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Abstract

A sensitive analytical method for determining the artificial radionucl#8s 2**Pu and®*°Pu at the ultratrace level in groundwater samples
from the Semipalatinsk Test Site area in Kazakhstan by double-focusing sector field inductively coupled plasma mass spectrometry (ICP-
SFMS) was developed. In order to avoid possible isobaric interferencalz 80 for °°Sr determination (e.g°Zr*, “°Ar>°Cr*, 6Ar>*Fe,
S8Ni60,*, 180Hf2* etc.), the measurements were performed at medium mass resolution under cold plasma conditions. Pu was separated
from uranium by means of extraction chromatography using Eichrom TEVA resin with a recovery of 83%. The limits of deteéfign for
23%py andP*%Pu in water samples were determined as 11, 0.12 and 0.1 fgraspectively. Concentrations ¥6r and?*°Pu in contaminated
groundwater samples ranged from 18 to 32 and from 28 to 856t mdspectively. Th&*®Puf3°Pu isotopic ratio in groundwater samples
was measured as 0.17. This isotope ratio indicates that the most probable source of contamination of the investigated groundwater samples
was the nuclear weapons tests at the Semipalatinsk Test Site conducted by the USSR in the 1960s.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Atolls [11] and the Semipalatinsk Test Site in Kazakhstan
[12]) in the 1950s and 1960s and dispersed worldwide. Fur-
Determination of artificial radionuclides is a challenging thermore, during the accident atthe Chernobyl nuclear power
task for analytical chemistry and is required in the envi- plant in 1986, additional®Sr and plutonium were released
ronmental monitoring of nuclear contamination in nuclear into the environment and a large part of it was deposited in

safeguards and nuclear forensic studiiest]. In particular, the post-Soviet Republics. Because of that, the Earth surface
the determinatiorf°Sr and plutonium isotopes (e.¢°Pu, in the northern hemisphere is contaminated due to global nu-
240py) atthe ultratrace concentration levelis of increasing im- clear fallout.

portancg5-10]. Usually, strontium and plutonium radionu- Determination of radioactiv®’Sr is of interest because of
clides are produced in nuclear reactdf8r is formed in the its impact in both environmental and health areas. Deposition
process of the fission of heavy nuclei, such??&J, while mainly occurs with rain or other precipitation and strontium

239py and?*%Pu are produced due to the capture of an ex- is very accessible to plants via soil uptake mechanigts

tra neutron by?38U (238U + 1n — 239U — 239py) and?3%u When the®Sr is ingested or inhaled, it processed by the

(23%u +1n — 240py), respectively. However, large amounts body in the same way as calcium and accumulates in bones

of °°Sr and plutonium were produced during the main atmo- or teeth (about 20-30% of total ingest&r). In the human

spheric nuclear weapons tests (e.g. at Bikini and Enewetakbody radioactivé®Sr can ionize molecules by the emission
of a medium energ-particle of 0.5MeV (specific activ-

* Corresponding author. Tel.: +49 2461 612698: fax: +49 2461 612560, ity Of 90Sr is about 5.k 102Bqg?) creating the risk of
E-mail addresss.becker@fz-juelich.de (J.S. Becker). cancer, especially bone cancer and leukemia. It decays into
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90y, which is also g3-emitter in equilibrium with®°Sr, thus ~ Table 1
doubling the specific activity of the material. Possible interferences f8Sr and Pu isotopes and required mass resolution

Accumulated in bone and teefSr can be used as a 21 !CP-SFMS

Required mass resolutiovigm)

powerful tool for age determinatiofl3—15] For instance, ~ Nuclide Molecular ions

Tolstykh et al[16] studied age dependencies®88r incor- %0gy 1802+ 1370
poration in dental tissues by measurement$°&k in the ;ZOHI? . 1372
teeth of residents living in settlements along the Techa River. 74(N3|e16%2+ ig%&
Plutonium as one of the most toxic elemefit3] has 520381+ 19987
to be studied with respect to isotopic ratio for evaluating 50\/40ar* 49894
the source of possible contaminations in the environment petart 155548
(nuclear power plants accide® 18], nuclear weapons tests ZgTiiOA” 158287
[19], etc.). Recently, thé*OPuf3°Pu isotopic ratio distribu- zr 29877
tion of plutonium in the Sea of Galilee at the ultratrace level ***Pu zszlfg e 36885
after trace-matrix separation and Pu enrichment was studied zogﬁggumlgf St
in our laboratory. It was demonstrated that the water from the
Sea of Galilee had been contaminated with artificial transura- >**Pu 222U1H2+ 19116
PHEOMNIH,* 3774

nium elements and the probable contamination source was

global fallout after nuclear weapons tests in the 1960s.

The most widely used analytical techniques for the expected on analyte ions, thus decreasing the accuracy of
determination of°Sr and Pu are radioanalytical techniques, ICP-MS determination of°Sr and Pu isotopes. fable 1
such ag3- anda-spectrometry, respectively, or liquid scin- possible isobaric interferences in the determinatiof°6f
tillation radiometry{10,11] However, with respect tg- and and plutonium isotopes and the required mass resolution
a-spectrometry very large sample volumes, typically 2-20 L, are summarized. The recently developed ICP-MS methods
are processed which is time- and labor-consuming. On the[5,8,31-35}with trace-matrix separation have been found to
other hand, the major disadvantage of these spectroscopiqossess the greater efficiency of ICP-MS (e.g. avoiding ma-
techniques relates to the counting period, which can taketrix effects, increasing sensitivity for the ultratrace analysis
from days to several weeks depending on the sensitivity andof °°Sr and isotope ratio measurements of Pu). In the inves-
precision required20]. Additionally, °°Sr as well ag3%Pu tigation of °°Sr in urine using ICP-MS with collision cell
and?4%Pu isotopes are difficult to analyze by spectrometric (ICP-CC-MS) and double focusing sector field ICP-MS (ICP-
techniques: th@-radiation from%°Sr is usually interfered ~ SFMS) detection limits of 20 and 0.4 fg i, respectively,
with by that from®Y and 89Sr and then-spectrometry of ~ have been achieved (assuming the pre-concentration factor
plutonium is complicated due to the similar energy?oPu of 200).
and?*%Pu (5.157 and 5.168 MeV, respectively). Therefore,a  The aim of this work was to develop an analytical tech-
readily available method for monitoring these radionuclides nique for the determination °Sr and Pu in groundwater
in contaminated areas with faster analysis times may provesamples at the ultratrace level from contaminated areas as
favorable[21]. well as Pu isotope analysis by ICP-SFMS.

Accelerator mass spectrometry (AMS) and resonance
ionization mass spectrometry (RIMS) have been applied for
the determination o1°Sr[22—24]and Pu isotopel@5-27]at
the ultratrace level in different matrices. However, because
AMS is very expensive and instruments for RIMS are not 2.1. ICP-MS instrumentation
available on the analytical market at present, these tech-
nigues have not found wide application. In contrast, thermal A double focusing sector field ICP-MS (ELEMENT,
ionization mass spectrometry (TIMS) is a well-established Finnigan MAT, Bremen, Germany) was used for the
mass spectrometric technique for the analysis of long-lived determination of°°Sr and?3°Pu concentration as well as
radionuclides with an ionization potential lower than 7eV the 24%Puf3%u isotopic ratio in water samples. The ICP
(e.g. Pu, U)[28,29] at the ultratrace level, but analytical torch was shielded with a grounded platinum electrode
methods for the determination 8Sr with a half-life of 29 (GuardElectrodE”, Finnigan MAT). For sample intro-
years by TIMS are not described in the current literature.  duction, the PFA-100 microconcentric nebulizer (CETAC

Inductively coupled plasma mass spectrometry is one of Technologies, Inc., Omaha, NE, USA) was used. Aqueous
the most suitable methods for the ultratrace determination solutions were introduced in the continuous flow mode
and isotope analysis of radionuclides (suct?%&r, Pu, U, using a peristaltic pump (Perimax 12, Spetec GmbH,
129 and others) due to its high sensitivity, good accuracy and Erding, Germany). For the pre-concentration of strontium,
precision, and generally simple sample preparation proce-the samples were evaporated using subboiling apparatus
dure[1,30]. However, depending on the matrix composition, SEP-600 IR (AHF Analysentechnic GmbH, Tuebingen,
isobaric interferences by molecular or atomic ions can be Germany). Optimized experimental conditions are summa-

2. Experimental
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Table 2

Optimized experimental conditions of double-focusing ICP-SFMS for de-
termination o?°Sr and Pu in groundwater samples from Kazakhstan, using
cold and hot plasma

90Sr measurements  Pu measurements

RF power (W) 650 1200
Solution uptake rate (mimirt)  0.30 0.30
Cooling gas flow rate (I mint) 18 18
Auxiliary gas flow rate (Imirml)  1.45 15
Nebulizer gas flow rate (Imirt) 1.2 0.985
Focus lens potential (V) —1100 —850
Sampler cone Nickel, 1.1 mm

orifice diameter
Skimmer cone Nickel, 0.9 mm

orifice diameter
Mass window (%) 60 20
Runs 700 7
Passes 3 50
Scanning mode Peak hopping
Mass resolutionrty Am) 4400 300

rized in Table 2 Further details about the instrumentation

and measurement procedure are described else\\)863.

All the measured intensities were corrected taking into
account the dead time of the ion detector that was found
to be 45ns using 1, 2 and 10 ngmhl solution of NIST

SRM987 standard reference material. The mass bias for

240py£39%py isotopic ratio measurements was determined
by uranium isotope SRM NIST U020 standard reference
material.

2.2. Standards and reagents

Diluted laboratory standard stock solution of strontium
and zirconium of natural isotopic composition were used
for optimizing the experimental parameters of #A8r mea-

surements. Calibration standards of concentrations of 50,

100, 200 fg mt?® of °°Sr were prepared for determining the
concentration oP9Sr. 24Py isotopic standard (NIST SRM

205
2.3. Samples and samples preparation

Four groundwater samples were collected from differ-
ent contaminated areas of the Semipalatinsk Test Site (STS)
(Kazakhstan).

2.3.1. Pre-concentration 8PSr

Ten milliliters of the water sample was acidified to 2%
(v/v) with concentrated nitric acid and placed in the Teflon
beaker. The sample was pre-concentrated by evaporation of
water (using SEP-600 IR) to a volume of 2 ml and introduced
by the microconcentric nebulizer into the ICP-SFMSRBr
analysis.

2.3.2. Chemical separation of plutonium

Plutonium was separated from sample matrix and other
trace elements (mainly from uranium) by extraction chro-
matography using Eichrom’s TEVA resin (particle size
50-100um, active component: aliphatic quaternary amine).
Ten microliters of the investigated water sample, spiked with
4 pg of242py tracer, was dissolved in 13.2 ml of 6 M HNO
To be retained on TEVA resin Pu must be present in a
Pu(lV) form so 1ml 3M NaNQ@ was added, mixed well
and left to stand for 5min to ensure that Pu (lll) and Pu

10 ml of water sample
spiked with 4ng ***Pu
|
I 1. Dissolve in 13.2 ml of 6M HNO; |
I

Add 1 ml 3M NaNO, +
0.4 ml 0.5M Al (NOs);
I

Add 0.4 g of TEVA resin |

2.

|3.

I

| 4. Shake 120 min 300 min’' |
I

I 5. Send sample through the column I
I

4334F) was applied to optimize the Pu measurements and to I

control the recovery of the developed procedure. The preci-
sion and accuracy 6f%Pu’3°Pu isotope ratio measurements

was evaluated using a synthetically prepared aqueous labo- [

ratory standard solution with known plutonium isotopic ra-
tio composition 4°Puf3%Pu = 0.2960t 0.0026, uncertainty

2 s). Calibration standard solutions for Pu determination were
prepared by diluting 1 ng mf aqueoug42Pu to the follow-

ing concentrations of*?Pu: 1, 10, 50, 100, 200, 500 and
1000 fg m-L. The water for dilution was high-purity deion-
ized (18 M2 cm™1) obtained from a Milli-Q-Plus water puri-
fier (Millipore Bedford, MA, USA). All chemicals used were
supragrade (Merck, Darmstadt, Germany), nitric acid was
further purified by subboiling distillation. Strontium standard
reference material SRM897 and uranium NIST U020 were
applied for the determination of ion detector dead time and
mass bias of the ICP-SFMS, respectively.

I 6. Wash 3x10ml 3M HNO; |
7 Elution Pu

* 10 ml 0.05M HF+ 0.05M HNO;
| 8. Evaporation to dryness ‘

|9. Dissolvein 112 ml of M HNO; |
|

Add 0.4ml 0.5 M AI(NO3);
fill up to 25 ml with MilliQ
1

Repeat steps 3-7 |

v

PFA 100-ICP-SFMS
measurement of Pu

10.

|11.

Fig. 1. Sample preparation procedure for Pu analysis in water samples from
Kazakhstan.
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(VI) were converted to Pu (IV). After that 0.4 ml of 0.5M 300000 P e——— T 1000000 2
AI(NO3)3 and 0.4 g of TEVA resin were added to the sam- w background signal on m/z 90 P
ple. The sample was shaken for 120 min at a rotation speed z. 230000 I/J T
of 300 mirr ! and loaded into the appropriate cartridge tube. ; 200000 /_./ 00 g
The resin was then rinsed with>310ml 3M HNGO; and z e W - 4 1000 E
the plutonium was eluted with 2 5ml 0.05 M HF +0.05 M § Lo // Lo £
HNOz3. Because the concentration of U in the separated sam- 5 49000 o - 5‘-':‘
ple was still relatively high (about 1 ngmt), Puwas sepa-  “y ol : I
rated for a second time on the TEVA resin. The fraction of Pu = 500007 e « °* 11 .
from the first separation was evaporated to dryness and dis- ol . , r . o1 -
solved with 11.2 ml of 7 M HN@. After that, 0.4 mlof 0.5 M 600 700 800 900 1000
rf power, W

Al(NO3)3 was added and the solution was diluted to 25 ml

with MilliQ H ZQ' Then the sample W.as subjected to the same Fig. 2. . Effect of r.f. power on the response®®8r* and background inten-

TEVA separation protocol as described above and used forsitysignalorm/z=90.(Notethationintensitysignal o'z =90is presented

the determination of Pu concentration and Pu isotope ratioSon a logarithmic scale).

by ICP-SFMS. A schematic diagram of the sample prepa-

ration procedure is shown iRig. 1 Further details about \\here the sensitivity for $rof 18 MHzppnt! and the

the sample preparation procedure can be found elsewherebackground signal om/z= 90 below 0.8 cps were achieved.

[32]. However, if the application of medium mass resolution
of ICP-SFMS and cold plasma conditions sufficiently reduce
the influence of isobaric interferences wfz=90, the peak

3. Results and discussion tailing of8Sr* seems to be the critical factor in the determina-
o o tion of °9Sr using the developed method. If the concentration
3.1. Determination of°Sr by ICP-SFMS of natural strontium in the sample is higher than 25 ng'ml
o - . which is very often case, then a different approach would
3.1.1. Isobaric interferences and peak tailing®8r be necessary (e.g. use of MC-ICP-MS with better abundance
on m/z=90 sensitivity).

The detection limit, accuracy and precisiorP®6r deter-
mination in ICP-MS are mainly affected by the occurrence
of isobaric atomic and molecular ions at/z=90 (see
Table 1. Moreover, the peak tailing of the highly abundant
883r isotope — strontium of natural isotope composition
is usually present in the sample in the low ppm range —
will also disturb the ultrasensitive®Sr determination. In
order to minimize isobaric interferences and peak tailing on
m/z=90 the ICP-SFMS measurements were performed in
the medium mass resolution mode/Am=4400). Under
these experimental conditions, the abundance sensitivity
of two mass units ¢+ 2)/m) in medium resolution mode
was found to be & 10~/ (versus 2< 107° in low mass
resolution mode) measuring 1 mgmlof natural strontium
as described elsewhej@7]. However, whereas several iso-

3.1.2. Additional optimization of ICP-SFMS fiSr
measurements

Further ICP-SFMS tuning was carried out with respect
to the nebulizer gas flow rate, ion focus lens voltage and
XYZ torch position (sedrig. 3). First, nebulizer gas flow
was slightly increased (up to 1.2 | mif) to ensure additional
cooling of the plasma and, therefore, a further reduction of
“Ar-based interferences[38]. A small increase in Srion
intensity was found. After that, the focus lens voltage was
optimized, as it corrects for differences in the ion kinetic
energy and, therefore, differs between hot and cold plasma.
A two-fold increase in sensitivity for Sr was observed by

baric interferences (e.§€%Hf2*, 58Ni160,*) can be resolved 500000 = I
from 90Sr at a mass resolution of 4400, the required mass , %1 [ > |t iasens [o PG
resolution of most of the interferencesnalz= 90 are higher = 90000 | [Nt e S
than that of ICP-SFMS (se&able ). Among others, the ‘é ‘:’50000' : < |

isobaric interference of°Zr* and “Ar-based interferences” 2 zggggg optimized nebulze gas

(e.9.52Cr38Ar*, SOTi“OAr*, etc.) are of special interest due 'z Sy | mve® o w ok x w

to their relatively high abundance. In order to reduce the = |00 ) 5=

formation of these interfering ions the ICP-SFMS was oper-  £” 40000 -

ated in cold plasma condition (at lower forward powers in an 50000 4

effort to suppress ionization of elements of higher ionization 0 —— —y |
potential). The effect of r.f. power on the intensity86r 0 5 10 15 20

number of measurements

ions and the background signal oviz=90 (seeFig. 2) was

StUdi?d using _10_ppb of Sr, Zr and 100 ppb Ge, Cr, V, Fe, Ti ¢y 3 Effect of optimized nebulizer gas flow rate, focus lens voltage and
solutions. Optimized forward power was found to be 650 W, xyzposition on thé8sr* ion intensity under cold plasma conditions.
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Table 3 1400000 - L g 720
Concentration of selected elements in analyzed groundwater samples mez mn‘mwmwmmw“ +i1s
sured by ICP-SFMSny Am= 4400, r.f. power =1200 W) in medium mass g 1200009: T 11 &
resolution mode under hot plasma conditions §= 1000000 4] w14 S
Element  Concentration (ng m¥) LOD (ppb) £ 800000 T2 ¢
£ +10 =
Samplel Sample2 Sample3 Sample4 £ 600000 - 1g ;
Ti <LOD <LOD <LOD <LOD 0.2 *_ 400000 - . ] Py T6 2
& il ol +4 £
& o1 o1 os oz oo T T e
Fe 6.1 9.7 17 71 0.5 0 - —— - - - 0 =
Ge <LOD <LOD <LOD <LOD 0.08 0 100 200 -’Ooﬁm:Og 500 600 700
ir (?f (?g 2252 SL%D C?(?f *Bpr— procedural blank for sample 1 (five fold pre-concentrated 0.2, 0.1, 6.1, 5.8, 0.1
r . . . < . ng ml-1 of V. Cr, Fe, Sr, Zr, respectively)
U 7414 5796 1638 4935 8910°

Fig. 4. lonintensities om/z=88 andn/z= 90 measured in pre-concentrated
procedural blank, sample 1 solution and procedural blank spiked with 50,
changing the focus lens potential fror850V (which was 100 and 200 fg mi* of %0sr.

optimal for hot plasma) to a more negativel 100 V. Fi-
nally, after tuning theXYZ position, a sensitivity for Sr in
ICP-SFMS of 42 MHz ppm? under cold plasma conditions
was achieved, while the background ovz remained be-
low 0.8 cps. The limit of detection criterion) and limit
of quantification (18-criterion) for °9Sr under these opti-

Table 4
903y concentration in analyzed groundwater samples measured by ICP-
SFMS and3-spectrometry

905 concentration (fg mit)

mized parameters was determined to be 11 and 35fg,ml ICP-SFMS B-spectrometry

respectively. Sample 1 18.81.9 19.2+ 0.61
Sample 2 32322 30.1+ 1.8
Sample 3 <2.2 1.3% 0.01

3.1.3. %95y determination in groundwater samples Sample 4 18.83.1 165+ 1.2

Before measurements were made °88r under cold
plasma conditions, the concentrations of Ti, V, Cr, Fe, Ge,
Srand Zr were determined in the groundwater samples ana-fluence of these effects on the accuracy of the measurements
lyzed using common hot plasma conditions (§aele 3. The was considered to pe minimized. All results of t.he measure-
concentration of natural strontium in the samples ranged from Ments are summarized fable 4 The concentration of°Sr
2.2 to 6.0ngmitL, while concentrations of other measured [N the groundwater samples analyzed ranged from 18.0 to
elements were below 17 ngT. Based on these results, for  32-3f9 mi* and that in sample 3 was below the procedural
each of the analyzed samples, matrix-matched aqueous stan-OD.
dard solutions with a similar composition and concentration ~ 10 further evaluate the developed method, compar-
of Sr, Ti, V, Cr, Fe, Ge and Zr were prepared, and were fur- ative determination of radioactiv€Sr in the samples
ther used as procedural blanks $88r and Pumeasurements. analyzed was performed k§-spectrometry (se&able 4.
Moreover, because the concentratiorfé8r in the samples ~ The results obtained show a good agreement between
was lower than 25 ng mi, the groundwater samples and also the two spectrometric techniques. The precision of the
synthetic standards were subjected to a pre-concentratior@nalytical data is slightly better using-spectrometry.
procedure using SEP 60 IR (assuming a pre-concentrationVVhereas 1 his necessary for ICP-MS measuremen?§gor
factor of 5). Recovery using the experimental procedure was détermination, the3-spectrometric measurement needs 3
determined as 82% using Sr of natural composition. days.

After pre-concentration, thé%Sr in the samples was
determined by ICP-SFMS with cold plasma conditions 3.2. ICP-SFMS measurements of plutonium
as follows. Mass-to-charge ratios of 88 and 90 were
monitored. The analyzed groundwater sample and three3.2.1. Precision and accuracy of Pu measurements
pre-concentrated procedural blanks, spiked with 50, 100 and  Precision and accuracy of thé*Puf3°Pu isotope
200 fgmi-t of 20Sr standard, respectively, were measured ratio of the developed method was studied using a
one after the other in one ICP-MS run and with washing synthetically prepared Pu standard solution. A value of
by appropriate pre-concentrated procedural blank steps in0.3001+ 0.0034 for thé4%Pu/3%Pu isotopic ratio in the stan-
between. Typical results of these measurements (e.g. fordard (0.296@: 0.0026 was expected) was determined, which
sample 1) are presentedhig. 4 Because the concentration results in a precision (R.S.In=10) and an accuracy of 0.9
of the elements that may cause the formation of isobaric and 1.3%, respectively. A precision of 5% was determined
interferences om/z=90, as well as the concentration of for ten independent measurements of 100 fgdf 242Pu
natural Sr, was equivalent in all measured solutions, the in- solution.
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Table 5 fully removed by a cold plasma operated at 650 W, because
Concentration of39Pu and?4%PuP39Pu isotopic ratio in analyzed ground-  their formation is prohibited in such low r.f. power energy. A
water samples from Kazakhstan measured by ICP-SFMS medium mass resolution setting proved to be adequate for the

239 1 240, 39, . . . .
Pu (fgmf™) PuPPu separation of nickel-based interferents, suctPNs'%0,*, as
Sample 1 397 30 0.16+0.02 well as for improving the abundance sensitivity of the ICP-
Sample 2 856 62 0.17+£0.01 SFMS instrument, which enables the influence of the peak
Sample 3 28t 2 0.15+0.02

tailing effect from highly abundarf®Sr to be reduced. In
the present study, the concentrations of natural strontium in
the samples analyzed were below 10 nghkso their con-
3.2.2. Separation of plutonium on TEVA resin tribution to the intensity signal atVz=90 was considered
Because of the presence of uranium in the analyzed sampleo be negligible even after the pre-concentration of Sr in the
(seeTable 3, the accurate determinationPPu by ICP-MS sample by a factor of 5. Using such an approach??ﬁe in
was difficult due to interferences froffUH* ion formation the groundwater sample from Kazakhstan was measured in
and the peak tailing effect froff8U*. These interferences the range of 18-32.3 fg mf, without any chemical separa-
led to anincrease in the background signathtr=239U [32], tion steps. However, in the case of a higher concentration of
necessitating the separation of plutonium from uranium. In patural strontium in the sample (e.g. >100 ppb) or if the pre-
the present work, separation of Pu was performed by meansconcentration steps are applied with a relatively large enrich-
of extraction chromatography using Eichrom’s TEVA resin  mentfactor prior to the ICP-MS measuremgBbisa dramatic
as stated in Sectioh The U concentrations after the second increase in the LOD fo1°Sris expected. In such cases, the use
separation step for all analyzed samples were below of multicollector ICP-MS with abundance sensitivity for two

4pgmi~t, and no increase in the backgroundnalz= 239 mass units up to better than18[39] would be the method of
was observed. The procedural recoven/&Pu spike was choice.

Sample 4 355k 25 0.16+0.02

found to be 83%. Additional measurements of Pu in the groundwater sam-
ples analyzed reveals that the water was contaminated with
3.2.3. Pu concentration arif°Pu23%Pu isotope ratio artificial plutonium with 24°Pu£3%Pu isotopic ratio of 0.16.
measurements in the groundwater sample from The ratio indicates that the cause of this contamination was
Kazakhstan the nuclear weapons tests conducted by the USSR at STS in

After separation, the water samples from Kazakhstan the 1960s.
were measured by ICP-SFMS with respect to their plu-
tonium content (se@able §. The concentration of3%Pu
in the groundwater samples analyzed was determine

by short-term repeatability and were in the range of . L
28-856fgmil. The LODs (3-criteria) for 23%u and The authors would like to thank the Bundesministerium

fur Bildung und Forschung (BMBF) for financial support of
K the bilateral BMBF cooperation in Water Technology (project
number: 02WT0334) and K. Volka (Prague) for helpful dis-
cussions.

dAcknowIedgements

240py were calculated to be 0.12 and 0.1 fghlrespec-
tively. For the evaluation of LODs the procedural blan
of the applied separation protocol was prepared and its
intensity value was always subtracted from the sample
results.

240pyP39py isotopic ratios were measured in order to as- References
sess the source of contamination in the analyzed ground-
waters from Kazakhstan (seBable 5. 24%Pu3%Pu iso- [1] J.S. Becker, H.-J. Dietze, Encyclopedia of Analytical Chemistry, Wi-
topic ratios determined were in the range of 0.15-0.17, ley, Chichester, UK, 2000, 12947.
which indicates that the water in the Semipalatinsk [2] J-S- Becker, Spectrochim. Acta B 58 (2003) 1757.
Test Site area was contaminated with plutonium due to 3] Zﬂen'ifinrt;ig Iégfse"’ Environmental Radioactivity, 4th ed., Aca-
the nuclear weapons tests conducted by USSR in the (4] g.R. Choppin, A. Morgenstern, Plutonium in the Environment, EI-

1960s. sevier Science, New York, 2001.

[5] A.P. Vonderheide, M.V. Zoriy, A.V. Izmer, C. Pickhardt, J.A. Caruso,
P. Ostapczuk, R. Hille, J.S. Becker, J. Anal. At. Spectrom. 19 (2004)
675.

[6] M.V.B. Krishna, J. Arunachalam, M.S. Murali, S. Kumar, V.K. Man-
chanda, J. Radioanal, Nucl. Chem. 261 (3) (2004) 551.

An analytical procedure that proves the capability of ICP-  [7] F.A. Tikhomirov, A.l. Shcheglov, Sci. Total Environ. 157 (1994) 45.
MS for the determination of artificially produced radionu-  [8] S.F. Boulyga, M.V. Zoriy, M.E. Ketterer, J.S. Becker, J. Environ.
clides such a¥Sr and Pu in groundwater samples was devel- __ Monit. 5 (2003) 661.

. . [9] A.C. James, R.E. Filipy, J.J. Russell, J.F. Mclnroy, Health Phys. 84

oped. The study demonstrates that isobaric interferences on (1) (2003) 2

the masswz=90, originating, for instance, from stable zir- [10] b. Solatie, P. Carbol, E. Hrnecek, T. Jaakkola, M. Betti, Radiochim.

conium ions or argon-based polyatomic ions, can be success-  Acta 90 (8) (2002) 447.

4. Conclusions



M.V. Zoriy et al. / International Journal of Mass Spectrometry 242 (2005) 203-209

[11] W.L. Robison, C.L. Conrado, K.T. Bogen, A.C. Stoker, J. Environ.
Radioact. 69 (2003) 207.

[12] N. Semiochkina, G. Voigt, M. Mukusheva, G. Bruk, I. Travnikova,
P. Strand, Health Phys. 86 (2) (2004) 187.

[13] P. Neis, R. Hille, M. Paschke, G. Pilwat, A. Schnabel, C. Niess, H.
Bratzke, For. Sci. Int. 99 (1) (1999) 47.

[14] M.O. Degteva, V.P. Kozheurov, Radiat. Prot. Dosim. 53 (1994) 229.

[15] T. Katsumata, A. Kawamura, M. Takeda, N. Muto, T. Kitabayashi,
Y. Takizawa, S. Hisamatsu, J. Rad. Res. 21 (1) (1980) 69.

[16] E.l. Tolstykh, E.A. Shishkina, M.O. Degteva, D.V. Ivanov, V.A.
Shved, S.N. Bayankin, L.R. Anspaugh, B.A. Napier, A. Wieser, P.
Jacob, Health Phys. 85 (4) (2003) 409.

[17] R. Pietrzak, H. Doty, C. FiInfrock, A. Moorthy, E. Kaplan, K. Thind,
23%py in Urine by ICP-MS and FTA Methods and their Application to

Occupational Exposure Measurements Presented at the 44th BAER

Conference, Albuquergue, NM, USA, 1998.

[18] M. Rodriguez, J.L. Gascon, Radiochim. Acta 90 (1) (2002) 7.

[19] E. Hrnecek, L. Aldave, L. Heras, M. Betti, Radiochim. Acta 90
(2002) 721.

[20] S.F. Boulyga, D. Desideri, M.A. Meli, C. Testa, J.S. Becker, Int. J.
Mass. Spectrom. 226 (2003) 329.

[21] N. Spry, S. Parry, S. Jerome, Appl. Radiat. Isot. 53 (2000) 163.

[22] M. Paul, D. Berkovits, L.D. Cecil, H. Feldstein, A. Hershkowitz, Y.
Kashiv, S. Vogt, Nucl. Instrum. Meth. Phys. Res. B 123 (1997) 394.

[23] G.E. Jacobsen, M.A.C. Hotchkis, D. Fink, D.P. Child, C. Tuniz, E.
Sacchi, D.M. Levins, P.P. Povinec, S. Mulsow, Nucl. Instrum. Meth.
Phys. Res. B 172 (2000) 666.

[24] K. Wendt, N. Trautmann, B.A. Bushaw, Nucl. Instrum. Meth. Phys.
Res. B 172 (2000) 162.

[25] S.H. Lee, J. Gastaud, J.J. La Rosa, L.L.W. Kwong, P.P. Povinec, E.
Wyse, L.K. Fifield, P.A. Hausladen, L.M. Di Tada, G.M. Santos, J.
Radioanal. Nucl. Chem. 248 (3) (2001) 757.

209

[26] C. Vockenhuber, I. Ahmad, R. Golser, W. Kutschera, V. Liechten-
stein, A. Priller, P. Steier, S. Winkler, Int. J. Mass. Spectrom. 223
(1-3) (2003) 713.

[27] M. Nunnemann, N. Erdmann, H.U. Hasse, G. Huber, J.V. Kratz, P.
Kunz, A. Mansel, G. Passler, O. Stetzer, N. Trautmann, A. Waldek,
J. Alloys Compd. 271 (1998) 45.

[28] D. Lewis, G. Miller, C.J. Duffy, D.W. Efurd, W.C. Inkret, S.E. Wag-
ner, J. Radioanal. Nucl. Chem. 249 (1) (2001) 115.

[29] K.G. Heumann, Mass Spectrom. Rev. 11 (1992) 41.

[30] A. Montaser, Inductively Coupled Plasma Mass Spectrometry, Wiley-
VCH, New York, 1998.

[31] C.S. Kim, C.K. Kim, K.J. Lee, Anal. Chem. 74 (15) (2002)
3824.

[32] M.V. Zoriy, C. Pickhardt, P. Ostapczuk, R. Hille, J.S. Becker, Int. J.
Mass. Spectrom. 232 (2004) 217.

[33] J.S. Becker, M.V. Zoriy, L. Halicz, N. Teplyakov, C. Mueller, 1.
Segal, C. Pickhardt, I.T. Platzner, J. Anal. At. Spectrom. 19 (2004)
1257.

[34] S.F. Boulyga, M. Tibi, K.G. Heumann, Anal. Bioanal. Chem. 378
(2) (2004) 342.

[35] M. Yamamoto, A. Tsumura, Y. Katayama, T. Tsukatani, Radiochim.
Acta 72 (4) (1996) 209.

[36] J.S. Becker, H.-J. Dietze, Fresenius’ J. Anal. Chem. 368 (1) (2000)
23.

[37]1 M.V. Zoriy, L. Halicz, M.E. Ketterer, P. Ostapczuk, J.S. Becker, J.
Anal. At. Spectrom. 19 (2004) 362.

[38] F. Vanhaecke, S. Saverwyns, G.D. Wannemacker, L. Moens, R.
Dams, Anal. Chim. Acta 419 (2000) 55.

[39] R.N. Taylor, T. Warneke, J.A. Milton, I.W. Croudace, P.E. Warwick,
R.W. Nesbitt, J. Anal. At. Spectrom. 18 (2003) 480.



	Determination of 90Sr and Pu isotopes in contaminated groundwater samples by inductively coupled plasma mass spectrometry
	Introduction
	Experimental
	ICP-MS instrumentation
	Standards and reagents
	Samples and samples preparation
	Pre-concentration of 90Sr
	Chemical separation of plutonium


	Results and discussion
	Determination of 90Sr by ICP-SFMS
	Isobaric interferences and peak tailing of 88Sr+ on m/z=90
	Additional optimization of ICP-SFMS for 90Sr measurements
	90Sr determination in groundwater samples

	ICP-SFMS measurements of plutonium
	Precision and accuracy of Pu measurements
	Separation of plutonium on TEVA resin
	Pu concentration and 240Pu/239Pu isotope ratio measurements in the groundwater sample from Kazakhstan


	Conclusions
	Acknowledgements
	References


