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Abstract
7

The alpha radioactivity of surface and ground water samples has been determined by liquid scintillation counting (LSC) after chemical
preparation of the samples by cation exchange using the Chelex 100 resin. The method applied to certain natural waters is selective for uranium9
and the alpha radioactivity measured corresponds primarily to the uranium radioactivity in those systems. Method calibration using uranium
standard solutions results in a detector efficiency of (97 ± 2)% and in a cation exchange separation efficiency of (85 ± 6)%. Application of the11
method to laboratory solutions of constant uranium concentration and variable composition (0.1, 0.5 and 1 M NaCl; 0.1 and 0.5 M Ca(NO3)2;
0.1 and 1 mM FeCl3; 10 and 100 ppm SiO2; 10 and 100 ppm humic acid) shows generally that the cation exchange efficiency is not significantly13
affected by the presence of major components, except for increased Fe(III) concentrations in a solution (> 0.1 mM). Radiometric analysis of
local (Cypriot) natural waters showed that uranium concentration in ground waters varies strongly (1600–90 mBq) depending on the hosting15
geological matrix, whereas surface waters contain relatively low uranium (40–110 mBq) resulting in values for alpha radioactivity close to the
detection limits of the method (30 mBq).17
© 2008 Published by Elsevier Ltd.
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1. Introduction21

Knowledge of the total alpha radioactivity in ground and
surface waters is important in performing radiological impact23
assessment of various anthropogenic activities and aims to se-
cure the increased standard of life in modern societies. Because25
screening procedures are connected with an enormous num-
ber of samples to be analyzed, the development and applica-27
tion of cost-effective techniques is of particular interest. The
radiochemical techniques commonly used for alpha radioac-29
tivity are alpha spectrometry with passivated implanted planar
silicon (PIPS) detectors and gas proportional counting (GPC).31
The advantage of using the first technique is the good energy
resolution, but it has many drawbacks including the laborious33
stage of chemical preparation, with a very long time needed to
reach the results. The major restrictions of the latter technique35
are the time needed to evaporate the water samples, the amount

37
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of dissolved solids found in the aqueous samples, the prepara-
tion of homogenous surfaces and the low counting efficiency 39
for alpha particles due to self-absorption (Gómez et al., 1998;
Happel et al., 2004). 41

Liquid scintillation counting (LSC), which is also a
radiochemical technique suitable for alpha radioactivity mea- 43
surements, can be considered as an alternative to the laborious
conventional chemical preparations needed for alpha spec- 45
trometry methods using semiconductor detectors (e.g. PIPS).
Despite the relatively low resolution, the easy sample prepa- 47
ration and the high counting efficiency are some advantages
of alpha LSC (Vaninbroukx and Stanef, 1973). Furthermore, 49
depending on the composition of the water system (Zikovsky,
2002; Antoniou et al., 2006) and the chemical procedure 51
employed for sample for pre-analytical sample preparation,
LSC can be applied for the selective determination of specific Q153
radionuclides (Escobar et al., 1998).

In this study, we have investigated the applicability of LSC 55
as a cost-effective screening technique in the radiometric de-
termination of uranium in surface and ground waters after 57
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separation and pre-concentration of the element by cation ex-1
change using Chelex 100. Results obtained from experimental
investigations regarding method calibration (e.g. linear range,3
detection limits and efficiency), the evaluation of the pre-
analytical method (e.g. the cation exchange efficiency) and the5
applicability of the method to surface and ground waters are
presented and discussed.7

2. Materials and methods

In all experiments analytical grade reagents and de-ionized9
water were used. Uranium standard solutions (957 ppm U in
HNO3 solution, d=1.010) were obtained from Aldrich and their11
isotopic composition was determined using a high-resolution
alpha spectroscopic system, equipped with ion-implanted13
silicon detectors, as described elsewhere (Pashalidis and
Tsertos, 2004). HNO3 (2M) solutions were prepared by di-15
luting a concentrated solution of 68% HNO3. Radiometric
analysis of the alpha radioactivity was performed using a17
portable liquid scintillation counter (Triathler 425-034, Hidex
Oy). “Optiphase Hisafe 3” supplied by Perkin Elmer was used19
as a liquid scintillation cocktail.

Prior to sample measurement, the background was carefully21
measured under identical conditions and determined within the
channel range that corresponds to the alpha peak. The back-23
ground value has been subtracted from the measured alpha peak
in the spectrum of each sample. The calibration as well as the25
efficiency determination of the radiometric setup for alpha par-
ticles was performed using uranium standard solutions. Data27
of both background and calibration measurements were used
to estimate the minimum activity detectable by this method.29

Surface and ground water samples were collected from
different areas in Cyprus and included rainwater, dam water,31
river water, seawater and three ground water samples. Sample
pre-concentration was performed from 1-liter water sample by33
cation exchange using Chelex-100 resin. For pre-concentration,
3 g of Chelex-100 resin and 5 g of ammonium acetate were35
added to a 1-liter sample contained in a polypropylene beaker
and stirred on a magnetic stirring table. pH of the solution was37
adjusted to 5, with the aid of a pH meter, using 2 M HNO3 so-
lution. After pH adjustment, the beaker was sealed and stirred39
for 1 h. The resin was separated from the solution by filtration,
with the aid of a Buchner funnel (with sintered glass disc) and41
washed twice with 20 ml of distilled water. Following this pre-
concentration and initial separation, alpha radionuclides were43
eluted from the Chelex-100 resin with 30 ml of 2 M HNO3
solution. Then, the acidic solution was evaporated to incipient45
dryness and the residual was dissolved in 4 ml of 0.5 M HCl
solution. The latter and 16 ml of the liquid scintillation cocktail47
were well mixed in a 20-ml polyethylene vial and immediately
measured by LSC for 1000 min.49

For the evaluation of the pre-analytical procedure (e.g.
the ion-exchange efficiency) the present method was applied51
to laboratory solutions of constant uranium concentration
(650 mBq l−1) and variable composition (0.1, 0.5 and 1 M53
NaCl; 0.1 and 0.5 M Ca(NO3)2; 0.1 and 1 mM FeCl3; 10 and
100 ppm SiO2; 10 and 100 ppm humic acid, sodium form).55

The solutions were prepared by dissolution of the appropriate
amount of the corresponding salt (analytical grade, Aldrich) 57
in de-ionized water and addition of a constant volume of the
uranium standard solution. 59

3. Results and discussion

3.1. Method calibration 61

The correlation between the number of atoms that have de-
cayed (in Bq) and the number of atoms that have been measured 63
as decayed (in cps) is given by following equation:

A = R

gdet · gchem
, (1) 65

where A is the alpha radioactivity of the sample, R the alpha
radioactivity of the sample (measured by LSC after separation 67
by cation exchange), gdet the detector efficiency and gchem the
yield of chemical procedures employed for the separation and 69
pre-concentration of the radionuclides of interest prior analysis.
In the method described here only one pre-analytical procedure 71
is employed, namely the separation and pre-concentration of
uranium from ground waters by cation exchange using Chelex 73
100. In order to avoid systematic errors, both correction factors
(gdet and gchem) must be determined before the analysis, since 75
their values depend significantly on experimental conditions.

3.1.1. Detector efficiency (gdet) 77
The calibration spectra of the uranium standard solutions

and the blank sample are shown in Fig. 1. According to 79
Fig. 2 the peak between channels 300 and 500 (maximum at
400) corresponds to alpha particles emitted by 238U and is re- 81
lated to the uranium concentration in solution. The correlation
between the alpha activity (in Bq) of the uranium standard so- 83
lutions and the measured counts (in cps) corresponding to the
alpha peak is graphically presented in Fig. 2 and shows a very 85
good linearity over a wide range of activities (up to 7000 mBq).
The detector counting efficiency is almost 100% (gdet = 87
0.97 ± 0.2) as expected for alpha radionuclides measured by

Fig. 1. Calibration spectra of uranium standard solutions with alpha activities
ranging from 0 up to 7000 mBq. 89
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Fig. 2. Correlation between the alpha activity (in Bq) of the uranium standard
solutions and the measured counts (in cps) corresponding to the alpha peak
of uranium (238U).

LSC, and the minimum detectable alpha activity is calculated1
to be 30 mBq, which is in agreement with the detection limits
of the method reported elsewhere (Antoniou et al., 2006).3

3.1.2. Separation efficiency (gchem)

Since the ground water composition can vary significantly5
depending on the hosting geological formation and there is
no possibility of using tracers because of the poor resolution7
of LSC, the separation efficiency of cation exchange and the
impact of the solution composition on the separation efficiency9
were investigated by separate experiments. In this context,
laboratory solutions of chemical species present in natural wa-11
ters, which could interact (e.g. Cl−, SiO2 and humic acid col-
loids) or compete with uranyl ions regarding cation exchange13
(e.g. Na+, Ca2+ and Fe3+), were prepared. In contrast to the
species concentration, which was variable, uranium concen-15
tration in the test solutions was kept constant (650 mBq l−1).
The solutions were subjected to the present method (alpha17
spectroscopy by LSC after separation of the radionuclides
by cation exchange) and the results are shown graphically in19
Fig. 3. For better illustration, data obtained from solutions
of similar chemical species but different concentrations (with21
the exception of Fe(III)) were grouped together. Fig. 3 also
includes the data obtained by LSC radiometry of uranium in23
de-ionized water solutions before (denoted as [U]0) and after
cation exchange (denoted as DI_Water).25

According to Fig. 3 there is statistically no significant dif-
ference between the different groups regarding the cation ex-27
change separation efficiency. The average value (± standard
deviation) for the separation efficiency was calculated to be29
gchem =0.85±0.06. However, the separation efficiency for ura-
nium from solutions of 1 mmol Fe(III) solution decreases dra-31
matically (< 5%) indicating on the negative effect of Fe(III)
on the separation of uranium by ion exchange, particularly at33
increased Fe(III) concentrations. Nevertheless, up to 0.1 mmol

Fig. 3. Measured mean alpha radioactivity (including maximum and minimum
values) of laboratory test solutions of different compositions but containing
similar uranium concentration. Alpha spectroscopy was carried out by LSC
after separation of uranium by ion exchange. The chemical formula denotes
the ions present in a solution at various concentrations. For better illustration,
data obtained from solutions of similar chemical composition but different
concentrations (with the exception of Fe(III)) were grouped together. For
comparison, Fig. 4 also includes data obtained by LSC radiometry of uranium
in de-ionized water solutions prior (denoted as [U]0) and after ion exchange
(denoted as DI_Water).

(5.6 ppm) Fe(III) concentration, which is a rather increased con- 35
centration for natural waters (Drever, 1997), no significant ef-
fect is observed, indicating that the procedure can be applied 37
to most natural waters resulting in quite an increased and re-
producible separation efficiency. 39

3.2. Alpha radioactivity of natural waters

Non-contaminated ground waters contain only radioisotopes 41
originating from three naturally occurring radioactive series of
238U, 235U and 232Th. However, the activity of 235U is about 43
22 times smaller than that of 238U and the contribution of the
activity from this series is negligible. The most abundant ra- 45
dioisotope in ground water is 226Ra, except when the ground
water contains sulfates, which will precipitate radium ions but 47
not polonium ions and 210Po, which is a daughter product of
226Ra, becomes predominant in solution. Uranium and its iso- 49
topes are usually the second most abundant species. Thorium
isotopes are generally present in very small concentrations due 51
to the low solubility of hydrolyzed thorium species in water
(Zikovsky, 2002). 53

The ground waters investigated in the present study (ground
waters from different areas of Cyprus) contain relatively in- 55
creased amounts of ions, which are found predominantly in
seawater, because of the geological evolution and formation 57
of the island (Georghiou and Pashalidis, 2007). Among the
dominating species are sulfate (260 ± 235 ppm) and carbon- 59
ate ions (408 ± 155), which for pH > 7 result in the precipi-
tation of radium (RaSO4) and the stabilization of uranium in 61
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Fig. 4. Alpha spectrum of a ground water solution measured by LSC after
freeze drying and ion exchange pre-treatment of a ground water sample.

the solution of the form of uranium(VI) carbonate complexes1
([UO2(CO3)

2−
2 ] and [UO2(CO3)

4−
3 ]), respectively (Pashalidis

et al., 1997). Under the given conditions, uranium is expected3
to be the predominant natural radioelement in the investigated
ground waters, and the alpha radioactivity measured can be ba-5
sically ascribed to the uranium content of those waters. Fig. 4
shows the alpha spectrum of a ground water solution measured7
by LSC after freeze drying and cation exchange pre-treatment
of a ground water sample. According to Fig. 1 the spectrum9
corresponding to freeze drying presents in addition to a strong
peak (around channel 400) a broad shoulder, which extends up11
to channel 750, whereas the spectrum obtained after ion ex-
change shows only the peak at 400 channel. From the alone it13
becomes evident that the former spectrum corresponds to the
total alpha radioactivity in the sample and the latter most prob-15
ably to uranium alpha radioactivity in the solution. In order to
investigate the applicability of the present method for the de-17
termination of the uranium alpha radioactivity in ground and
surface waters, LSC measurements have been performed after19
chemical preparation (e.g. cation exchange using Chelex 100)
of different natural water samples.21

3.3. LSC radiometry of ground and surface waters after
cation exchange23

Fig. 5 shows LSC spectra corresponding to ground water
samples collected from different locations in Cyprus. Accord-25
ing to the spectra in Fig. 5, the alpha peaks corresponding to
ground water samples appear in the same channel region and27
have a similar shape as the peaks obtained from the radiometry
of the uranium standard solutions, indicating an alpha radioac-29
tivity corresponding primarily to uranium in those samples. The
alpha radioactivity measured in those waters is significantly31
above the minimum detectable activity of the method, proving
its applicability for alpha radiometry of ground waters. Com-33
parison of the data shows that the radioactivity of the ground
waters varies dramatically from one sample, ranging between35
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Fig. 5. LSC spectra of ground water samples collected from three different
locations in Cyprus.

Fig. 6. LSC spectra of Cypriot surface waters (e.g. sea, rain, dam and river
waters).

90 and 1600 mBq l−1. The enormous differences regarding the
alpha radioactivity in ground waters depend on the uranium 37
content of the hosting geological matrix. In Cyprus, the geolog-
ical background consists basically of two types of formations, 39
namely igneous and sedimentary (marine) rock formations. The
latter formations contain significantly higher uranium concen- 41
trations (Tzortzis et al., 2003; Fokianos et al., 2005) and this
is also reflected in the alpha radioactivity measured in the cor- 43
responding ground waters. Using the specific activity value of
natural uranium which is 25 446 Bq g−1 (Holden, 1989), the 45
maximum and the minimum values for the uranium concen-
tration have been calculated to be 63 and 3.5 �g−1, respec- 47
tively. These values are within the range of values measured for
uranium concentrations in ground waters (Orgun et al., 2005; 49
Hughes and DeVol, 2003).

Regarding surface waters, according to the spectra shown in 51
Fig. 6 the method can be applied fairly well also for sea and rain
waters, which present alpha activities of 130 and 110 mBq l−1, 53
respectively. However, the method approaches its limits for
samples obtained from a dam and a river. In particular, the 55
values measured for alpha activity in dam (60 mBq l−1) and
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river waters (45 mBq l−1) are close to the minimum detectable1
activity and therefore associated with rather increased uncer-
tainty. Alternatively, increasing sample volume or using a de-3
tector system with lower background could result in data of
better quality.5

4. Conclusions

The radiometric procedure described in this paper is a sim-7
ple method for the determination of the alpha radioactivity of
uranium in ground and surface waters of increased sulfate ion9
content. The method has the advantage of almost quantitative
efficiency (97%) and very good reproducibility (7%) even for11
natural waters after a single pre-concentration/separation step
(e.g. cation exchange). However, the resolution is pure and the13
minimum detectable activity is relatively high (30 mBq l−1),
excluding the applicability of the method (as described here) for15
the quantitative determination of alpha radioactivity in surface
waters of lower uranium content (e.g. dam and river waters).17
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