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DIS TRI BU TION  OF  URA NIUM,  THO RIUM,  AND  ISO TO PIC
COM PO SI TION  OF  URA NIUM  IN  SOIL  SAM PLES  OF  SOUTH 
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In duc tively cou pled plasma mass spec trom e try and ther mal ion iza tion mass spec trom -
e try were used to mea sure con cen tra tion of ura nium and thorium as well as iso to pic
com po si tion of ura nium re spec tively in soil sam ples col lected around south Ser bia. An
an a lyt i cal method was es tab lished for a rou tine sam ple prep a ra tion pro ce dure for ura -
nium and tho rium. Ura nium was chem i cally sep a rated and pu ri fied from soil sam ples
by an ion ex change resin and UTEVA ex trac tion chro ma tog ra phy and its iso to pic com -
po si tion was mea sured us ing a ther mal ion iza tion mass spectrometry. There was a lit -
tle de vi a tion of U/Th ra tio from the av er age val ues in some soil sam ples. Pres ence of
236U as well as de pleted ura nium was ob served in 235U/238U ra tio mea sure ment in the
same soil sam ple.
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IN TRO DUC TION 

Anthropogenic pro cesses (min ing, mill ing,
in dus tries, and au to mo biles) in clud ing mod ern
trends in ag ri cul ture, con tam i nated the soil and wa -
ter af fect ing the biogeochemical cy cle of many el e -
ments. This re sulted in the deg ra da tion of
soil-water sys tem caus ing dam age to the en vi ron -
ment and eco sys tem. In ad di tion to this, since de -
pleted ura nium (DU) was used in 1999 Bal kan con -
flict, there has been a con cern about the pos si ble
con se quences of its use for the peo ple and en vi ron -
ment of this re gion [1]. There fore, man age ment of
fresh wa ter re sources is of ut most im por tance in the
21st cen tury for sus tain able de vel op ment. In this
con text, iso tope geo chem is try is a very use ful tracer

tool, not only to es tab lish the or i gin of pol lut ants
and their rel a tive con tri bu tions from var i ous (nat u -
ral and anthropogenic) sources, but also the ef fect
on the soil-water sys tem. Iso tope stud ies can be car -
ried out by ap pli ca tion of ther mal ion iza tion mass
spec trom e try (TIMS) and in duc tively cou pled
plasma mass spec trom e try (ICP-MS), and re sults of
such stud ies are very use ful and pre cise in de lin eat -
ing the source(s) of con tam i nants, trac ing the
flow-path of ground wa ter and aid in plan ning
better man age ment of fresh wa ter re sources.

There are three se ries of ra dio ac tive de cays start -
ing from 238U (T1/2 = 4.468×109 years), 235U (T1/2 =
=7.038×108 years), and 232Th (T1/2 = 1.41×1010

years). In the course of the dis in te gra tion se ries of the
pa ren tal nu clide 238U, daugh ter nuclides 234U (T1/2 =
= 2.45×105 years) and 230Th (T1/2 = 7.54 ×104 years)
are pro duced as in ter me di ate mem bers [2]. Thus,
from the view point of en vi ron men tal and earth sci -
ence, ura nium and tho rium are ex tremely im por tant
el e ments. Be sides, 235U is of spe cial sig nif i cance as a
source ma te rial for nu clear re ac tors. Thus, the
234U/238U ra tio serves as an in di ca tor for ra dio ac tive
equi lib rium or dis equi lib rium in nat u ral sam ples,
while 235U/ 238U ra tio de serves se ri ous at ten tion in re -
la tion with the en rich ment or de ple tion of 235U in na -
ture. DU is a by-product of the pro cess in which fuel
for nu clear re ac tors and nu clear weap ons is made. DU 
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con tains re duced amounts of the iso topes of 234U and
235U. Need less to say, the iso to pic mea sure ment with
higher pre ci sion pro vides us with more valu able in for -
ma tion. Usually, in prac tice, the al pha count ing sys -
tem has been used to mea sure the iso to pic ra tios of
uranium (for 238U, 234U, and to a lesser ex tent 235U).
The mea sure ment of the ra tio of 234U ra dio ac tiv ity to
238U ac tiv ity in volves un cer tain ties of ±20 to 40% in
sea wa ter sam ples [3], and takes more than a week by
al pha count ing mea sure ment for the amounts of 100
to 200 ng of ura nium [4]. More over, it is not pos si ble
to de ter mine 236U at en vi ron men tal lev els us ing al pha
spec trom e try.

Sam ple prep a ra tion pro ce dures are crit i cal an a -
lyt i cal steps which in flu ence the qual ity of fi nal re sults.
The rep re sen ta tive of the ex am ined sam ples, a di ges -
tion pro ce dure which en sures the quan ti ta tive con ver -
sion of ura nium and tho rium into a suit able com plex
and elim i na tion of ma trix ef fects are es sen tial while
mea sur ing ura nium iso topes, es pe cially in the anal y sis
of en vi ron men tal ma te ri als. Spe cial pro ce dures for the 
pu ri fi ca tion of re agents and re ac tion ves sels are re -
quired in or der to re duce the blank be low the lim its of
de tec tion of the most sen si tive de tec tion tech niques,
such as ICP-MS or TIMS.

The re sults and dis tri bu tion of uranium and
thorium us ing ICP-MS as well as ura nium iso tope ra -
tios (234U/238U, 235U/238U, and 236U/238U) us ing
TIMS in soil sam ples will be dis cussed in this pa per.
TIMS shows the high est pre ci sion and ac cu racy [5, 6]
and is ca pa ble of de tect ing de pleted ura nium in soil
sam ples af fected due to con flicts.

MA TE RIALS AND METHODS

Sam pling of soils

The study area is lo cated in south Ser bia as
shown in fig 1. Seven sur face (0-5 cm) soil sam ples
were col lected around Reljan and Bratoselce Konz
in the vi cin ity of penetrator holes (tab. 1). Sam pling 
points were de cided on the ba sis of penetrators re -
cov ered from the area. A ref er ence ma te rial sup plied 
by Geo log i cal Sur vey of Ja pan JLK-1 is a sed i ment
sam ple taken at lake Biwa (35°14¢42² N,
136°03¢14² E), 3.8 km off  Takashima, Shiga pre -
fec ture, with wa ter depth of 63 m. The sam ple came 
from the top sed i ment from zero down to 20 cm.
Af ter re mov ing stones, the soils were oven-dried at
80 °C to con stant weight and ground into pow der.

Soil and sed i ment sam ples were di gested with
HNO3, HF, and HClO4 in PTFE pres sure de com -
po si tion ves sels. A mi cro wave unit (MLS 1200
mega, It aly) was used for heat ing the sam ples. Af ter
di ges tion, sam ples were evap o rated to dry ness on a
hot plate and the res i due was dis solved in 5%
HNO3 to yield a sam ple so lu tion.

In stru men tal

ICP-MS (Helwett Packard – 4500) was used 
for the de ter mi na tion of 238U and 232Th in soil
sam ples which yielded de tec tion lim its of 0.01-
0.003 mg/L. The pa ram e ters for data ac qui si tion
and op ti mi za tion con di tions are re ported else -
where [7]. Un der these an a lyt i cal con di tions, the
ox ide for ma tion level of Ce was found to be
0.4-2.0% (CeO+/Ce+). An in ter nal stan dard,
Rh, was used to as sess any changes in an a lyt i cal
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Fig ure 1. Map show ing sam pling area

Ta ble 1. Lo ca tion of soil sam ples around Reljan and
Bratoselce

Sample
ID

Location Altitude
Dose
rate

[Sv/h]

Rel 1

Brat 1

Brat 2

Brat 3

Brat 4

Brat 5

Brat 6

42°18¢94² N 21°45¢98² E

42°20¢69² N 21°45¢36² E

42°20¢69² N 21°45¢38² E

42°20¢68² N 21°45¢36² E

42°20¢66² N 21°45¢39² E

42°20¢67² N 21°45¢40² E

42°20¢67² N 21°45¢41² E

636

561

561

582

576

580

580

0.13

0.15

0.13

0.15

0.16

0.15

0.13
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sig nals dur ing mea sure ment. Stan dard so lu tions
were pre pared from SPEX multi-element Plasma
stan dards (SPEX In dus tries, Inc.,) and used to
de rive cal i bra tion curves. Stan dard ref er ence ma -
te ri als were used to val i date the an a lyt i cal pro ce -
dure. Sed i ment sam ple, JLK-1, was used for soil
anal y sis. The pre ci sion cal cu lated us ing three in -
de pend ent runs was better than 5% RSD with a
com pa ra ble ac cu racy. An a lyt i cal er rors for mea -
sured val ues were less than 10% of the cer ti fied
val ues.

The iso tope ra tios of ura nium were mea -
sured on a sin gle fo cus ing VG Sec tor 54-30 ther -
mal ion iza tion mass spec trom e ter (TIMS) at Na -
tional In sti tute of Ra dio log i cal Sci ences. The
in stru ment is equipped with new bucket type nine 
Far a day col lec tors and a Daly ion-counting sys -
tem de tec tor po si tioned be hind ax ial Far a day and
WARP fil ter. Sig nals from the Daly de tec tor are
re ceived by an EG&G Ortec 9302 am pli fier/
discriminator and EG&G Ortec 996 ion coun -
ter/timer.

Chem i cal sep a ra tion

The de ter mi na tion of ura nium by TIMS re -
quires pure ura nium iso lates. The cur rent method
of chem i cal sep a ra tion used here is based upon two
sep a ra tion col umns. Most of the tech niques for the
pu ri fi ca tion of uranium have used an ion ex change
chro ma tog ra phy, sol vent ex trac tion and more re -
cently ex trac tion chro ma tog ra phy. We have used a
com bi na tion of an ion ex change and ex trac tion
chro ma tog ra phy with a lit tle mod i fi ca tion of the
ear lier meth ods [8, 9]. The first col umn was pre -
pared by us ing pre-cleaned an ion ex change res ins
(Dowex 1X-8, 200-400 mesh, Cl- form) and packed 
into 2 cm i.d. Py rex col umns up to a height of 6 cm
and the sec ond UTEVA resin (Eichrom in dus tries
Inc.) in pre-packed col umns with 2 ml resin and
100-150 mm par ti cle size ma te rial. The UTEVA
resin con tains diamyl amylphosphonate (DAAP) as
a spe cific extractant. Both col umns were con di -
tioned by pass ing 15 ml of 7M HNO3. The sam ple
was trans ferred to the an ion ex change col umn and
the eluent was sub se quently passed onto the
UTEVA col umn. Both col umns were washed with
10 ml of 7M HNO3 fol lowed by 20 ml of 3M
HNO3.

The uranium was eluted from UTEVA col -
umn us ing 5 ml of 0.02M HCl. The con cen tra tion
of eluent was ad justed to 9M HCl. The re sult ing so -
lu tion was loaded onto an an ion ex change col umn
pre con di tioned with 9M HCl and washed with 10
ml of 9M HCl. Finally, uranium was eluted with 10
ml of 0.02M HCl and the eluent was evap o rated to

dry ness in a Tef lon beaker. U re cov ery from the sam -
ples is about 90~95%.

Mass spec trom e try

A tri ple fil a ment as sem bly was used for the ther -
mal ion iza tion of ura nium iso topes. The fil a ment ma te -
rial was 5-pass zone re fined rhe nium rib bon (H. Cross,
99.999%) with 0.003 cm thick ness and 0.07 cm width.
Tri ple Re fil a ments  were  pre pared  by de gas sing  for 1  h
with a 4  A cur rent  un der  a  vac uum  better than 5×10–6

mbar. Pure iso lates were dis solved in ni tric acid and
mounted, by evap o ra tion, on the side fil a ment of a tri ple
fil a ment. In case of tri ple fil a ment as sem bly, the cen tral
fil a ment is very hot and it ion izes and causes the side fil a -
ments to evap o rate. Since the sam ple is not di rectly ion -
ized it was no ticed that mass frac tion ation is slower than
that for a sin gle  fil a ment  [10].  The  cen tral fil a ment  was  
heated to pro duce 187Re ion cur rent of  0.2 V and then
side fil a ments were heated to pro duce ion cur rent of
0.03 V for 235U. Ura nium masses 234, 235, 236, and
238 were mea sured dy nam i cally us ing Daly-ion count -
ing and Far a day cup col lec tors with mass jumps.
234U/238U, 235U/238U, and 236U/238U iso tope ra tios
were de ter mined by static data col lec tion on the
Daly-ion count ing and Far a day cup col lec tors. All ra tios 
were taken  as the grand  mean of  7  blocks of 10 mea -
sure ments  over  a  pe riod of  80 min utes.  The  vac uum
dur ing data ac qui si tion was better than 2×10–8 mbar in
the flight tube as well as ion source. Ac cu racy and pre ci -
sion of ura nium iso tope ra tios mea sure ment de pends on 
the lin ear ity of the de tec tion sys tem and mass frac tion -
ation of the iso topes dur ing the run. The ad van tage of
WARP fil ter is the en hanced trans mis sion (~100%) of 
U+ ion, abun dance  sen si tiv ity  of  10 ppb  at 1 amu with
re spect to 238U and the sup pres sion of tail ing ef fect of ad -
ja cent strong ion.

RE SULTS AND DIS CUS SION

The re sults of the con cen tra tions of ura nium
and tho rium mea sured by ICP-MS in dif fer ent soil
sam ples are sum ma rized in tab. 2.  We have stud ied

Ta ble 2. ICP-MS de ter mi na tion of ura nium and
tho rium in south Ser bia soil samples

Sample ID
Uranium

[ppm]
Thorium

[ppm]
U/Th ratio

JKL

Rel 1

Brat 1

Brat 2

Brat 3

Brat 4

Brat 5

Brat 6

  3.58±0.02  

2.30±0.07

5.86±0.11

4.22±0.16

5.97±0.14

5.14±0.18

5.36±0.16

4.81±0.17

  20.1±0.38

15.03±0.72

  9.26±0.13

  9.32±0.28

11.74±0.44

11.04±0.34

11.41±0.23

11.56±0.24

0.18

0.15

0.63

0.45

0.51

0.46

0.47

0.42



the to tal con cen tra tion of ura nium and tho rium col -
lected from se lected soil sam ples around Reljan and
Bratoselce Konz area. The mean con cen tra tion of
ura nium var ied from 2.30±0.07 to 5.97±0.14 ppm
(1 ppm = 10–6) whereas for tho rium it var ied from
9.26±0.13 to 15.03±0.72 ppm. It was not pos si ble
to ex am ine con tam i na tion due to ura nium from
nat u ral ura nium con cen tra tion. In con sid er ing pos -
si ble con tam i na tion from the data of to tal ura nium
con cen tra tion, it is quite ob vi ous to use tho rium
data for com par i son. Wedepohl re ported U/Th ra -
tio as 0.20 and used mean con cen tra tion of ura nium  
and tho rium  in the earth’s crust of 1.7 ppm and 8.5
ppm re spec tively [11]. If we com pare our data, cer -
ti fied ref er ence ma te rial, JLK-1 is close to 0.2
whereas south Ser bian sam ples are rel a tively higher
than 0.20. There was a larger vari a tion with ra tios
and ex cess ura nium might be due to the in her ent
nat u ral con tent of ura nium or anthropogenic ac tiv i -
ties or it may be at trib uted to penetrators used dur -
ing Bal kan con flict.

We have car ried out the iso to pic mea sure ment
of ura nium from same soil sam ples with the ob jec -
tive to de tect any vari abil ity the pres ence and po ten -
tial source of anthropogenic ura nium might have
caused. A rep re sen ta tive du pli cate set of sam ples
from stan dard and con tam i nated area is given in
tab. 3. Iso tope ra tios for sam ples Rel 1, Brat 3, and
Brat 5 fall in the range ex pected for nat u ral ura -
nium. How ever, sam ples col lected from Brat 1 and
Brat 4 site do show a spread in ura nium iso tope ra -
tio well out side the 99.7% con fi dence limit. This
shows the het er o ge ne ity in the dis tri bu tion of iso to -
pi cally de pleted and/or en riched ma te rial within the 
soil. From du pli cate runs of each sam ple, one can
con firm that such de vi a tions from nat u ral ra tios
were readily re pro duc ible at sta tis ti cal lev els pre -
dicted by stan dard mea sure ments.

When we use 234U/238U ra tio and ex press it
as ac tiv ity ra tio, it var ies from the low est i. e.
0.8065 to the unity, show ing a de crease in the nat -
u ral abun dance of 234U in the sam ples. The low est 
was no ticed in case of Brat 1. In case of sec u lar
equi lib rium, with a half-life of 4.47×109 years,

238U would be in sec u lar equi lib rium with all its
daugh ters, in clud ing 234U, with half-life of
2.45×105 years. There fore, 234U/238U atomic
abun dance ra tio would be 2.45×105/4.47×109 =
= 54.8×10-6 (or 54.8 ppm) which is the ex pected
ra tio [12]. At the same point, de ple tion of 235U
has been found to be 0.83%. This in di cates that
de ple tion of 235U is pres ent in soil sam ples of
Bratoselce Konz. How ever, we have no ticed some 
points near to Brat 1 which is close to nor mal
value of 235U/238U ra tio (0.00725). An other ef -
fect is the re mark able en hance ment of 236U in the
de pleted soil sam ple. This is judged to be sud den
in tro duc tion of 236U due to the bom bard ment of
penetrators. It is worth while to note that 236U is
con sid er ably en hanced in Brat 1, Brat 2, Brat 4,
and Brat 6. Al though its pro duc tion is lower,
236U/238U in di cates anthropogenic ac tiv i ties or a
neu tron burst, 235U (n, g) 236U on the bom bard -
ment. How ever, in some pa pers the pres ence of
236U was noted in penetrators [13] and also in soil
sam ples [14]. We have used NBS U010 as a cer ti -
fied ref er ence ma te rial to check the mea sure ment
of 234U, 235U, 236U, and 238U si mul ta neously.

CON CLU SIONS

We have de vel oped a pro ce dure to mea sure
234U/238U, 235U/238U, and 236U/238U to  ac cu racy
better than 0.2% at two stan dard de vi a tion. This
method should be ap pli ca ble to a wide range of en -
vi ron men tal and geo log i cal prob lems which are
lim ited by sam ple size or for which higher pre ci sion
is re quired. This method was used to de ter mine
more pre cisely the 234U/238U, 235U/238U, and
236U/238U ra tio in south Ser bian soil sam ples and
limit the vari abil ity of this ra tio. Re sults ob tained
here are of pre lim i nary na ture. How ever, sys tem atic 
stud ies are nec es sary in or der to as cer tain the be hav -
ior of DU in soil wa ter in ter ac tion in the south Ser -
bian soils. In ad di tion to this, hu man up take of this
uranium ma te rial could be a pos si ble path way to in -
di cate pres ence of 236U/238U atom ra tio in hair,
blood or urine of sub jects.
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Ta ble 3. Ura nium iso to pic com po si tion mea sured by
TIMS in south Ser bia soil sam ples

Sample ID 234U/238U 235U/238U 236U/238U

JKL

Rel 1

Brat 1

Brat 2

Brat 3

Brat 4

Brat 5

Brat 6

NBS U010

0.0000549

0.0000544

0.0000442

0.0000534

0.0000548

0.0000488

0.0000544

0.0000539

0.0000546

0.0072548

0.0071127

0.0060617

0.0071194

0.0072067

0.0064564

0.0072007

0.0071101

0.0101400

ND

ND

5.7×10–6

2.86×10–8

ND

2.7×10–6

ND

6.1×10–7

6.87×10–5
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RASPODELA  URANIJUMA,  TORIJUMA  I  IZOTOPSKOG  SASTAVA
URANIJUMA  U  UZORCIMA  ZEMQI[TA  IZ  JU@NE  SRBIJE: 

DOKAZ   ZA  OSIROMA[ENI  URANIJUM

Indukovanom kuplovanom masenom spektrometrijom i termalnom jonizacionom masenom
spektrometrijom izmerene su koncentracije uranijuma i torijuma kao i izotopskog sastava
uranijuma zemqi{ta sakupqenog u podru~ju ju`ne Srbije. Uspostavqena je analiti~ka metoda za
rutinski postupak pripremawa uzoraka uranijuma i torijuma. Uranijum je hemijskim putem
izdvajan i pre~i{}avan iz uzoraka zemqi{ta pomo}u hromatografskih metoda, anjonskom izmenom
smola i UTEVA ekstrakcijom i izotopski odnos uranijumskih frakcija izmeren je pomo}u
termalne jonizacione masene spektrometrije. Postoji izvesno odstupawe u odnosu na prose~ne
vrednosti odnosa uranijuma i torijuma (U/Th) u nekoliko analiziranih uzoraka zemqi{ta.
Prisustvo 236U kao i osiroma{enog uranijuma utvr|eno je prilikom odre|ivawa odnosa 235U/238U u 
istim uzorcima zemqi{ta.


