2019 1579.0 6157
Magnesia  n.a. >LLD 36.7 236.3 2.0 5.0 3.9 1292 25.0 1601
Mattoni   n.a. 0.29 62.4 18.0 *3.9 96.7 12.9 541 51.7 787
Saratica  n.a. 187.78 219.7 943.8 26.5 2203.0 124.2 557 8141.0 12215

n. a. not available
* estimated values from regression analysis
** data by Gans et al. (1987)
*** main minerals = Σ (Ca2+ + Mg2+ + K+ + Na+ + Cl- +HCO3

- + SO4
2-)



3.2 Relation between uranium concentration and 226Ra
activity in natural mineral waters and contribution of ura-
nium to radioactivity  

Although a daughter nuclide of the decay series of  238U
and although the samples had been pre-selected by
increasing 226Ra activity there was no relation between
226Ra activity and U concentration (fig. 1). This fits well to
the findings of Banks et al. (1995) and Gans et al.
(1987). The brand “Pellegrino” for instance had only 10 %
of the 226Ra activity of “Mlynsky” (Karlsbader Muehl-
brunnen) but more than 10 times more radioactivity deriv-
ing from U. The additional analysis of a natural water
from a hot spring in Western Turkey with a high activity
of  1000 mBq l-1 222Rn yielded only a U content of 0.29 mg
l-1.

Yoshida et al. (1994) attributed disequilibria of the 238U
decay series to different U migrations on  a microscale
which again is different in each of the minerals in which U
flow takes place. Another reason is the fact that the solu-
bility of U is strongly dependent on the redox-potential of
the medium. Mobilization takes place under oxidizing
conditions and immobilization by precipitation in second-
ary minerals under reducing conditions (Hydroisotop,
2001). Banks et al. (1995) concluded from the weak cor-
relation between the radionuclides that “hydrodynamic
factors, complexing, pH and redox conditions and solution
recoil phenomena are the major controlling factors for
radioelement concentration, often masking the effect of
mere radioelement concentrations in the bedrock”. Beside
the fact of being feed predominately by rain and the geol-
ogy of a source area (Gellermann and Stolz, 1997) this is
also a reason why on an average shallow ground and sur-
face waters have a lower U content and a lower radioac-
tivity compared to mineral waters. 

In deeper zones of the earths crust heavy minerals con-
taining radioactive nuclides are quite frequent. About 100
mineral species especially in granite rocks, contain 1 % or
more U. Thus groundwater is more likely to have elevated
U concentrations than surface water (Casas et al., 1998;
Harmsen and Haan, 1990; Higgo et al., 1989; Hodge et al.,
1973; Hydroisotop, 2001; Nguyen-Trung et al., 1991). On
an average German groundwater has only 2 mBq l-1

radioactivity (Gellermann and Stolz, 1997; Hydroisotop,
2001; Medicine-Worldwide, 2001) and in the tap water of
Braunschweig U concentrations are lower than the detec-
tion limit of the ICP-QMS.  

When ascending to the earths surface water from
extreme depths losses radioactivity due to the processes
described by Yoshida et al. (1994). In a simplified way this
process is similar to what happens in chromatography
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Table 2
Comparison of  238U concentrations in three mineral waters sam-
pled before 1987 and analyzed radiochemical by a: Gans et al.
(1987) and b: Frindik (1980) and re-sampled in 2000 and ana-
lyzed by inductively coupled quadrupole plasma-mass spec-
trometry (ICP-QMS)

Radiochemistry ICP-QMS

measured calculated measured calculated

Source mBq l-1 µg l-1 µg l-1 mBq l-1

Apollinaris 1.5a 0.06a 0.10 2.5
2.0b 0.08b

Contrex 24.0 0.96 1.40 35.0

Heppinger 1.5a 0.06a 0.23 5.8
2.4b 0.10b

Mean 9.0 0.36 0.58 14.4

Table 3
Radioactivity originating from 226Ra and uranium in twelve natural mineral waters

Water 226Ra Uranium* Radioactivity Radioactivity Mineral-content**
(mBq l-1) (mBq l-1) from 226Ra from (mg l-1)

+ uranium uranium
(mBq l-1) (%) 

Volvic 3.7 9.7 13.4 72 112
Contrex 5.6 35.4 40.9 86 2181
Bismark 6.3 0.0 6.3 0 305
Wittenseer 6.7 0.0 6.7 0 310
Hella 7.4 0.0 7.4 0 142
Evian 8.1 48.5 56.7 86 480
Perrier 11.5 66.2 77.7 85 609
Vittel 23.3 18.2 41.5 44 517
Apollinaris 118.0 2.5 120.5 2 2650
Pellegrino 152.0 217.7 369.7 59 1132
Heppinger 307.0 5.8 312.8 2 4513
Mlynsky 1780.0 19.8 1799.8 1 6157

* calculated from uranium concentration (tab. 1).
** sum of main minerals = Σ (Ca2+ + Mg2+ + K+ + Na+ + Cl- +HCO3

- + SO4
2-)



where in a stream flowing through a column heavy com-
pounds stay behind lighter ones. Increasing the flow com-
parable to forced pumping of a mineral water in order to
increase the yield of a source, weakens the separation
process and the amount of heavier radionuclides trans-
ported to the surface increases.

Considering 25.28 mBq for each µg U (Anonym,
2001b) U accounts to 0-86 % of the radioactivity of the
mineral waters in this investigation (tab. 3). This figure
doesn�t consider 222Rn, also a daughter nuclide of the 238U
decay series, because with a half-life time  of only 3.8 days
and as a gas its content may depend very much upon
degassing and gas exchanges during the manufacturing
process of the individual mineral waters. But its notewor-
thy that radioactivity from the gaseous 222Rn in mineral
waters may well exceed the one deriving from particular
radioisotopes. Hevesy and Paneth (1938) for instance
report the Rn content at source of spring water from
Karlovy Vary in the Czech Republic (Mlynsky, tab. 3)
with 426 Bq l-1, 250 times more than the summarized
radioactivity deriving from uranium and 226Ra. The same
authors also report on mineral spring waters of up to
40.000 Bq l�1.

Relative to the radioactivity deriving from 226Ra urani-
um added between 0 and more than 6 times extra to the
radioactivity of the mineral waters (tab. 3). Considering a
relation of the equivalent doses of  226Ra to 238U of 6.7:1
for adults and 13.3:1 for small children (Medicine-World-
wide, 2001) the average contribution of U to the radioac-
tive exposure of humans deriving from consumption of
mineral waters equals the one of 226Ra. 

However, regulations for radionuclides content and
radioactivity in drinkable waters are scarce and inconsis-
tent: The USA have issued a standard value of  30µg l-1 U
for drinking water (EPA, 2000) but in its guidelines for U
in drinking water the WHO recommends a limit of only
2µg l-1 U (WHO, 1998).    

In Europe until now no critical value for radioactivity  in
drinking water has been established. One reason for this
may be, that any kind of radioactivity, no matter if of nat-
ural or man made origin has to be considered as a thread
for human health and minimizing risk means keeping the
intake of radioactive substances as low as possible
(Harduin et al., 1994; EZV, 2000). Unfortunately the miss-
ing of critical values is often miss-understood as an indi-
cation for a low or even zero risk level.

The results of this investigation show clearly that
because of its significant contribution to the radioactivity
of  mineral water the U content need to be considered in
risk assessments. 

3.3 Relation between uranium and other inorganic con-
stituents in natural mineral waters

The investigated waters showed a wide range in miner-
al composition (tab. 1). In the two  specimens �Saratica�

and �Mlynsky� for instance very different combinations of
mineral concentrations were associated with high radioac-
tivity: in �Saratica� a high U content came along with high
concentrations in magnesium, sodium and sulphate,
whereas in �Mlynsky� with a high 226Ra activity  potassi-
um, sodium and chlorine concentrations were high too
(tab. 1).

This is in line with the findings of Sanchez et al. (1999)
who supposed mineral rich waters to have a high radioac-
tivity because a high natural radioactivity is mainly relat-
ed to  mineralization in waters of underground origin.

In a multiple regression analysis the variability of  Ca2+,
Mg2+, K+, Na+, Cl-, HCO3

- and SO4
2- explained 77 to

99 % of the variability of U and 226Ra in the mineral
waters (tab. 4). Excluding the two waters �Saratica� and
�Mlynsky� which showed extreme values for mineral
concentrations and radioactivity weakened the correlation
coefficients, but still left significant amounts of variability
explained by the mineral content (tab. 4).

As to expect, the exclusion of the extreme specimens
�Saratica� and �Mlynsky� reduced the explained variabil-
ity observed in the summarized radioactivity, but the mul-
tiple regression equations calculated for the whole set of
minerals still explained 87 - 99 % (tab. 5). As a rule of
thumb twice the amount of chloride content in mg l-1 was
equal the summarized radioactivity (U + 226Ra) in the
investigated mineral waters. In addition  figure 3 displays
the relative weights (Beta weights) of individual minerals
in the regression equations given in tab. 5. This figure
reveals again the significance of halogenide and chloride
concentrations in the mineral waters for their radioactivi-
ty.  

The largest amount of variability of summarized
radioactivity (U + 226Ra) was  explained by the variation
of chloride and potassium concentrations in the mineral
waters (fig. 2). 

The fact that chloride and potassium concentrations
explain so much of the variability of radioactivity in a
mineral water reflects the close relation of mineral waters
to the geology of their originating site: for instance
Carnotite K2[UO2VO4]2 • 3H2O, an uranium mineral con-
tains potassium, and feldspars and halides containing
potassium and chloride are often associated with minerals
containing actinides. 
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Table 4
Variability (%) of radioactivity originating from uranium and
226Ra in natural mineral waters explained by the variability of
Ca2+, Mg2+, K+, Na+, Cl-, HCO3

- and SO4
2- in a multiple regres-

sion analysis

sample set (range of radioactivity in mBq l-1)

Source of 0-4747 0-1800 0-367
radiation 

Uranium 99.5 76.6 74.9
226Ra n.a. 99.7 97.8



The regression equations given in tab. 5 were calculated
to demonstrate the close relation between mineral compo-
sition and radioactivity in the waters, but they are not nec-
essarily suitable to estimate the radioactivity of a water
from its mineral composition.  

4 Conclusions

The content of radionuclides and radioactivity are a
characteristic feature of mineral waters. As the signifi-
cance of natural mineral waters has developed from an
occasionally administered remedy (Albu et al., 1997)
towards a common thirst quencher replacing tap water as
“the better drinking water” (Misund et al., 1999) its impact
on the intake of U and radioactivity has increased too.  

No matter if someone favors the idea that radioactivity
is a thread or a benefit for life, in both cases information
on the concentrations of radionuclides and radioactivity
are essential for the customer and should be provided with
the customers information and become part of the “Codex
Norms for Mineral Water” (Commission du Codex Ali-
mentarius, 1983).
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Table 5
Regression equations for the concentrations of Ca2+, Mg2+, K+,
Na+, Cl-, HCO3- and SO42- on the summarized radioactivity
(uranium + 226Ra) in natural mineral waters

Fig. 2
Variability of summarized radioactivity (uranium + 226Ra) in 12
mineral waters explained by different mineral components

Y = summarized radioactivity 
(uranium + 226Ra; mBq l-1) r2 (%)

SAMPLE SET 0-1800 mBql -1

Y = 2.68 Cl- - 33.3 9 2
Y = 6.85 Cl- - 24.6 K+ - 4.68 9 8
Y = 0.46 Ca2+ - 0.27 Mg2+ - 16.9 K+ + 0.49 Na+

+ 4.9 Cl- - 0.14 HCO3
- - 0.071  SO4

2- + 12.1 9 9

SAMPLE SET 0-367 mBql-1

Y = 1.30 Cl- - 31.0 5 3
Y = 4.82 Cl- - 17.0 K+ +19.4 8 2
Y = 0.18 Ca2+ + 1.35 Mg2+ - 6.9 K+ - 1.0 Na+

+ 5.49 Cl- + 0.01 HCO3
- - 0.09 SO4

2- - 53.9 8 7
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