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Abstract

Determination of rare earth elements by quadrupole based inductively coupled plasma mass spectrometry (ICP-QMS) shows several
spectroscopic overlaps fromyMO* and MOH' ions. Especially, the spectroscopic interferences are observed from the atomic and molecular
species of lighter rare earth elements including Ba during the determination of Eu, Gd and Th. Mathematical correction methods, knowing
the at.% abundances of different interfering isotopes, and the extent of formation of molecular species determined experimentally, have been
used to account for various spectroscopic interferences. However, the uncertainty propagated through the mathematical correction limits
its applicability. The uncertainty propagation increases with the increase in contribution from interfering species. However, for the same
extent of total contribution, the overall error decreases when the interfering species are more than one. In this work, chondrite as well as a
few geological reference materials containing different proportions of various rare earth elements have been used to study the contributions
of different interfering species and the corresponding uncertainty in determining the concentrations of rare earth elements. A number of
high abundant isotopes are proposed for determining the concentrations of various rare earth elements. The proposed isotopes are teste
experimentally for determining the concentrations of different rare earth elements in two USGS reference materials AGV-1 and G-2. The
interferences over those isotopes are corrected mathematically and the uncertainties propagated due to correction methodology are determine
for those isotopes. The uncertainties in the determined concentrations of rare earth elements due to interference correction using the proposec
isotopes are found to be comparable with those obtained by the commonly used isotopes for various rare earth elements.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction rare earth elements for different applications increases their
release into the environment. As a consequence, determina-
Rare earth elements represent a group of elements from Laion of rare earth elements is also needed for environmental
to Lu, which shows similar physical and chemical properties. and biological scienc,3].
They play an important role in various fields ranging from ge- High selectivity and sensitivity along with multi-elemental
ology to electronics, which demand their determination from detection capability of quadrupole based inductively coupled
percentage level to ultra-trace ledl]. Increasing use of  plasma mass spectrometry (ICP-QMS) have made this tech-
nique as a useful analytical tool for ultra-trace determination
of different elements including rare earths. Since the launch
_ of the first commercial ICP-QMS system in 1984, a number
(S.K. Aggarwal)/+86 886 2 2362 1483 (K.C. Lin). A : .
E-mail addresseskclin@ccms.ntu.edu.tw (K.-C. Lin), of papers have aPpe"?“ed !n “t_erature on IFS use f‘?r multi-
skaggr@magnum.barc.emet.in (S.K. Aggarwal). elemental determinations in different matrices. This tech-
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nique is particularly attractive for determination of rare earth using experimental data on the formation of oxides and
elements especially in geological samples without any chem-hydroxides and the corresponding uncertainty associated
ical separation or pre-concentratipf]. As a result, many  with them for the determination of rare earth elements by
reports have been published for the determination of rare ICP-QMS.
earth elements in geological samples by ICP-QgS11]. A discussion of the best choice of isotopes on the basis of
However, the mass spectra are plagued by spectroscopic indegree of oxide formation of potential interfering elements
terferences from various species, e.g. oxides and hydroxidesto be used for rare earth elements analysis was reported by
which poses serious problem for determination of middle and Longerich et al[25]. However, some of the high abundant
heavier rare earth elements by ICP-QMS, particularly when isotopes of rare earth elements showing relatively more but
the concentration ratio of lighter rare earths to heavier rare correctable interferences have not been considered in those
earths is high. In addition, Ba is one of the most abundant el- discussions. In this work, four different geological reference
ements in many samples and its oxides and hydroxides alsamaterials, chondrite and a synthetic mixture were used to
interfere with determination of some of the rare earth ele- identify the most suitable isotopes for determination of dif-
ments, e.g. Eu. ferent rare earth elements. It is demonstrated that in many
Reduction of oxide and hydroxide formation in plasma cases, more than one isotope can be used for determining
has been the focus of research for many years. Several meththe rare earth element concentrations by ICP-QMS, without
ods including desolvation techniques like ultrasonic nebu- worrying about the number of interfering species. Though,
liser [12], membrane dryefl3] and cryogenic desolvation conventionally one isotope has been preferred due to more
[8] have been adopted to reduce the metal oxide formation ininterferences on the other isotopes, however, the use of more
the ICP torch. Other attempts such as changes in plasma gathan one isotope enhances the confidence in the concentration
compositior{14,15], changes in sampler and skimmer orifice values obtained using ICP-QMS. It also helps in identifying
size[16], optimization of the distance between thEi], and isotopic anomalies, if any, in case of non-natural isotopic
changes in sampling depih3] have also been demonstrated composition of the element, e.g. in natural reactor popularly
to reduce the oxide formation. The dynamic reaction cell has known as OKLO phenomenon or in case of samples from a
also been introduced in the commercial ICP-QMS instru- nuclear reactor or irradiation experiments.
ments, which makes use of collision/reaction with a gas to
reduce the level of oxides present in the ion bda&)19]
In spite of reduction in the formation of oxide and hy- 2. Experimental
droxide species, mathematical correction methodology has
to be adopted to account for the oxide and hydroxide over- 2.1. Apparatus
lap problen(20,21] Vaughan and Horlick compared the use
of multiple component analysis method with Gauss elimi- A SCIEX ELAN 6000 ICP-QMS (Perkin-Elmer, USA),
nation for rare earth elements determination by ICP-QMS with cross flow nebuliser described elsewh@®, was used
[22]. Dulski reported a degree of interference during rare for analyzing various samples. The sampling depth between
earth elements determination by ICP-QMS under the routine the sampler tip and top coil was fixed at 9 mm for all data ac-
conditions[7]. However, these publications do not allow the quisition. The coolant gas flow rate and the auxiliary gas flow
estimation of uncertainties due to interference correction in rate were fixed at 15.0 and 1.0 L/min. The aerosol gas flow
the corrected rare earth elements signals. As is obvious, dugate and the r.f. power were optimized daily using 10 ppb Ce
to large corrections required, coupled with increased uncer- solution to optimize the sensitivity along with fraction oxide
tainty in the correction, this method has not been preferred formation. The typical values were 0.95 L/min for aerosol gas
for determination of lighter rare earth elements specifically flow and 1250 W as the r.f. power.
Eu in presence of relatively high concentrations of Ba. Jarvis
used doubly charged Eu ions for its determination to cir- 2.2. Reagents
cumvent the spectroscopic interferences from oxide and hy-
droxide species of BR3]. Unusual severe loss of sensitivity De-ionized water (Millipore, USA) was used for the prepa-
limited the use of doubly charged ions in Eu determination ration of solutions. Indium (1000 ppmw) was procured from
at ultra-trace level. Cao et al. used chromatographic separaMerck. All the rare earth elements solutions 10 ppmw each
tion for Ba to avoid large mathematical correction afE4j. and Ba (1000 ppmw) standard solution were purchased from
Though the separation is required only in very unusual and High-Purity Standards, USA and diluted to desired concen-
exceptional samples, yet the procedure is tedious and timetrations by 1% HNQ. Rock samples AGV-1 and G-2 with
consuming. recommended values for rare earth elements and Ba were
The speed as well as ease of application of mathemati-obtained from the United States Geological Survey. Trace
cal correction methodology without any additional experi- pure grade HN@ and supra pure grade HF obtained from
mental step motivated us to study in detail, the advantagesMerck were used for digestion and dissolution of rock sam-
and drawbacks of this approach. This was done by esti- ples. Finally, all the solutions and samples were prepared in
mating the contributions from various interfering species 1% HNGO; for ICP-QMS analysis.
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2.3. Rock sample preparation Assuming (13saon/ [1388a)sample= (/138BaoH/
o ) ) 11388a)standard

Ultrasonicatiorj27]in conc. HF and conc. HNgmedium
was employed for the extraction of rare earth elements from ;.
solid silicate matrices. An amount of 25 mg of AGV-1 was
dissolved in PTFE beaker using a mixture of 0.5mL conc.
HF and 5mL conc. HN@), by heating on a hot plate fol-
lowed by ultrasonication, for 1.5-2h. To extract the ultra- T1308304 (sample)
trace heavier rare earth elements in G-2, the above digestion
medium was modified to 1:1 HCI-HNgn place of HNQ. _ <113SBaOH) T 130Ba (at%)K or
The ultrasonication extraction time was also increased from standard D2 (SAMPIEL38R A (at96)
2 to 5h. The dissolved solutions showed no residue after the
ultrasonic extraction. It may be added that undissolved min- L3020 (sample)™= (YBaoH) 113884 (sample
erals, if left, during the dissolution procedure are most likely
zircons containing heavier rare earths and hence it was €Syyhere, Ygaon = (I13ga0p/f1283,) denotes the yield of
sentigl to carry out quantitative dissolution. The dissolved ga0H* and T334 (samplefS the intensity of38Ba in the sam-
solutions were evaporated to dryness to remove the excess 0{)Ie. If a7 sampley the observed intensity &7Sm in the

fluorides and chlorides from HF and HCI, respectively. They . 147
were further treated 2—3 times with conc. HMIO evaporate sample, then the corrected intensify,, (sample)Of Sm

till dryness, followed by their dilution to the desired volume Used for its determination in the sample will be
with 1% HNQ;s for ICP-QMS analysis.

JEEPY (sample) (2)

f 13BBa0H>
standard

BaOH (sample)™ ( Tasg
a

Substituting Eq(2) into Eq.(1)

Li3sp,

13083 (at%) K 3
13883 (at%)

I 147Sm (sample)™ largm (sample)™ I130840H (sample) (4)

In generalized form, the EqE3) and (4)can be written as:

3. Mathematical correction method b

Ic =YIg (sample)lyl( (5)
3.1. Correction for polyatomic (oxide or hydroxide) ,
isobaric species Ia (sample)= 1A (sample)— Ic (6)

) where A is the isotope for the analyte of interest to be deter-
The correction methodology depends on the measuremeniyined, B the isotope (used as a monitor) of interfering ele-

of oxide and hydroxide yields of the interfering rare earth el- ment,b andb’ are the IUPAC recommended at.%’s of inter-
ements and Ba, under the experimental conditions employed te(ing isotope and monitored isotope of interfering element,
The gontrlbutlon duetothese OX|d(_a/hydr(_)X|de species should, B(samplejthe intensity of interfering elemertt; the contribu-
be eliminated from the_ obser_ved |nten5|.ty of_ rare earth ele- tion from interfering species sampleyand I,/A(sample)are the
ment to get corrected intensity. The estimation of this con- gpserved and corrected intensities of the particular isotope in
tribution can be explained with the help of an example as pe sample. The methodology is based on the yi¥jdde-
follows. termined using the major abundant isotope of the interfering

Let us take the example of Sm determination ustim  glement and hence would allow more accurate interference
and the isobaric interference 6fBaOH at4’Sm. Since  orrection.

13883 has no isobaric interference, has high abundance and
can be monitored without any problem, the contribution
(Ic@aon) from ¥9BaOH at'4’Sm in the sample can be cal-
culated as follows

3.2. Correction for atomic isobaric species

For atomic isobaric speciéé= 1, hence, E(5) becomes

(%) = (%) or Ic=1Ig (sample);K (7)
1308, sample I138g4 sample
1138340H (sample) 3.3. Correction for multiple isobaric species
I130850H (sample)™= TIBOBa(sample) or
a(sample) When the analyte isotope has interference from more than
I138840H (sampley 3, 1) one interfering species, the net contributitg) from differ-

I = Ba (at%)K .
+3%BaOH (sample)™ “T38R5 (3194) (at%) ent species can be calculated as

. o . Ic=1Ic1+ Ico+ -+ I 8
whereK is the mass discrimination factor of the instrument c crric Cn ®)

under those experimental conditions and is defined as where,lc1, Ico, .. ., lcn the contributions from different in-
[ 113085/ I1385.0) sampid [ "B (at%)/13%Ba (at%) ] upac- terfering species 1, 2, ., n, respectively, can be obtained as
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follows 4.3. For multiple isobaric species
b W . .
Ic1 = YllBl(samme)b—,lKl When the contribution is from more than one interfering
1 species as shown in E(), the propagated uncertainty in the

net contribution ¢;.) can be calculated as follows

b2
Ico = Y21, K
c2 21B2 (s,ample)b—,2 2 Ol = \/(a,cl)Z + (Ulcz)z 4t (g,cn)z (12)

b, 4.4, For corrected measured intensity of analyte
Icy, = Y,1Ip, (sample)b_/Kn o ) )
n If o1c ando, gumpe @re the uncertainties in the estimated
followed by Eq.(6) contribution (c) and in the observed intensity of analyte
[1a (sample), then, the final uncertaintqu(sample)) in the cor-
[)ected intensity [, (samp,eJ propagated through Ed6) will
e

O'I;-\(sample) = \/(UIA(Samme))z + (UIC)2 (13)

3.4. Corrected concentration of analyte in sample

From the corrected intensity of analyte in sample
(Ip (samp|e9 obtained by Eq(6) and the intensity of analyte
in its standard solutionl { (standard), the correct concentra- ] ]
tion of analyte [A] in the sample using a appropriate dilution 4.5. For corrected concentration of analyte in the sample

factor (D) can be obtained as follows )
The uncertainty propagated through E).can be net un-

Iy (sam certainty obtained in the determination of analyte in the given
ple) . ) . : .
[Al = i D 9) sample. This can be obtained using the following equation
A (standard)
1, o
. o U[A] — [A] , A (sample) Ia (standard) (14)
4. Propagation of measurement uncertainties I (sample), IA (standard

4.1. For polyatomic (oxide or hydroxide) isobaric
species 5. Results and discussion

ICP-QMS determination of rare earth elements involves  Spectroscopic interferences due to oxides and hydroxides
several experimental measurements, which are subjected tdormed from the analyte itself, the matrix component, the
indeterminate uncertainties, which flnaIIy contribute to net solvent and the plasma gases during ICP-MS are well recog-
indeterminate error in the final result. For instance, . nized. Almost all the elements form MGnd MOH' ions to
in combination with Eq(6) used for oxide or hydroxide cor-  some extent. However, rare earth elements form the strongest
rection is considered for error propagation. The uncertainties oxide and hydroxide ions in ICP-QMR8]. Moreover, the
in the variables in EQ(5) propagate in the final corrected in-  yjelds of oxides and hydroxides of lighter rare earth elements
tensity. The uncertainty propagation through E5).can be  are much higher than those for heavier rare earth elements.

calculated as follows These species occur at 16 and 17 amu above the parent ion
> and present a potential analytical problem for determination
<0_Y)2 (UIB(sample))) i (U_h)z of low abundant heavier rare earth elements. In addition, the
o1 = Ic Y IB (sample b (10) seven naturally occurring isotopes of Ba occur adjacent to
op\2 oK \2 the lighter rare earth elements, forming oxides and hydrox-
+ (7) (f) ides. The oxide and hydroxide species of Ba are potential

source of interference on the isotopes of middle rare earth
elements, especially Eu. Both the isotopes of BdHu and
153gu), suffer serious overlaps from oxides and hydroxides
of Ba isotopes, particularly when Ba:Eu concentration ratio
is greater than 200:1.
The correction methodology based on single element ox-
ide measurement can be used to correct for these interfer-
> ences. To achieve high sensitivity and good precision for the
o1 = IC\/<UIB(sample))> i (@)2 (ﬂ)z (U_K)z determination of any element, isotopes having high natural
b b K abundance should be selected. The interferences at the high
(11) abundant isotopes can be corrected using correction method-

4.2. For atomic isobaric species

For atomic isobaric interference correction¥as 1, Eq.
(20) will change as follows

Is (sample
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70 Table 1
Certified (recommended/provisional) concentrations in ppmw of rare earth
‘ﬂz‘l 60| m At3% RSD in all measurements elements in geological standards and in chondrite
R ® At5% RSD in all measurements Rare earth AC-E2 AGV-1? G- GSP-P  Chondrité
© o element
58
ST La 59 38 89 184 0.235
S Ce 155 67 160 399 0.603
£ Pr 222 7.6 18 52 0.089
28 Nd 92 33 55 196 0.452
‘é © Sm 242 59 72 263 0.147
g Eu 20 16 14 233  0.056
=3 Gd 26 5 43 121 0.197
2 Tbh 4.8 0.7 0.48 134 0.036
Dy 29 36 24 55 0.243
5 B . Ho 6.5 067 04 101 0.056
0 50 100 150 200 Er 177 17 0.92 27 0.159
(a) % Contribution from interfering species Tm 26 034 018 038  0.024
Yb 17.4 172 08 17 0.163
24 - Lu 245 027 011 021 0.024
1 Ba¢ 55 1230 1880 1310 2.3
=2 Hfd 28.7 51 7.9 155  0.12
20 1 ®m At 3% RSD in all measurements a Refers to GIT-IWG geological standard (REgF1]).
e ® At 5% RSD in all measurements b Refers to USGS geological standards (FR&2]).

¢ Refers to chondrite often used for normalization of rare earth elements
contents in geological standards (R88B]).

d Refers to spectroscopically interfering elements during determination of
rare earth elements by ICP-QMS.

16
14
12

10

using a particularisotope

] the uncertainty of 22.4% in the corrected concentration of
8- analyte, assuming 100% contribution from single species at
] 5% R.S.D. in all analytical measurements decreases to 11.2%
when the same contribution is from four equally contribut-

% Uncertainty in conc. of analyte

s I F T a4 4 = & ing interfering species. Normally, the uncertainty would lie
No. of interfering species contributing equally for within 11.2-22.4%, as all the four interfering species would
(b) 100% contribution over analyte isotope never contribute equally. However, this suggests that for a

particular isotope, even if the contributing species are more,

Fig. 1. Dependence of uncertainty propagation on (a) contribution from in- it can be selected for determining the concentration of a rare
terfering species, as that of single species (b) number of contributing inter- earth element using correction methodolo

fering species for the same total contribution divided equally among various . using _' g_y'

species. In this work, the uncertainty due to the interference cor-

rection is used as a parameter for proper choice of rare earth
ology, however, the uncertainty propagated through the cor-€lement isotope with maximum isotopic abundariele 1
rection method would decide their suitability. The uncertainty 9ives the recommended concentration values of different ref-
due to correction depends on (a) the precision of analytical €rence materials used in the present work for experimental
measurements, (b) the magnitude of contribution to be cor- and/or calculation purposegable 2a shows all rare earth
rected, (c) the type of interfering species and (d) the number €lements isotopes in the mass range of 138-176, their natu-
of contributing species:ig. 1a and b show the dependence of ral abundances and the possible isobaric interferences from
uncertainty propagated on the % contribution of interfering atomic, oxide or hydroxide species of rare earth elements,
species and the number of interfering species. As is obvious,Hf and Ba, theoretically calculated@iable 2 shows the data
for afixed R.S.D. in analytical measurements, the uncertainty On other interfering elements viz. Ba and Hf, for their dif-
in the corrected signal of an isotope increases with increaseferent isotopes with natural abundances. The isotopes sug-
in the contribution from interfering species. As shown in gested by Longerich et al. and normally used by different
Fig. 1a, there is an exponential increase in uncertainty in researchers for determination of various rare earth elements
corrected concentration of analyte using a particular isotopeare given in bold inTable 2. It can be seen that the ma-
with increase in contribution from interfering species. This Jor isotopes of La and Ce are free from isobaric interferences
exponential increase is also dependent upon relative standardlong with Pr, which is mono-isotopic. However, the interfer-
deviation of measurement, e.g. 5% R.S.D. versus 3% R.S.D.ences on high abundant isotopes of rare earth elements occur
However, for the same extent of total % contribution, the from Nd to Yb.244Nd,*>%Sm,1%Gd, 1%4Dy, 1%°Er and!"4Yb
overall uncertainty decreases with the increase in number ofare the isotopes of the high natural abundance of these rare
contributing species as shown Fig. 1b. As can be seen, €arth elements. Comparative evaluation of contribution from



Table 2
(a) Spectroscopic interferences and the corresponding uncertainties due to their corrections during the determination of rare earth el@v@mS by IC
RE Mass At.% Interference Synthetic mixtére AC-E AGV-1 G-2 GSP-1 Chondrite

% Contributio®? %Uncertaint? % Contributio®? %Uncertaint? % Contributior? %Uncertaint? % Contributior? %Uncertaint? % Contributio? %Uncertaint? % Contributio®? %Uncertaintﬁi
La 138 0.090 (1) 138ce,13%Ba * - * _ * _ * ” * _ m -

139 99.910 (1) — 0 30 0 30 0 30 0 30 0 30 0 20
Ce 136 0.185(2) 13%Ba * - * - * - * - * - * -
138 0.251(2) 142Nd,138Ba * _ * _ * _ * _ * _ * _
140 88.450 (51) — 0 30 0 30 0 30 0 20 0 20 0 30
142 11.114 (51) 142Nd * - * - * - * - * - * -
Pr 141 100 - 0 ko) 0 30 0 30 0 30 0 30 0 30
Nd 142 272(5) 142%ce 42 55 70 88 84 11 * - 85 11 55 ®
143 122(2) - 0 30 0 20 0 30 0 30 0 30 0 30
144 238 (3) 1445m 13 35 34 31 23 31 17 31 17 31 42 31
145 8.3(1) - 0 D 0 30 0 20 0 30 0 20 0 20
146 17.2(3) 13%Ba0 0.0006 30 0.0004 30 0.02 30 0.02 30 0.004 30 0003 30
148 5.7(1) 148sm 132850 * - 50 63 34 49 25 42 26 42 62 78
150 5.6 (2) 150sm,139Ba0 * - 34 49 25 41 19 38 18 37 43 56
Sm 144 3.07(7) 4Nd * - * - * - * - * - * -
147 1499 (18) 13%BaOH Q0007 30 0.0007 30 0.14 20 018 30 0016 30 0.005 30
148 11.24 (10) 148Nd,132BaO 51 65 * - * - * - * - * -
149 13.82(7) 132BaOH 00003 30 0.0008 30 0.07 30 0.09 30 0.02 20 0.005 30
150 7.38(1)  1%0Nd,134BaO 76 9 * - * - * - * - * -
152 2675 (16) 152Gd, 136ce0, 136Ba0, 0.8 30 09 30 9 33 11 34 24 31 17 31
1358a0H
154 22.75(29) 1%4Gd, 142Ndo, 138ce0,11 34 12 34 78 87 93 11 22 3B 19 37
138830,137BaOH
Eu 151 47.81(3) !3%Ba0, 134BaOH 0.01 30 04 30 11 34 19 38 81 33 06 30
153 52.19(3) 137Ba0,136BaOH Q03 30 07 30 19 37 34 46 14 35 1 30
Gd 152 0.20(1) 152sm, 136ceQ, 136Ba0, * - * - * - * - * - * -
1358a0H
154 2.18(3)  1%4sm, 13830, 137Ba0OH, * - * - * - * - * - * -
142Nd0, 138ceo
155 14.80 (12) 138BaOH,139 a0 11 34 24 41 * - * - * - 15 35
156 20.47(9) 156Dy, 140ce0 99 34 58 72 * - * - * - 30 45
157 15.65(2) pro 15 36 12 35 22 40 61 76 63 78 6.6 32
158 24.84(7) 198Dy, 142ce0,142NdO 28 31 15 35 29 42 67 7 71 el 9 33
160 2186 (19) 160Dy, 144sm0,14NdO 14 35 21 38 24 40 37 48 43 54 20 38
Tb 159 100 143ndo 03 30 48 32 12 34 29 44 36 51 31 31
Dy 156 0.06(1) 1%6Gd,140ce0 * - * - * - * - * - * -
158 0.10(1) 1%8Gd,1%2ce0,}*NdO0  * - * - * - * - * - * -
160 234 (8) IGOGd, 144Nd0, 144Smo * _ * _ * _ * _ * _ * _
161 18.91(24) 145NdO 09 30 28 31 8 33 20 39 31 46 16 31
162 25.51(26) 162gr,146NdO 24 31 49 32 13 35 31 46 49 62 32 31
163 24.90 (16) 47smo 0.2 30 0.1 30 03 30 05 30 07 30 0.09 30
164 2818 (37) 164gr,148sm0,148Ndo 12 34 82 33 92 33 14 35 20 38 82 33
Ho 165 100 149smo 003 20 0.1 30 0.06 20 0.6 30 0.9 30 0.09 20
Er 162 0.14(1) 162py 146NdO * - * - * - * - * - * -
164 1.61(3) 164py, 1485m0, 148NdO * _ * _ * _ * _ * _ * _
166 3361(35) 150smo,150Ndo 0.4 30 18 31 7 32 20 39 25 41 1 30
167 22.93(17) %1Eu0 0.06 30 0.007 30 0.05 30 0.09 30 0.05 30 0,02 20
168 2678 (26) 168yb,1525smQ152Gdo Q7 30 0.8 30 14 30 26 31 28 31 07 30
170  14.93 (27) 170vp 154Gd0,1%4smO 20 29 20 39 21 39 24 41 14 35 21 39

Tm 169 100 153eu0 0.01 30 0.01 30 0.07 30 01 30 0.09 30 0.03 30

96
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Yb 168 0.13 (1) 168y, 152640, 1525m0O * - * - * - * - * - * _

170 3.04 (15) 170gy, 154Gd0, 154smo * - * - * - * - * - * -
171 14.28 (57) 1556do 11 30 16 30 31 31 57 32 76 33 13 30
172 21.83(67) 156py0, 156GdO Q9 30 14 30 28 31 52 32 6.8 32 12 30
173 16.13 (27) 157Gdo 1.0 30 15 30 29 31 54 32 71 32 12 30
174 3183(92) 1744, 158py0, 158Gd0 12 30 18 31 34 31 7.8 33 89 33 12 30
176 12.76 (41) 176y, 176Hf, 160GdO, 52 56 53 63 93 114 * - * - 27 41
160py0
Lu 175 97.41 (2) 159Th0 1.0 30 19 31 26 31 45 31 65 32 15 30
176 2.59 (2) 176yp, 176Hf, 180Gdo, * - * - * - * - * - * -
160py0
Element Isotope At.%

(b) Other interfering elements in rare earth elements determination by ICP-QMS

Ba 130 0.106 (1)
132 0.101 (1) g
134 2.417 (18) 5
135 6.592 (12) )
136 7.854 (24) 5
137 11.232 (24) =R
138 71.698 (42) >

Hf 174 0.16 (1) 3
176 5.26 (7) E’
177 18.60 (9) ‘(")
178 27.28(7) =
179 13.62 (2) g'
180 35.08 (16) >

Note: Bold isotopes are often used for quantitative determination of rare earth elements by several researchers. Bold and italic isotopesus@antaso@ipes proposed in this work for quantitative &
determination of rare earth elements. Bold interfering species are the major contributing species of spectroscopic interference oveiathisgiageui: Two to six orders of magnitude higher contribution &
as well as higher uncertainty; hence not suitable for analytical determinations. Column 3 in a and b contains at.% of different isotopes anbletsis patieates the uncertainties on the last digits as pef3
recommended by IUPAC in 1997. 8
@ Synthetic mixture containing all rare earth elements in equal proportion of ppmw.
b Calculated assuming an error of 3% on each isotope signal determination and using the contributions of different interfering species. Faraatospeises, isotope abundances are used and for molecu
isobaric species (oxide and hydroxide), the experimentally determined oxide and hydroxide yields by pneumatic nebuliser are used.

€016 (S0

16
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interfering species and the measured uncertainty in thosein different geological reference materials having different
isotopes due to interference correction, in different samples elemental compositions (AC-E, AGV-1, G-2, GSP-1). Sim-
with varying element composition, can decide the suitability ilar calculation was also performed for chondrite normally
of their choice for quantitative determination of rare earth used for obtaining chondrite-normalised curves. A measure-
elements. Using the recommended concentrations listed inment uncertainty of 3% was assumed for the sake of calcu-
Table 1, total contribution from different interfering species lation and comparison. The contribution and the correspond-
and the corresponding uncertainty were calculated for all the ing uncertainties are listed ifable 2. The selection of more
isotopes of various rare earth elements in a synthetic mix- than one isotope for different rare earth elements is discussed
ture of all rare earth elements in equal proportion as well as below.
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Fig. 2. Uncertainty propagation in the corrected rare earth elements in a synthetic mixture containing all rare earth elements in equal pdipatiffeneart
geological materials of different rare earth elements composition.
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Fig. 2. Continued.

5.1. Selection of isotopes for determination of rare earth 142Nd, 145Nd, 148Nd and*°ONd have either large interfer-
elements by ICP-QMS ences or small isotopic abundances and are, therefore, not
recommended for Nd determination using ICP-QMS.

As mentioned in the introduction, a discussion on the
choice of isotopes for determination of rare earths by ICP-
QMS was given by Longerich et §R5]. However, the dis-
cussion given below justifies the use of more than one isotope
for various rare earths considering the uncertainty involved
due to the interference corrections.

5.1.2. Sm

In case of Sm, there is no single isotope, which is inter-
ference free. Hencé?’Sm (14.99 at.%)3,6,9,12,25,29,30]
is the isotope used by different investigators for the deter-
mination of Sm by ICP-QMS due to extremely small con-
tributions from12%BaOH. Fig. 2c shows the uncertainty in
the determination of Sm in different samples with different
Ba/Sm concentration ratios. The highest abun#zism iso-
tope (26.75 at.%) has interferences frémGd, 136Ce0 and
oxide and hydroxide of Ba. However, major contribution is
from136Ba0 and-3®BaOH. As seenifrig. 2c, the uncertainty
in determination of Smincreases from 3 to 3.5% in G-2 with
Ba/Sm concentration ratio >2082Sm with nearly double
the at.% abundance as thosétSm and*°Sm can also be
used and would improve the detection sensitivity by a factor
of 2.

5.1.1. Nd

In many of the reports of rare earth elements de-
terminations by ICP-QMS*3Nd (12.2at.%) or'45Nd
(17.2 at.%) isotopes have been used for Nd determination
[3,6,12,25,29,30]As given inTable 2, 1*3Nd has no in-
terference. Howevert*®Nd has interference from®%BaO.
Fig. 2aand b show the uncertainties in determination of differ-
ent Nd isotopes in various samples (synthetic mixture (SM),
chondrite and different rock samples normally used as ref-
erence materials)**Sm (3.07 at.%) interferes witf**Nd
(23.8 at.%) which is the isotope of Nd having the highest
abundance. However, in most of the rock samples, concen-
tration of Sm is less than that of N&if. 2b). Hence **Nd 5.1.3. Eu
can also be used with small correction f¢fSm as given In case of Eu, both the isotopes have almost the same nat-
in Table 22 and as shown ikig. 2b. Other Nd isotopes viz.  ural abundance and are interfered by oxide and hydroxide of
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Table 3
Comparison of uncertaintiesY due to interference correction in the experimentally determined isotopes of rare earth elements in AGV-1 and G-2 using ICP-MS
RE Isotope used AGV-1 G-2
Recommended Observed con- Corrected concentra- Recommended Observed con- Corrected concentra-
concentration centration tion (o) concentration centration tion (o)
La 139 38+ 3 39 39+1.2 89+ 8 93 93+ 2.7
Ce 140 67+ 5 71 71+ 2.2 160+ 10 170 170+ 5.1
Pr 141 76+£11 8.6 8.6+ 0.0.25 18+ 2 17.4 17.4+0.52
Nd 143 33t3 31.4 31.4:0.9 55+ 6 54.7 54,7+ 1.7
144 335 32814 57.9 56.9t 2.4
146 31.8 31.8:1.3 54.7 5474 2.3
Mean 32.0+1.42 Mean 55.4+ 2.5
Sm 147 5.9+ 0.4 6.2 6.2+ 0.25 7.2+£0.7 7.7 7.7+ 0.30
152 6.6 6.1+ 0.15 8.5 7.8£0.18
154 9.9 6.0+ 0.24 131 7.4 0.40
Mean 6.1+ 0.24 Mean 7.6+ 0.37
Eu 151 1.6+0.1 1.8 1.6+ 0.06 14+0.1 1.7 1.5+ 0.03
153 2.0 1.7+ 0.05 1.9 1.5+ 0.05
Mean 1.7+ 0.0¢ Mean 1.5+ 0.04
Gd 157 5.0+ 0.5 6.1 4.7+ 0.18 4.3+ 0.8 7.1 4.5+ 0.19
160 6.2 5.0+ 0.24 5.8 4.3+ 0.22
158 5.8 4.6+ 0.22 6.9 4.6+ 0.25
Mean 4.8+ 0.3¢° Mean 4.5+ 0.27
Th 159 0.7+ 0.1 0.8 0.7+ 0.02 0.48+ 0.08 0.66 0.5H 0.02
Dy 163 3.6£0.3 3.7 3.7£0.11 24+0.3 24 2.4+ 0.09
164 4.2 4.0+ 0.17 2.9 2.5:0.11
161 3.9 3.6+ 0.13 3.0 2.4+ 0.07
162 4.1 3.6+ 0.14 33 2.4+ 0.08
Mean 3.7+ 0.23 Mean 2.4+ 0.1¢°
Ho 165 0.67+ 0.1 0.68 0.68t 0.02 0.40+ 0.06 0.39 0.38t 0.01
Er 167 1.7+ 0.2 1.9 1.9+ 0.07 0.92+0.18 0.93 0.92+ 0.03
166 2.0 1.9+ 0.03 1.13 0.89t 0.04
168 1.9 1.9t 0.07 0.92 0.88t 0.05
Mean 1.9+ 0.08% Mean 0.90+ 0.08
Tm 169 0.34+0.13 0.27 0.27+ 0.01 0.18+ 0.08 0.12 0.12+ 0.005
Yb 171 1.72+0.19 1.77 1.69+ 0.06 0.80+ 0.17 0.69 0.62t 0.03
174 1.74 1.66t 0.04 0.66 0.6H 0.05
172 1.69 1.62+ 0.04 0.69 0.63t 0.04
173 1.78 1.7 0.06 0.71 0.65: 0.04
Mean 1.674 0.06% Mean 0.63+ 0.04
Lu 175 0.27+ 0.03 0.28 0.2 0.01 0.11+ 0.02 0.09 0.0 0.003

2 Mean corrected concentrations show net uncertainty due to correatigy) ( obtained fromsexternal@ndointernat
* Provisional value.

Ba. However, the isotopes of Ba in the interfering oxide and centration in the sample and the error increases as Pr/Gd con-
hydroxide species ovéP3Eu have high abundances and give centration ratio increase3gble 2, G-2 and GSP-1}28Gd
marginally higher correction and the corresponding uncer- has the highest natural abundance. But large corrections need
tainty (Fig. 2d). Hencel®1Eu is a better isotope compared to  to be applied due to high oxide yielding Ce and Nd, which
153y for Eu determination. However, both the Eu isotopes are normally present at higher concentrations than that of Gd
may be used for its determination without any significant in rock samples. As shown fig. 2e andTable 2, 169Gd is

difference in the results. the best choice, since it has higher abundancet¥&d and
the % uncertainty in the correction applied is less in different
51.4. Gd samples Fig. 2e). Also138Bal’F is another possible inter-

In case of Gd%6Gd (20.47 at.%)15’Gd (15.65 at.%), ference ovet®’Gd and its degree of interference depends on
158G (24.84 at.%) antP%Gd (21.86 at.%) are the high abun-  the presence of HF or F in the sample. However, there is no
dant isotopes!®®Gd is interfered by*4°CeO seriously. In  practical way of monitoring F and HF. Hend€%Gd should
most of natural rock samples, Ce concentration is the highestbe the best choice for Gd determination in unknown samples.
amongst all the rare earth elements. HeAg&d cannot be
used for analysis due to large interference, which leads t05.1.5. Dy
large uncertainty!>’Gd is the most common choice for Gd 163Dy is generally used for its determination due to neg-
[3,6,9,25,30hnd is interfered by*'PrO. However, the uncer-  ligible contribution from4’SmQ][3,6,9,12,25,29,30How-
tainty in Gd determination using’Gd depends onthe Prcon-  ever, 184Dy can also be used, especially in those samples
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where Nd/Dy concentration ratio is <2048NdO is the ma- Table 3shows the results of determination of rare earth el-
jor interfering species and there is no significant difference ements in AGV-1 and G-2 using the commonly used as well
in the uncertainty as shown fig. 2. The other isotopes viz. ~ as other proposed isotopes by ICP-QMS and their compar-
161py and162Dy may also be used for verifying the concen- ison on basis of uncertainty due to interference corrections.

tration of Dy obtained usin&®®Dy and164Dy isotopes. The measured intensities of the isotopes used in the calcula-
tions were blank subtracted and the net uncertainty obtained
5.1.6. Er from the standard deviations of gross intensity and blank was

In determination of Er by ICP-QMS'7Er is normally used for determining the propagation uncertainty due to cor-
used due to very small interference fréfEuUQ in its deter- rection methodology. The R.S.D.% on the intensity values
mination[6,9,25,29] However,'%Er having the highest nat-  used for correction would lead unnecessarily larger errors
ural abundance of 33.6% &f8Er with 26.8% natural abun-  than using R.S.D.% on ratios in cases when isotope ratios are

dance can also be used along with the commonly &&&st measured with high precision using multi-collector detector
(Fig. 2g and h). system. However, the difference between the two approaches
is marginal in the present case, since both the isotope ratios
5.1.7. Yb as well as intensity values have comparable uncertainties in
For Yb determinationt’1Yb to 174Yb isotopes have been  view of the single detector used. The isotopes for each ele-
used in different publication8,6,9,12,25,29,30However, ment are placed in the order of preference of their usage for

Table 22 shows almost the same contribution on all the four particular rare earth element determination. As an example,
isotopes of Yb in all samples, as GdO is the common inter- in case of Nd,'*3Nd (12.2 at.%) having no isobaric inter-
fering species. Hence, highest abunddAYb should be the  ference is quite often used for its determination by different
best choice. Other than rare earth elements, Hf is another el+esearchers. The propos&¥Nd isotope in this work hav-
ement, which gives interference Ht'Yb. However, due to ing almost double natural abundance (23.8 at.%) compared to
low abundance (0.16%) &f “Hf (Table ), its contribution  1*3Nd shows isobaric interference frolff*Sm. After apply-
overl’#Yb is not significant. ing the interference correction f&*Sm, the uncertainty was
For other rare earth elements, the selection of isotope isfound to be 4% in Nd determination usidffNd compared
straightforward?3?La, 14%Ce and!’5Lu are the isotopes with 3% using!“3Nd in both the rock samples (AGV-1 and G-2).
high abundances and there is no interference in case of La andimilarly in case of Smt*’Sm (14.99 at.%) is the commonly
Ce and smallinterference over Lu frdR?TbO.141Pr, 159Tm, used isotope for Sm determination by different researchers,
165H0 and89Tm are the elements, which are mono-isotopic. due to negligible interference frofd°BaOH. The proposed
Pr shows no interference and Ho and Tm show negligible isotope!®2Sm having almost double the natural abundance
interference contributions from SmO and EuO, respectively. (26.75 at.%) compared to that §fSm shows interferences
However,15°Tb shows major interference froMNdO, and ~ from 13%Ba0O and'®°BaOH. After accounting for the interfer-
the contribution depends on the Nd/Tb concentration ratio in ences, the uncertainty due to correction in the determination
sample. As the Nd/Tb ratio increases from chondrite to GSP- of Sm concentration usint?2Sm should be more than that
1, the uncertainty in the corrected Th concentration increasesusing#’Sm in AGV-1 and in G-2 rock sample$dble 2).

from 3 to 5%. However, experimentally it was found that the uncertainty
due to correction in the determination of Sm concentration
5.2. Experimental demonstration of uncertainty using'®2Sm is lesser (3% in AGV-1 and 2% in G-2) than that
propagation due to interference correction in using14’Sm (4% in both AGV-1 and G-2)Téble 3. This
determination of rare earth elements in AGV-1 and G-2 is due to the more pcised measurement of high abundant
using the proposed high abundant isotopes isotope t°2Sm) of Sm than the low abundant orfé’Sm).

1545m is another high abundant isotope which was used for
The use of different proposed isotopes of various rare earthquantification. However, due to large corrections'f§Ba0O

elements has been demonstrated experimentally for the un-and'3’BaOH, the uncertainty in the corrected concentration
certainty propagation due to interference correction by ana- of Sm using this isotope is more than that obtained by us-
lyzing two rock samples (AGV-1 and G-2) using ICP-QMS. ing the other isotopes. In case of G8%Gd isotope should
The non-spectroscopic interferences that often arise due tobe preferred compared to routinely us€dGd, especially
matrix effect or due to instrumental fluctuations have been for G-2 or other samples where Pr/Gd amount ratio is likely
corrected using indium as an internal stand&?n was used to be higher. For other rare earth elements, having multi-
as an internal standard because of its high natural abundanceple choices of isotopes for quantification, the uncertainties
It shows isobaric interference with®Sn (0.34%) an8°RuO. due to interference corrections in the corrected concentra-
Hence, both the rock samples (AGV-1 and G-2) were checkedtions are found to be practically same. Hence, high abun-
for Sn and Ru. The concentration of Ru in both the samples dant isotopes amongst them are preferable for quantifica-
is below the detection limits. Due to low natural abundance tion. One should note that the corrected concentrations using
of 1153n, its contribution to internal standarti{in) signal those high abundant but relatively more interfered isotopes
was <0.1% and hence was neglected. show comparable uncertainties. Hence, it is advisable to use
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