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a b s t r a c t

The Hadzici area has become interesting for investigation since depleted uranium ammunition had been
employed in 1995 during the NATO air strike campaign in Bosnia and Herzegovina. The purpose of this
study is to determine uranium concentration and 234U/238U activity ratio in the spring waters of this area
and to investigate their relationship, as well as spatial variations. The spring water samples were taken at
18 sites in total. For the determination of uranium radioisotopes, radiochemical separation procedure
followed by alpha-particle spectrometry was applied. Uranium concentration in analyzed waters range
from 0.15 to 1.12 mg/L. Spring waters from carbonate based sediments have a lower uranium concen-
tration of between 0.15 and 0.43 mg/L, in comparison to waters sampled within sandstone-based sedi-
ments ranging from 0.53 to 1.12 mg/L. Dissolved uranium shows significant spatial variability and
correlation with bedrock type confirmed by Principal Component Analysis and Hierarchical Cluster
Analysis. The majority of the analyzed waters have a 234U/238U activity ratio ranging from 1.02 to 1.90, of
which half of the results range between 1.02 and 1.16. No apparent depleted uranium (DU) con-
tamination was observed, as 234U/238U activity ratio is dependent on geochemical conditions in the
environment. Even though the tested spring waters demonstrate significant variability in uranium
concentration, 234U/238U activity ratio and 234U excess, waters with similar uranium isotopic signatures
are observable within the region. The guidelines on the spatial redistribution of dissolved uranium
(corresponding to 238U mass concentration), along with 234U/238U activity ratios were provided by the
Inverse Distance Weighting (IDW) method. Waters having similar isotopic signature have been
delineated.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Uranium is a naturally occurring radioactive element, widely
distributed in nature. It is found in significant concentrations in
many varieties of rocks as well as in ground and surface waters, due
to rock water interactions. The average concentration of uranium in
the Earth’s crust is 3 mg/kg (Bleise et al., 2003). Uranium concen-
tration in ground and surface waters is three orders of magnitude
lower, approximately 1 mg/L, although it can range from 0.001 to
1000 mg/L (Osmond et al., 1983). Numerous factors have an influ-
ence on uranium concentration in natural water, such as type of the
rocks of the aquifier, redox conditions, acidity/alkalinity, CO2 and O2
concentration, temperature, presence of inorganic and organic
compounds, colloids, etc. (Chabaux et al., 2008; Porcelli, 2008). A

notable feature of dissolved uranium in natural water is an
enhanced 234U/238U activity ratio. Typically, the 234U/238U activity
ratio in natural water varies from 1 to 2, but it can range up to 30 in
extreme cases (Osmond et al., 1983). Commonly observed fractio-
nation and disequilibrium between 234U and 238U in water is
a result of nuclear recoil effects (Fleischer and Raabe,1978; Osmond
et al., 1983) and extensive rock/water interactions. The combination
of uranium concentration and 234U/238U activity ratio, widely
described as the uranium isotopic signature, has been generally
used for the characterization of ground and surface water (Osmond
et al., 1983; Riotte and Chabaux, 1999; Abdul-Hadi et al., 2001;
Dabous and Osmond, 2001; Dabous et al., 2002; Paces et al., 2002;
Cizdziel et al., 2005; Bonotto, 2006; Reyes and Marques, 2008;
Chkir et al., 2009; Hadj Ammar et al., 2010). For the purpose of
evaluating groundwater aquifer and possible mixing of the water,
a diagram of 234U/238U activity ratio vs. inverse uranium concen-
tration is used (Osmond et al., 1983). Typically, this diagram ex-
hibits a linear trend extending from the lower left indicating
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a contribution of the concentrated leachate of the host rock due to
extensive weathering and possibly shallow water, to the upper
right were recoil and/or preferential leaching of 234U prevail, con-
tributing to higher 234U/238U activity ratio (Dabous, 1994). In
addition, 234U excess, calculated by the expression: 234U
excess ¼ (AR-1)*CU, where AR is 234U/238U activity ratio, and CU is
uranium mass concentration in mg/L (Cowart and Osmond, 1980),
can be used to identify geochemically similar waters (Abdul-Hadi
et al., 2001; Dabous and Osmond, 2001; Cizdziel et al., 2005).

The purpose of this study is to determine uranium concentra-
tion and 234U/238U activity ratios in the spring waters of the Hadzici
area, and to investigate their relationship, as well as spatial varia-
tions. In the Hadzici area depleted uranium ammunition had been
employed in 1995 during the NATO air strike campaign in Bosnia
and Herzegovina. Since then several investigations on natural
uranium and the presence of the depleted uranium in the envi-
ronment, and in particular groundwater, have been conducted
(UNEP, 2003; Jia et al., 2006; Carvalho and Oliveira, 2010). We
expanded the number of the sampling sites in order to obtain more
detailed information on uranium in groundwater of the inves-
tigated area.

2. Material and methods

2.1. Description of study area

The investigated area lies in the Hadzici region, approximately
15 km west of the Bosnian capital Sarajevo, and covers approx-
imately 25 km2. Within the investigated area lies a former tank
repair facility where DU ammunition was employed during air

force attacks in 1995. According to available data, approximately
10,000 30-mm projectiles, or nearly 3 tonnes of DU, were used
(Bleise et al., 2003). Hadzici and the tank repair facility lie in the
valley of the Zujevina River at an altitude of approximately of
500 m, surrounded by hills up to between 1000 and 1500 m above
sea level. Many springs occur in the area, typically on the slopes of
the hills. Those springs, used by the local inhabitants for water
supply, are protected by custom-made concrete boxes. The main
watercourse in the area is the Zujevina River, which runs through
Hadzici from south to north. Vihrica brook, its left tributary, drains
through the tank repair facility running from the west. Another
important watercourse, the Zunovnica River, joins the Zujevina in
the downstream section of the river. The geological composition of
the investigated area is represented by sediments of the Lower and
Upper Triassic, Upper Cretaceous and Quaternary (Skopljak et al.,
2006) (Fig. 1). The central part of the investigated area, stretching
east ewest, is comprised of sandstones, argillites, clayey marls and
sandy limestones. Carbonates of dolomite, dolomite limestone and
limestone are distributed on the north and south. Sediments of the
Ladinian, represented by volcanic-sedimentary formation, are sit-
uated in the smaller area in the northern part, while sediments of
the flysch of the Upper Cretaceous has a significant distribution in
the north-east part of the area. Quaternary deposits in the valley of
Zujevina and Vihrica rivers are represented by sediments such as
debris, gravel and sand. The sediments of the Lower Triasic are
characterized as poorly permable rocks of the fractured porosity,
comparing to well permable rocks of cavernous-fractured porosity
of carbonate deposits of Middle Triasic, which makes up the main,
deep karst aquifier of this area (Skopljak et al., 2006). Soil compo-
sition of the area consists mainly of Dystric and Humic Cambisols,

Fig. 1. Geological map of the Hadzici area including sampling sites (Gauss-Krüger cartographic projection).

A. Vidic et al. / Journal of Environmental Radioactivity 120 (2013) 6e13 7



Author's personal copy

Table 1
Summary of results in analyzed water samples (2010 sampling campaign).

Sample Easting Northing Type of sample Lithology pH Conductivity
(mS/cm)

238U (mBq/L) 234U (mBq/L) 234U/238U CU (mg/L) 234U excess (mg/L)a

1 6517738 4855398 Spring, concrete
protection box

Marls, argillites, calcarenites,
marly and breccia limestoneb

7.7 438 4.44 � 0.29 8.42 � 0.45 1.90 � 0.16 0.36 � 0.02 0.32 � 0.03

2 6515914 4853264 Spring, concrete
protection box

Debris, gravel, sandc; sandstone,
argillites, clayey marls, sandy
limestoned

7.5 531 7.22 � 0.41 8.39 � 0.46 1.16 � 0.09 0.58 � 0.03 0.09 � 0.01

3 6517850 4852334 Spring, seepage Sandstone, sandy limestoned 7.9 412 6.64 � 0.38 10.70 � 0.52 1.61 � 0.12 0.53 � 0.03 0.33 � 0.03
4 6517258 4852903 Spring, concrete

protection box
Sandstone, clayey marlsd 7.7 428 11.00 � 0.68 13.50 � 0.77 1.23 � 0.10 0.88 � 0.05 0.20 � 0.02

5 6516876 4851545 Spring, high flow
rate

Dolomitic limestone, limestonee 7.6 428 1.85 � 0.25 4.87 � 0.43 2.63 � 0.42 0.15 � 0.02 0.24 � 0.05

6 6516966 4852085 Spring, concrete
protection box

Sandstone, sandy limestoned 7.6 412 10.30 � 0.35 13.60 � 0.72 1.32 � 0.08 0.83 � 0.03 0.27 � 0.02

7 6516210 4853573 Spring, concrete
protection box

Sandstone, argillites, clayey
marls, sandy limestoned

7.5 448 13.20 � 0.63 15.10 � 0.70 1.14 � 0.08 1.06 � 0.05 0.15 � 0.01

8 6515659 4853736 Spring, concrete
protection box

Sandstone, argillites, clayey
marls, sandy limestoned

7.7 390 10.90 � 0.65 12.60 � 0.71 1.16 � 0.09 0.88 � 0.05 0.14 � 0.01

9 6516026 4853485 Spring, concrete
protection box

Sandstone, argillites, clayey
marls, sandy limestoned

7.4 716 13.90 � 0.71 15.30 � 0.76 1.10 � 0.08 1.12 � 0.06 0.11 � 0.01

10 6515810 4853198 Spring, concrete
protection box

Dolomitic limestone, limestonee 7.9 449 2.57 � 0.19 3.62 � 0.24 1.41 � 0.14 0.21 � 0.02 0.08 � 0.01

11 6515334 4853338 Spring, concrete
protection box

Dolomitic limestone, limestonee 7.5 456 2.56 � 0.20 3.20 � 0.23 1.25 � 0.13 0.21 � 0.02 0.05 � 0.01

12 6515403 4853927 Spring, concrete
protection box

Sandstone, argillites, clayey
marls, sandy limestoned

7.6 586 7.82 � 0.63 9.00 � 0.68 1.15 � 0.13 0.63 � 0.05 0.09 � 0.01

13 6513325 4855357 Spring, concrete
protection box

Debris, gravel, sandc; sandstone,
argillites, clayey marls, sandy
limestoned

7.5 402 8.67 � 0.65 9.63 � 0.69 1.11 � 0.12 0.70 � 0.05 0.08 � 0.01

14 6514512 4854489 Spring, concrete
protection box

Debris, gravel, sandc; sandstone,
argillites, clayey marls, sandy
limestoned

7.7 436 11.60 � 0.68 13.30 � 0.74 1.15 � 0.09 0.93 � 0.05 0.14 � 0.01

15 6514621 4854447 Spring, concrete
protection box

Debris, gravel, sandc; sandstone,
argillites, clayey marls, sandy
limestoned

7.6 477 10.70 � 0.57 10.90 � 0.57 1.02 � 0.08 0.86 � 0.05 0.02 � 0.001

16 6514972 4854790 Spring, concrete
protection box

Sandstone, argillites, clayey marls,
sandy limestoned

7.8 222 5.39 � 0.32 5.87 � 0.34 1.09 � 0.09 0.43 � 0.03 0.04 � 0.004

17 6515629 4854886 Spring, concrete
protection box

Laminar limestone, sandstone,
chert, tuffa, schiste

7.4 571 4.03 � 0.38 6.95 � 0.53 1.72 � 0.21 0.32 � 0.03 0.23 � 0.04

18 6516758 4854516 Spring, concrete
protection box

Dolomitic limestone, limestonee 7.9 406 4.35 � 0.37 6.38 � 0.47 1.47 � 0.17 0.35 � 0.03 0.16 � 0.02

Mean 7.6 456 7.62 9.52 1.37 0.61 0.15
Standard deviation 0.2 101 3.84 3.86 0.40 0.31 0.09
Coefficient of variation (CV) 0.02 0.22 0.50 0.41 0.29 0.50 0.61

a The concentration of excess 234U above the equilibrium condition with 238U.
b Sediments of the flysch of the Upper Cretaceous.
c Alluvial sediments of the Quaternary.
d Sediments of the lower Triasic.
e Sediments of the middle Triasic.
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while in the valley of the Vihrica and Zujevina rivers Eutric and
Calcaric Fluvisols prevail.

2.2. Sampling

The spring water samples representing ground water were
taken at 18 sites (Fig.1). The sampling sites were chosen in the close
vicinity of the tank repair facility and the sampling campaign was
performed in June, 2010. In order to reduce uncertainties related to
uranium content and 234U/238U isotopic ratio in dissolved and
particulate fraction, another sampling campaign on a limited
number of sampling sites (4) was performed the year after, in June
2011. Most of the springs are protected by concrete protection
boxes in order to protect water from dirt, debris, and other con-
taminants. The water flows continuously by gravity through steel
outlet pipes. Specific sample information is given in Tables 1 and 2.
The samples of water were taken at the outlet tube of the protec-
tion box, or where the water flows out of the ground (Samples #3
and #5). Samples of about 4 Lwere collected in polyethylene bottles
previously cleaned with conc. HNO3 and rinsed with ultrapure
water (18.2 MU cm).

2.3. Chemical separation and alpha-particle spectrometry

Immediately after sampling the samples were transferred to the
laboratory, where measurements of pH and conductivity were
performed. Samples were filtered through 0.45 mm a cellulose ni-
trate filter and acidified with conc. HNO3 (pH< 2). Measurement of
pH and conductivity were done with a WTW inoLab Level 1 pH
meter and Hanna HI8733 conductivity meter, respectively. Two
samples out of four samples collected in June 2011 were prepared
in duplicates as non-filtered water and filtered water samples,
while the other two samples were additionally filtered on a 0.22 mm
polyethersulfone (PESU) membrane filter. For the determination of
uranium radioisotopes, a radiochemical separation procedure fol-
lowed by alpha-particle spectrometry was applied. The radio-
chemical procedure included pre-concentration with Ca3(PO4)2,
and separation of interfering elements on UTEVA resin in accord-
ance with the Eichrom procedure (Eichrom Technologies, 2001). To
aliquots of approximately 1 L water sample, 232U tracer solution of
known activity (w10e20 mBq) were added and mixed for a couple
of hours with magnetic stirrer for homogenization. The solutions of
Ca(NO3)2 as a calcium carrier and (NH4)2HPO4 were added, and the
temperature raised to near boiling. Co-precipitation of radionu-
clides was done at pH ¼ 9 with addition of conc. NH4OH. The
samples were left overnight to settle. The formed precipitate was
decanted from the solution, centrifuged (3500 rpm for 5 min),
dissolved with a mixture of 3M HNO3/1M Al(NO3)3 and transferred
to the UTEVA resin (100e150 mm) column, previously conditioned

with 3M HNO3. Interfering elements were separated by the suc-
cessive addition of 3M HNO3, 9M HCl, 5M HCl/0.05M H2C2O4 and
the uranium was eluated with 1M HCl. The source preparation for
counting was done by microprecipitation with NdF3 following DOE
method EML HASL-300 (EML, 1997). In the purified fraction, con-
taining uranium, Nd-carrier (50 mg/ml) was added, then TiCl3 (10%)
to reduce uranium, followed by conc. HF. The samples were left in
an ice bath for a half an hour to form NdF3 precipitate and then
filtered on a 0.2 mm PESUmembrane filter paper previously treated
with Nd-substrate. Filters with uranium were dried and fixed on
planchettes with glue. Prepared samples were submitted to
counting on the Alpha Analyst alpha spectroscopy system equipped
with ULTRA ion-implanted silicon detectors with an active area of
450 mm2. The counting time varied from 2 to 4 days and the
chemical yield varied from 60 to 95%. Minimal detectable activities
for a counting time of 2 days were 0.25 mBq/L for 238U and
0.65 mBq/L for 234U (Currie, 1968).

3. Results and discussion

3.1. Uranium isotopic signature

For the investigated samples, the activity concentration of 238U
and 234U, 234U/238U activity ratio and 234U excess were determined.
The results for the waters sampled in 2010 and 2011 are presented
in the Tables 1 and 2. Uranium was analyzed in filtered water
samples (0.45 mm), based on the assumption that uranium is typ-
ically dissolved and not in its particulate fraction (Lee et al., 2001).
This assumption was proved by the 2011 results, as the uranium
contents in unfiltered water and in the filtered water of the
investigated samples were similar. The 0.22 mm filtered water, for
two investigated samples, had approximately 70% of the total
uranium analyzed in unfiltered and 0.45 mm filtered water, which
indicates that themost of the uranium is contained in the<0.22 mm
colloidal fraction. The results for the activity concentration ranged
from 1.85� 0.25 to 13.9� 0.71mBq/L for 238U and from 3.20� 0.23
to 15.3 � 0.76 mBq/L for 234U (Table 1) and follow the normal

Table 2
Summary of results in analyzed water samples (2011 sampling campaign).

Sample Sample 2010 Easting Northing Fraction pH Conductivity
(mS/cm)

238U (mBq/L) 234U (mBq/L) 234U/238U CU (mg/L) 234U excess
(mg/L)a

1 7 6516210 4853573 Unfiltered 7.5 430 13.20 � 0.75 17.00 � 0.94 1.31 � 0.10 1.05 � 0.06 0.32 � 0.03
2 0.45 mm 12.60 � 0.74 17.00 � 0.95 1.35 � 0.11 1.02 � 0.06 0.35 � 0.04
3 0.22 mm 8.72 � 0.53 11.50 � 0.66 1.31 � 0.11 0.70 � 0.04 0.22 � 0.02
4 9 6516026 4853485 Unfiltered 7.2 702 13.10 � 0.74 17.10 � 0.94 1.31 � 0.10 1.05 � 0.06 0.33 � 0.03
5 0.45 mm 13.20 � 0.72 16.80 � 0.89 1.27 � 0.10 1.06 � 0.06 0.29 � 0.03
6 0.22 mm 9.79 � 0.57 12.00 � 0.68 1.23 � 0.10 0.79 � 0.05 0.18 � 0.02
7 10 6515810 4853198 Unfiltered 7.9 403 2.37 � 0.19 3.30 � 0.24 1.39 � 0.15 0.19 � 0.02 0.07 � 0.01
8 0.45 mm 2.13 � 0.20 3.39 � 0.27 1.59 � 0.20 0.17 � 0.02 0.10 � 0.02
9 11 6515334 4853338 Unfiltered 7.4 468 2.20 � 0.19 3.07 � 0.24 1.39 � 0.16 0.18 � 0.02 0.07 � 0.01
10 0.45 mm 2.51 � 0.26 2.90 � 0.29 1.16 � 0.17 0.20 � 0.02 0.03 � 0.01

a The concentration of excess 234U above the equilibrium condition with 238U.

Table 3
Total variance explained and component matrixes for analyzed water data.

F1 F2 F3 F4

Eigenvalue 2.436 1.396 0.168 0.000
Variability (%) 60.897 34.892 4.211 0.000
Cumulative % 60.897 95.789 100.000 100.000

Factor loadings
238U 0.953 0.275 0.128 0.000
234U 0.836 0.545 0.057 0.000
234U/238U �0.831 0.463 0.308 0.000
234U excess �0.371 0.899 �0.232 0.000

A. Vidic et al. / Journal of Environmental Radioactivity 120 (2013) 6e13 9



Author's personal copy

distribution according to the ShapiroeWilk normality test. Similar
activity concentrations for the 238U and 234U were observed for the
four reanalyzed samples in 2011 (Table 2). Uranium mass concen-
tration corresponding to 238U activity concentration in analyzed
samples ranged from 0.15 to 1.12 mg/L, with a mean value of
0.61 � 0.31 mg/L (coefficient of variation, CV ¼ 50%). High value of
the coefficient of variation (CV ¼ 50%) indicates site-specific con-
ditions and significant spatial variability for the dissolved uranium.
Nevertheless, total uranium is considerably lower than the WHO
guideline value (30 mg/L) for uranium in drinking water (WHO,
2011). All of the analyzed waters were slightly basic (pH ¼ 7.4e
7.9) and, together with carbonate content present in bedrock ma-
terial of the investigated area, it favors dissolved uranium to exist in
soluble carbonate complexes (Langmuir, 1978; Bonotto, 2006;
Gavrilescu et al., 2009). Another important notion is the absence of
correlation between uranium concentration and conductivity.
Specific conductivity of the analyzed waters ranged from 222 to
716 mS/cm, with a mean value of 456 � 101 mS/cm. Most of the
conductivity results ranged from390 to 586 mS/cm (90%), indicating
a considerable presence of the ionizing species in waters. Typically,
dissolved uranium in natural waters is strongly positively corre-
lated with major elements and a possible reason for decoupling in
the analyzed waters could be due to different origins and chemical
composition of waters (Kronfeld et al., 2004; Riotte et al., 2003;
Jobággy et al., 2009). Results for the 234U excess show significant
dissipation ranging from 0.02 to 0.33 with a mean value of
0.15 � 0.09 (CV ¼ 61%), indicating geochemical diversity of the
analyzed waters. All analyzed samples except Sample #15 have
a 234U/238U activity ratio >1, as a result of the higher mobility of
234U. 234U/238U activity ratios in the analyzed samples vary from
1.02 to 2.63 with a mean value of 1.37 � 0.40 (CV ¼ 29%) (Table 1).
Results for the 234U/238U activity ratios are significantly skewed and
do not follow normal distribution according to the ShapiroeWilk
normality test. The majority of values range between 1.02 and
1.47 (75%) with half of the analyzed waters having a 234U/238U ac-
tivity ratio less than 1.16, characteristic of shallow oxidized water.
Results for the 234U/238U activity ratio for reanalyzed samples in
2011 are consistent with uncertainties for the previous year. The

234U/238U activity ratios in unfiltered and filtered water for the
same set of samples do not show significant difference (Table 2).
Based on uranium content and 234U/238U activity ratio, all analyzed
waters can be classified as normally reduced or normally oxidized
waters (Bonotto, 2006; Chkir et al., 2009).

Results for the uranium concentrations are within the range of
results reported in previous investigations of the region (Jia et al.,
2006; Carvalho and Oliveira, 2010). Sample #9 (Table 1) is of spe-
cial importance, since it had showed clear indication of DU con-
tamination in previous investigations (Jia et al., 2006). In our
investigation results for the activity concentration of 238U is similar
to previous investigation (13.9 � 0.7 mBq/L and 13.2 � 0.7 mBq/L
comparing to 12.2 � 0.6 mBq/L) but activity concentration of 234U
activity is significantly higher (15.1 � 0.7 mBq/L and
16.8 � 0.9 mBq/L comparing to 7.09 � 0.43 mBq/L). A probable
cause of the observed discrepancy can be attributed to particular
corrosion and migration of DU rounds in the environment during
the last 15 years. The spring is located in the line of attack and

Fig. 2. Dendrogram results from HCA.

Fig. 3. 234U/238U activity ratio in function of inverse uranium (238U) mass concentra-
tion (L/mg).

A. Vidic et al. / Journal of Environmental Radioactivity 120 (2013) 6e1310
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hosted very close to alluvial shallow aquifer which is more vul-
nerable to groundwater contamination then deeper confined
aquifers. Estimated time for the measurable increase in uranium
concentration in groundwater in favorable conditions is 5e10 years
(The Royal Society, 2002) and complete corrosion of the 30 mm DU
rounds buried in soil is estimated to take place in 25e35 years
(UNEP, 2003). While the 234U/238U activity ratio of 1.10 (in 2010)
and 1.27 (in 2011) was significantly higher than 8 years ago, no
apparent DU contamination is observed.

3.2. Multivariate analysis and spatial variation

In order to perform data reduction, identify factors influencing
uranium content and explore interrelation among samples Princi-
pal Component Analysis (PCA) along with Hierarchal Cluster
Analysis (HCA) were performed. PCA and HCA are commonly used
in environmental studies (Chen et al., 2007; Hinkle et al., 2009; Lua
et al., 2010). Statistical analysis was conducted by XLSTAT, MS Excell
statistical add-in. Obtained results for PCA reveal two main factors

Fig. 4. Isoconcentration map of dissolved uranium.

Fig. 5. Contour map of 234U/238U activity ratio.

A. Vidic et al. / Journal of Environmental Radioactivity 120 (2013) 6e13 11
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(Eigen values >1) with major contribution to the total variance
(96%), (Table 3). The first factor which accounts for 61% of the total
variance, has very high positive loadings on activity concentration
of 238U and 234U, and high negative loading on 234U/238U atomic
ratio, with low negative loading on 234U excess. This factor may be
attributed to weathering and dissolution processes influenced by
the geology of the area. The second factor accounts for 35% of the
total variance. It has low loading on activity concentration of 238U,
moderate loadings on activity concentration of 234U, 234U/238U
atomic ratio and high loading on 234U excess. This factor possibly
relates to mechanism that contributes to increase of 234U/238U
atomic ratio, which can be attributed to recoil and/or preferential
leaching of 234U. TheWardmethod of hierarchical clustering is used
for exploring interrelation among analyzed waters. HCA grouped
analyzed waters into three clusters (Fig. 2). Cluster 1 (Samples #4,
#6, #7, #8, #9, #14 and #15) and Cluster 2 (Samples #2, #3, #12 and
#13) contain waters sampled in the area where sandstones, argil-
lites, clayey marls and sandy limestone, along with alluvium sedi-
ments prevail. Analyzed waters from this area show higher
uranium content (>0.53 mg/L) which is consistent with the min-
eralogical data as sandstones contain relatively higher uranium
concentration compared to surrounding carbonates. Relatively
complex lithology coupled with possible contribution of the waters
originated from carbonates well permeable rocks probably con-
tribute diversity of the analyzed waters. Analyzed waters grouped
into Cluster 3 (Samples #1,#5, #10, #11, #16, #17 and #18) were
sampled towards the carbonate dominated area. The waters col-
lected within well permeable dolomitic limestones and limestones
have a lower uranium content (<0.43 mg/L). In addition, observed
subclusters reveal geographic trends within this cluster, as Samples
#5, #10, #11 were sampled in the southern part, while Samples #1,
#16, #17 and #18 on the northern part. The similar clustering can
be observed on the diagram of 234U/238U activity ratios vs. inverse
uranium concentration (Fig. 3). The samples on the left part of the
diagram, relate to dominant weathering, are associated with
Clusters 1 and 2. The samples grouped in the central and right part
of the diagram are associated with Cluster 3 and indicate mixing of
the water (Durand et al., 2005). Further, subsets based on location
with closely located waters having similar 234U excess value are
observable. In order to provide guidelines on spatial distribution of
dissolved uranium (corresponding to 238U mass concentration),
alongwith 234U/238U activity ratios in thewaters of the investigated
area Inverse Distance Weighting (IDW) method was used
(Mehrjardi et al., 2008). The IDW is aweighted average interpolator
which assigns more weight to nearby samples for estimating the
attributes of the variable at unsampled places, so the weights are
inversely proportional to a power of the distance, which is fre-
quently set to 2 (Mabit and Bernard, 2007; Hengl, 2007). The
contour maps were created with Surfer 8.00 software (Golden
Software, 2002) and compared to a geological map of the area.
An isoconcetration map of the dissolved uranium (Fig. 4) resembles
the geological map (Fig. 1), and in addition to multivariate analysis
indicates the possible influence of lithology on dissolved uranium
in groundwater. On the contrary, the 234U/238U activity ratio con-
tour map (Fig. 5) follows the lithology to a lesser extent, indicating
another mechanism contributing to uranium isotopic signature, or
mixing the water.

4. Conclusions

Uranium isotopic signatures of the spring waters in the Hadzici
area were determined. Uranium concentration in analyzed waters
is relatively low, ranging from 0.15 to 1.12 mg/L, which is consid-
erably lower than the WHO guideline value for drinking water
(30 mg/L). The majority of the analyzed waters have 234U/238U

activity ratios ranging from 1.02 to 1.90, characteristic of water that
is more aggressively leaching, indicating dominant weathering ef-
fects and shallow water. No apparent DU contamination can be
observed from the 234U/238U activity ratio data. Based on uranium
concentration and 234U/238U activity ratios, all of the spring waters
can be considered as normally reduced or oxidized. The results for
the activity concentration of 238U and 234U, 234U/238U activity ratio
and 234U excess show significant variability, indicating site specific
conditions and geochemical diversity of the analyzed waters which
can be attributed to complex lithology of the investigated area.
Dissolved uranium shows notable spatial variability and correlation
with bedrock type proved by Principal Component Analysis and
Hierarchical Cluster Analysis. Spring waters from carbonates-based
sediments have lower uranium concentration (0.15e0.43 mg/L),
compared to waters sampled within sandstone-based sediments,
along with alluvial sediments (0.53e1.12 mg/L). Further, the tested
spring waters with similar isotopic signature have been grouped by
the geographic location and areas with the waters having similar
isotopic signature have been delineated.

Acknowledgment

This study was carried out under the project “Application of GIS
tools on predetermined uranium radioisotopes in groundwater and
surface water of Had�zi�ci region, Bosnia and Herzegovina”, BI-BA/
10-11-013, supported by the Ministry of High Education, Science
and Technology of the Republic of Slovenia and Federal Ministry of
Education and Science of Federation of Bosnia and Herzegovina,
Bosnia and Herzegovina.

We would like to thank dr. Hazim Hrvatovic for providing val-
uable interpretation on geology of the investigated area.

The geological bedrock map was obtained from the Federal
Institute for Geology, FB&H, Bosnia and Herzegovina.

References

Abdul-Hadi, A., Alhassanieh, O., Ghafar, M., 2001. Disequilibrium of uranium iso-
topes in some Syrian groundwater. Applied Radiation and Isotopes 55, 109e113.

Bleise, A., Danesi, P.R., Burkart, W., 2003. Properties, use and health effects of
depleted uranium (DU): a general overview. Journal of Environmental Radio-
activity 64, 93e112.

Bonotto, D.M., 2006. Hydro(radio)chemical relationships in the giant Guarani
aquifer, Brazil. Journal of Hydrology 323, 353e386.

Carvalho, F.P., Oliveira, J.M., 2010. Uranium isotopes in the Balkan’s environment
and foods following the use of depleted uranium in the war. Environment In-
ternational 36, 352e360.

Chabaux, F., Bourdon, B., Riotte, J., 2008. U-Series geochemistry in weathering
profiles, river waters and lakes. In: . In: Krishnaswami, S., Cochran, J.K. (Eds.),,
Radioactivity in the Environment: UeTh Series Nuclides in Aquatic Systems,
first ed, vol 13. Elsevier, pp. 49e104.

Chen, K., Jiao, J.J., Huang, J., Huang, R., 2007. Multivariate statistical evaluation of
trace elements in groundwater in a coastal area in Shenzhen, China. Environ-
mental Pollution 147, 771e780.

Chkir, N., Guendouz, A., Zouari, K., Hadj Ammar, F., Moulla, A.S., 2009. Uranium
isotopes in groundwater from the continental intercalaire aquifer in Algerian
Tunisian Sahara (Northern Africa). Journal of Environmental Radioactivity 100,
649e656.

Cizdziel, J., Farmer, D., Hodge, V., Lindley, K., Stetzenbach, K., 2005. 234U/238U isotope
ratios in groundwater from Southern Nevada: a comparison of alpha counting
and magnetic sector ICP-MS. Science of the Total Environment 350, 248e260.

Cowart, J.B., Osmond, J.K., 1980. The relationship of uranium isotopes to oxidation/
reduction in the Edwards carbonate aquifier of Texas. Earth and Planetary
Science Letter 48, 277e283.

Currie, L.A., 1968. Limits for qualitative detection and quantitative determination,
application to radiochemistry. Analytical Chemistry 40, 586e593.

Dabous, A.A., 1994. The geochemistry of uranium and thorium isotopes in the
Western Desert of Egypt. Geochimica et Cosmochimica Acta 58, 4591e4600.

Dabous, A.A., Osmond, J.K., 2001. Uranium isotopic study of artesian and pluvial
contributions to the Nubian Aquifer, Western Desert, Egypt. Journal of Hy-
drology 243, 242e253.

Dabous, A.A., Osmond, J.K., Dawood, Y.H., 2002. Uranium/thorium isotope evidence
for ground-water history in the Eastern Desert of Egypt. Journal of Arid Envi-
ronments 50, 343e357.

A. Vidic et al. / Journal of Environmental Radioactivity 120 (2013) 6e1312



Author's personal copy

Durand, S., Chabaux, F., Rihs, S., Duringer, P., Elsass, P., 2005. U isotope ratios as
tracers of groundwater inputs into surface waters: example of the Upper Rhine
hydrosystem. Chemical Geology 220, 1e19.

Eichrom Technologies Inc, 2001. Analytical Procedures-Uranium and Thorium in
Water-ACW03. Ver 1.7.

Environmental Measurements Laboratories (EML),, 1997. Microprecipitation Source
Preparation for Alpha Spectrometry. EML Procedures Manual-HASL 300, twenty
eighth ed.

Fleischer, R.L., Raabe, O.G., 1978. Recoiling alpha-emitting nuclei. Mechanisms for
uranium-series disequilibrium. Geochimica et Cosmochimica Acta 42, 973e978.

Gavrilescu, M., Pavel, L.V., Cretescu, I., 2009. Characterization and remediation of
soils contaminated with uranium. Journal of Hazardous Materials 163, 475e510.

Golden Software, Inc, 2002. Surfer. User’s Guide. Contouring and 3D Surface Map-
ping for Scientists and Engineers. Ver 8.

Hadj Ammar, F.H., Chkir, N., Zouari, K., Azzouz-Berriche, Z., 2010. Uranium isotopes
in groundwater from the “Jeffara coastal aquifer” (southeastern Tunisia). Jour-
nal of Environmental Radioactivity 101, 681e691.

Hengl, T., 2007. A Practical Guide to Geostatistical Mapping of Environmental
Variables. EUR 22904 EN e 2007. European Communities.

Hinkle, S.R., Kauffman, L.J., Thomas, M., Brown, C.J., McCarthy, K.A., Eberts, S.M.,
Rosen, M.R., Katz, B.G., 2009. Combining particle-tracking and geochemical data
to assess public supply well vulnerability to arsenic and uranium. Journal of
Hydrology 376, 132e142.

Jia, G., Belli, M., Sansone, U., Rosamilia, S., Gaudino, S., 2006. Concentration and
characteristics of depleted uranium in biological and water samples collected in
Bosnia and Herzegovina. Journal of Environmental Radioactivity 89, 172e187.

Jobbágy, V., Chmielewska, I., Kovács, T., Cha1upnik, S., 2009. Uranium determination
in water samples with elevated salinity from Southern Poland by micro
coprecipitation using alpha spectrometry. Microchemical Journal 93, 200e205.

Kronfeld, J., Godfrey-Smith, D.I., Johannessen, D., Zentilli, M., 2004. Uranium series
isotopes in the avon valley, Nova Scotia. Journal of Environmental Radioactivity
73, 335e352.

Langmuir, D., 1978. Uranium solution-mineral equilibria at low temperatures with
applications to sedimentary ore deposits. Geochimica et Cosmochimica Acta 42,
547e569.

Lee, M.H., Choia, G.S., Choa, Y.H., Lee, C.W., Shin, H.S., 2001. Concentrations and
activity ratios of uranium isotopes in the groundwater of the Okchun Belt in
Korea. Journal of Environmental Radioactivity 57, 105e116.

Lua, X., Wanga, L., Li, L.Y., Lei, K., Huanga, L., Kang, D., 2010. Multivariate statistical
analysis of heavy metals in street dust of Baoji, NW China. Journal of Hazardous
Materials 173, 744e749.

Mabit, L., Bernard, C., 2007. Assessment of spatial distribution of fallout radionu-
clides through geostatistics concept. Journal of Environmental Radioactivity 97,
206e219.

Mehrjardi, R.T., Jahromi, M.Z., Mahmodi, Sh., Heidari, A., 2008. Spatial distribution
of groundwater quality with geostatistics (case study: Yazd-Ardakan plain).
World Applied Sciences Journal 4 (1), 9e17.

Osmond, J.K., Cowart, J.B., Ivanovich, M., 1983. Uranium isotopic disequilibrium in
ground water as an indicator of anomalies. International Journal of Applied
Radiation and Isotopes 34, 283e308.

Paces, J.B., Ludwig, K.R., Peterman, Z.E., Neymark, L.A., 2002. 234U/238U evidence for
local recharge and patterns of groundwater flow in the vicinity of Yucca
Mountain, Nevada, USA. Applied Geochemistry 17, 751e779.

Porcelli, D., 2008. Investigating groundwater processes using U- and Th-series
nuclides. In: . In: Krishnaswami, S., Cochran, J.K. (Eds.),, Radioactivity in the
Environment: UeTh Series Nuclides in Aquatic Systems, first ed, vol 13. Elsevier,
pp. 105e153.

Reyes, E., Marques, L.S., 2008. Uranium series disequilibria in ground waters from
a fractured bedrock aquifer (Morungaba Granitoids e Southern Brazil): Impli-
cations to the hydrochemical behavior of dissolved U and Ra. Applied Radiation
and Isotopes 66, 1531e1542.

Riotte, J., Chabaux, F., 1999. (234U/238U) Activity ratios in freshwaters as tracers of
hydrological processes: the Strengbach watershed (Vosges, France). Geochimica
et Cosmochimica Acta 63, 1263e1275.

Riotte, J., Chabaux, F., Benedetti, M., Dia, A., Gerard, M., Boulegue, J., Etame, J., 2003.
Uranium colloidal transport and origin of the 234Ue238U fractionation in surface
waters: new insights from Mount Cameroon. Chemical Geology 202, 365e381.

Skopljak, F., Ba�sagi�c, M., �Skripi�c, N., 2006. Hydrogeological characteristics of the
“Olympija” source, Sarajevo. Materials and Geoenvironment 53, 483e491.

The Royal Society, 2002. The Health Hazards of Depleted Uranium Munitions: Part
II. The Royal Society, London.

revised. In: United Nations Environment Programme (Ed.), Depleted Uranium in
Bosnia and Herzegovina: Post-conflict Environmental Assessment. UNEP,
Geneva.

World Health Organization, 2011. Guidelines for Drinking Water Quality, fourth ed.
WHO, Geneva.

A. Vidic et al. / Journal of Environmental Radioactivity 120 (2013) 6e13 13


