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Abstract Zircon is an accessory mineral, which occurs at

low concentrations in a wide variety of rocks and is a host for

hafnium, rare-earth elements (REE) and radio active ele-

ments like uranium and thorium. The presence of uranium in

zircon has led to its increased use in the age determination of

rocks. Zirconium is also considered as a strategic, hi-tech

element because of its various applications, especially in the

manufacturing, nuclear and aerospace industries. Analysis of

zircon constitutes one of the tough tasks in analytical

chemistry as it is a highly resistant mineral and it is extremely

difficult to achieve its complete decomposition. In the

present work, inductively coupled plasma mass spectrome-

try has been applied to the determination of hafnium, REE,

uranium and thorium in zircon samples using two different

sample dissolution procedures, one employing sodium per-

oxide fusion and another using a fusion mixture of KHF2 and

NaF in 3:1 ratio. Some selected zircon samples originating

from different places on the eastern coast of India have been

analysed by both the methods and values obtained by both

methods were found to be in good agreement with each other.

Though a number of international zircon reference materials

are available, certified or even proposed values are available

only for a very few elements in them. Two zircon reference

materials have also been analysed by both methods and

usable values have been proposed in this paper. The values

obtained by both methods were found to compare well with

each other and as well with those reported in literature. The

% RSD for all the estimated elements varied from 1.0 to

12.0% at different concentration levels.
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Introduction

Zircon is a ubiquitous accessory mineral (ZrSiO4) found in

a wide range of igneous, metamorphic, and clastic sedi-

mentary rocks and is one among the most stable minerals

found in nature. It has the ability to concentrate uranium

and exclude lead from its crystal structure and this forms

the basis of U–Pb geochronology [1]. Further, its refractory

nature and concentric growth patterns ensure robust lasting

records of crystallization age.

Zircon incorporates other important trace elements also

besides U and Th into its structure, like the rare-earth ele-

ments (REE), Y, P and Hf. Although there is a complete solid

solution between zircon and hafnium (HfSiO4), the Hf con-

tent of most natural zircons ranges from 1 to 3 wt% HfO2. The

predominant trace elements incorporated into zircon, because

of their similarity in ionic radius to Zr4?, are the heavy REE

and Y. Natural zircon contains from *1 to 20,000 ppm of

uranium and from *0.5 to 5,000 ppm of thorium. Use of the

trace element distribution data in zircons for geological pur-

poses is being reported [2]. Based on the incorporation of

actinides, lanthanides, and other trace elements in zircon,

Pupin developed geodynamic models for the emplacement of

felsic rock suites [3]. REE analysis of zircon coupled with

high spatial resolution U–Pb geochronology and imaging is
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emerging as a useful petrogenetic tool capable of providing a

link between dated zircon growth and contemporaneous

magmatic conditions or metamorphic reactions.

Further, zirconium has also emerged as a strategic, hi-

tech element because of its various applications, especially

in the manufacturing, nuclear and aerospace industries. In

nuclear reactors, zirconium is primarily used in the cladding

of the fuel rods and also in chemical piping in corrosive

environments, heat exchangers, and in various special

alloys because of its low neutron-capture cross-section and

good corrosion resistance. Zircon sands find use in ceram-

ics, refractories and foundries. All the above sited applica-

tions of zirconium have created a large demand for mining,

separation and supply of high grade zircon (certified with

chemical analysis data) from the heavy mineral deposits

which occur in the beach sands of coastal areas.

In view of the above applications in geo-chemistry and

industry it has become necessary to develop new and

improved analytical methodologies for accurate and pre-

cise determination of various trace elements in zircon. But

a survey of literature shows only a few publications on

trace element determination in zircon samples. Various

instrumental analytical techniques have been utilized for

trace element analysis of zircons. Hironao Shinjoe et al. [4]

have carried out trace element analysis of zircons from

Japan by laser ablation-ICP-MS (inductively coupled

plasma mass spectrometry). Hoskin [5] has determined

minor and trace elements in natural zircon by SIMS and

laser ablation ICP-MS and compared the results obtained

by both techniques. Cesbron et al. [6] and Hanchar et al. [7]

have used cathode-luminescence to study rare-earth dis-

tribution in zircons. Zinner and Crozaz [8] have determined

REE using ion probe technique.

Solution ICP-MS is another powerful and sensitive

technique that has been successfully used for the accurate

direct determination of trace elements in geological mate-

rials. Literature on the analysis of zircon by solution ICP-

MS is scarce. Perkins et al. [9] have reported analysis of

zircon by laser ablation and solution ICP-MS.

Analysis of zircon by solution techniques poses a chal-

lenge to the analyst since it is a highly resistant mineral and it

is extremely difficult to achieve its complete decomposition/

dissolution using combinations of various mineral acids [10].

The mineral is only slightly attacked with hydrofluoric acid

under atmospheric conditions on a steam water bath and

requires vigorous conditions like elevated temperatures as

high as 240 �C in closed Teflon lined steel bombs to bring

about complete decomposition. The use of hydrofluoric and

nitric acids for the digestion of silicate samples is well

established, and has been applied to the dissolution of bas-

alts, soils and other rocks. Use of this approach for the

analysis of zircon is problematic since it is refractory and

does not go into solution completely and the recovery of Zr

and Hf is frequently only about 50%. Wu et al. [11] used HF,

HNO3, H2O2 and H3BO3 to decompose NIST SRM 2704,

NIST SRM 2709, NIST SRM 1646 and NIST SRM 2711 and

obtained recoveries of Zr that were within about 50% of the

certified value. Yoshida et al. [12] used HF, HNO3 and

HClO4 to decompose six rock reference samples issued by

the Geological Survey of Japan and observed that the ana-

lytical results for Zr in JG-1 were under estimated.

Some workers recommend the use of closed PTFE lined

bombs and microwave dissolution techniques to achieve

complete dissolution of zircon samples. Sample decom-

position is complete because of the rigorous conditions

employed with the added advantage of there being no loss

due to volatilization since closed vessels are used in the

bomb techniques. But the disadvantage with bomb tech-

niques is that they are time consuming and cannot be easily

applied when several hundred samples have to be analysed.

Further, contamination of sample solutions can occur from

the metallic parts of bombs. Very long cleaning and

maintenance times are also involved. The analytical papers

published thus far, which are based on the use of micro-

wave to dissolve samples containing refractory minerals,

have reported low recoveries for Zr and Hf [13]. Hence,

fusion with fluxes is the preferred mode of sample disso-

lution for zircon analysis. Fusion procedures are fast, do

not require expensive equipment and can effectively dis-

solve refractory mineral matrices as well. Various fusion

fluxes have been utilized for the dissolution of zircon.

Zircon is only partially decomposed with sodium carbonate

flux. Mixture of Li2B4O7–LiBO2 has been recommended

by several workers for the dissolution of zircon [14]. Both

fusion and acid digestion methods have been employed by

Balram and co-workers [15] for the analysis of zircons

from southern coastal India by ICP-MS.

In the present work, ICP-MS has been applied to the

determination of REE, uranium, thorium and hafnium in

zircon samples originating from different places on the

eastern coast of India, using two different sample decom-

position procedures, one employing sodium peroxide fusion

and another using a fusion with a mixture of KHF2 and NaF

in 3:1 ratio. Though a number of international zircon ref-

erence samples are available, certified or even proposed

values are available only for a very few elements in them.

Two zircon reference materials have also been analysed and

usable values have been proposed in this paper.

Experimental

Instrumentation

ICP-MS model: ‘‘Platform XS’’ from M/S G.V. Instruments/

Micromass Ltd. (UK) which is fully computer controlled
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bench-top quadrupole ICP-MS was used for the determina-

tion of various elements. Instrumental operating conditions

are given in Table 1. The instrument comprises of:

(1) Sample introduction system for aqueous samples

which includes Gilson Miniplus 3 peristaltic pump, a

concentric glass low dead volume nebuliser, a quartz

glass ICP torch and a water cooled spray chamber

mounted on a cassette.

(2) The ICP generator which is a solid state crystal

controlled 27 MHz system, with RF power variable

from 1,000 to 1,400 W. The ICP torch positioning is

also computer controlled in X, Y and Z directions. Mass

flow controllers are provided on all gas flows to the ICP.

(3) Water cooled ICP ion-sampling interface comprising

of an outer cone (sampler) and an inner cone

(skimmer). The inter-conal region is evacuated by a

rotary pump.

(4) The ‘‘hexapole’’ or ‘‘the collision cell’’, a highly

efficient focussing device for analyte ions which also

eliminates argon based polyatomic interferences.

Hydrogen and helium gases are circulated within the

hexapole.

(5) The mass analyzer comprising of a Quadrupole

assembly with range 4–300 AMU.

(6) Vacuum system: comprises of a four stage differen-

tially pumped vacuum system with three turbo

pumps, backed by two rotary pumps.

(7) Detector, a selectable gain conversion dynode–scin-

tillator–photomultiplier.

Tuning of ICP-MS

Before carrying out the determinations, initial tuning of the

instrument was carried out which involved optimization of

various instrumental parameters [gas flows(of both plasma

and collision cell), torch positions, voltages etc.] to achieve

optimum sensitivity and background levels as well as

minimization of levels of doubly charged species and oxide

species which lead to isobaric interferences.

Selection of appropriate isotopes of various elements

The isotopes used for measurement were carefully selected

to avoid all possible isobaric interferences. The zircon

matrix did not affect the elements determined. However,

elemental correction equations were also used wherever

necessary to correct for inter-REE oxide-element interfer-

ences and barium oxide interference on europium isotopes.

Reagents and standards

All solutions were made up in using Grade 1 Millipore

water of conductivity of 0.4 l Siemens. Analytical reagent-

grade HF, HCl and HNO3 were used and were purified

prior to use by sub-boiling distillation. Standard solutions

of various metals of required concentrations were made

using very high pure chemicals (99.999%). First, single-

element (1,000 lg/mL) stock solutions were prepared

using pure metals or pure metal oxides. Mixed multi-ele-

ment standard solution (10 lg/mL) was prepared from the

above stock solution by appropriate dilution. Multi-element

working standards containing 1, 10 and 100 ng/mL of each

analyte were prepared by successive dilutions. Solutions of

certified reference materials from CCRMP: SY-2 and SY-

4, prepared in a similar manner as the sample solutions

were also used for calibration of rare-earths, uranium and

thorium.

Sample dissolution methods

Sodium peroxide fusion method

A 0.1 g sample was accurately weighed into a nickel cru-

cible containing 2 g sodium peroxide, fused till the melt

was red hot and clear. The cooled melt was quantitatively

transferred into a beaker with 10% (v/v) HCl. Then, con-

centrated HCl (12 M) was added along with few drops of

hydrogen peroxide (30% v/v) and boiled for 5 min to

Table 1 Operating conditions of ICP-MS

Analyser

Cone lens voltage -390 V

Hexapole exit lens voltage -380 V

Hexapole bias 0.0 V

Detector

Photo multiplier voltage 450 V

Pressures

Analyser vacuum 10-5 mbar

Torch

Forward power 1250 W

Gas

Plasma-cool gas 13.5 L/min

Plasma-intermediate gas 1.3 L/min

Plasma-nebuliser gas 1.0 L/min

Hexapole gas-helium 8.0 mL/min

Hexapole gas-hydrogen 4.0 mL/min

Solution uptake rate (pumped) 1 mL/min

Spray chamber temperature 3–4 �C

Sampler cone Ni–Cu, 1.1 mm orifice diameter

Skimmer cone Ni, 0.7 mm orifice diameter

Acquisition mode Peak hopping (SIR)

Dwell time 200 ms

Determination of uranium, thorium and rare-earth elements 21
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ensure complete dissolution of the fused mass. Then,

hydroxide group precipitation was carried out by adding

2 g ammonium chloride and 25% ammonium hydroxide

solution. The ammonia group precipitate in the beaker was

digested for about 30 min on a water bath and filtered

through a Whatman 540 grade filter paper. The precipitate

was thoroughly washed with a solution of 5% (v/v)

ammonium hydroxide in 1% (w/v) ammonium chloride

until it was almost free from nickel denoted by the disap-

pearance of any blue tint. The filtrate was discarded. The

precipitate was washed back into the same beaker from the

filter paper with a fine jet of water and about 5 mL of

concentrated nitric acid and brought to a final volume of

100 mL using Millipore grade water. Procedural blank

solutions were also prepared concurrently following the

above procedure.

Fluoride fusion method

A 0.1 g sample was mixed with 2 g flux (a homogenous

mixture of KHF2 and NaF in 3:1 ratio) in a platinum cru-

cible and fused to red heat over a burner. The crucible was

cooled; 10 mL of 18 N sulphuric acid was added and

heated on a sand bath till the evolution of sulphuric acid

fumes to ensure removal of free fluoride. The contents were

cooled, transferred to a beaker with 5 mL of concentrated

nitric acid, boiled to get a clear solution and made up to

100 mL volume using Millipore grade water. Procedural

blank solutions were also prepared concurrently following

the above procedure.

Results and discussion

Choice of sample dissolution methods

Fusion digestion technique has many advantages over the

conventional open acid digestion method: as it does not

require hazardous HF; dissolves all common rock-forming

minerals, including refractory mineral phases; all samples

can be processed as a batch through each step; and fast in

the sense that a large number of sample solutions can be

prepared in a few days. Although LiBO2 fusion is a pow-

erful decomposition technique for geological materials by

ICP-MS, this method precludes the determination of vola-

tile elements due to high fusion temperature (1,050 �C). In

the present work, despite the introduction of relatively high

total dissolved solids (TDS) during sample preparation,

Table 2 Determination of trace elements in zircon reference material: BGS IGS 35

Analyte/mass no. By ICP-MS after

Na2O2 fusion

(lg g-1)b

% Relative

standard

deviation

By ICP-MS after

KHF2–NaF fusion

(lg g-1)b

% Relative

standard

deviation

By ICP-AES (after

Na2O2 fusion and

fluoride separation)

(lg g-1)

Reported

values

(lg g-1) [9]

Certified values

(lg g-1) [16]

La 139 88.7 5.6 81.7 6.2 83 82.8 na

Ce 140 195.9 2.6 186.5 2.7 170 183.0 na

Pr 141 20.9 4.8 20.2 10.0 14 19.8 na

Nd 146 77.9 6.4 76.1 6.6 69 77.2 na

Sm 147 19.3 5.2 19.1 10.5 17 19.4 na

Eu 151 2.8 7.1 2.7 11.1 3.0 2.84 na

Gd 157 33.8 5.9 32.2 6.3 34 33.1 na

Tb 159 10.3 10.0 9.9 10.1 12 10.0 na

Dy 163 106.2 4.7 101.3 5.0 101 103.4 na

Ho 165 34.2 5.9 32.6 6.0 32 33.6 na

Er 166 146.0 3.4 139.9 3.6 135 141.8 na

Tm 169 30.7 6.3 29.3 6.9 29 28.9 na

Yb 172 256.4 2.0 239.9 2.1 234 283.2 na

Lu 175 51.4 3.9 49.0 4.1 38 51.0 na

Y 89 1092 1.8 1028 2.0 1010 1005 na

Hfa 178 1.09% 2.5 1.12% 1.3 – 1.09% 1.16%

U 238 285 3.5 259 3.9 – 272 na

Th 232 172 5.8 156 6.4 – 178 na

na Not available
a All values are in lg g-1 except Hf which is in percentage
b All values are a mean of n = 3 replicates
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both alkali peroxide fusion and fluoride mixture fusion were

found to be useful and effective alternative techniques

capable of decomposition of zircon samples. In the proce-

dures adopted in the present study, the TDS is extremely

low due to the dilution involved and problems like blockage

of instrumental parts like cones and nebulizers were not

encountered. Procedural blanks were analysed concurrently

along with the samples and the counts obtained for the

blanks were deducted from those of sample solutions for all

isotopes determined. The use of high purity fusion fluxes

resulted in extremely low procedural blanks and determi-

nation limits did not suffer much when compared to the

open acid digestion method.

Determination of REE, hafnium, uranium and thorium

in zircon reference materials

Two zircon reference materials BGS IGS 35 and CERAM

2CAS15 were analysed in the present study by both

methods and the results obtained are given in Tables 2 and

3. The values obtained for REE, yttrium and hafnium by

both methods were in good agreement with each other.

Certified values for the concentration of these elements are

not available. However, the concentrations of these

elements have been reported by Perkins et al. [9] for IGS

35. The values obtained in the present study agreed well

with those reported by Perkins et al. for IGS 35 reference

material and also with those obtained after fluoride sepa-

ration by ICP-AES in the case of REE and thorium values

(Tables 2, 3). But no such studies have been reported in

literature for 2CAS15 reference sample. Hence, the values

reported in the present work can serve as usable values for

the above two reference materials.

Determination of REE, hafnium, uranium and thorium

in zircon samples

Four zircon samples originating from different areas on the

east coast of India were also analysed by the present

methods and the results obtained are given in Table 4. The

zircon samples show enrichment of the heavy rare-earths

and yttrium. The values obtained for rare-earths, yttrium

and hafnium by both fusion methods were found to agree

well. Relative standard deviation ranging from 1 to 12%

was obtained for the studied elements at different con-

centration levels. The zircon samples were also analysed by

ICP-AES after sample dissolution using peroxide fusion

followed by ammonia precipitation and fluoride separation.

Table 3 Determination of trace elements in zircon reference material: CERAM 2CAS15

Analyte/mass no. By ICP-MS after

Na2O2 fusion

(lg g-1)b

% Relative

standard

deviation

By ICP-MS after

KHF2–NaF fusion

(lg g-1)b

% Relative

standard

deviation

By ICP-AES

(after Na2O2 fusion

and fluoride

separation) (lg g-1)

Certified/reported

values [16]

La 139 40.7 12.0 41.6 11.9 42 na

Ce 140 98.2 5.1 103.2 4.9 100 na

Pr 141 10.2 10.0 10.8 9.3 12 na

Nd 146 39.6 5.0 41.7 6.0 38 na

Sm 147 13.0 7.7 13.2 7.7 12 na

Eu 151 2.3 8.9 2.3 8.9 2 na

Gd 157 26.4 7.7 25.7 7.7 27 na

Tb 159 8.5 11.8 8.2 12.0 10 na

Dy 163 89.2 5.6 85.9 5.9 85 na

Ho 165 28.5 6.9 27.5 3.6 26 na

Er 166 122.0 4.0 117.3 4.2 110 na

Tm 169 25.3 8.0 24.5 8.3 25 na

Yb 172 212 4.8 200 5.0 191 na

Lu 175 42.6 4.7 41.0 6.1 30 na

Y 89 912 2.2 987 2.0 856 na

Hfa 178 1.14% 1.3 1.13% 1.0 – na

U 238 264 3.8 240 4.2 – na

Th 232 150 6.7 136 7.4 – na

na Not available
a All values are in lg g-1 except Hf which is in percentage
b All values are a mean of n = 3 replicates
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The results obtained (Table 4) compared well with those

obtained by ICP-MS.

Conclusions

The proposed fusion methods for the analysis of zircon

samples are effective in achieving complete dissolution of

zircon samples. The methodology involved is simple and

further, the methods do not require the use of any spe-

cialized high temperature–high pressure sample dissolution

systems and hence, are suitable for a routine analytical

laboratory tasked with the analysis of a large number of

samples. For the determination of REE, both fusion pro-

cedures can be employed. However, the fusion method

using fluoride mixture to decompose the zircon samples is

simpler and able to provide a fast throughput of data for all

required analytes.
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