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Abstract: Isotope amount ratios of lead in a bronze sample have been successfully determined using multicollector inductively
coupled plasma mass spectrometry (MC-ICP-MS). Matrix separation conditions were tested and optimized using ion exchange
chromatography with anion-exchange resin, AG1-X8, and sequential elution of the 0.5 M HBr and 7 M HNO3 to separate lead
from very high contents of copper and tin in bronze matrix. Mercury was also removed efficiently in the optimized separation
condition. The instrumental isotope fractionation of lead in the MC-ICP-MS measurement was corrected by the external stan-
dard sample bracketing method using an external standard, NIST SRM 981 lead common isotope ratio standard followed by cor-
rection of procedure blank to obtain reliable isotope ratios of lead. The isotope ratios, 206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb, and
208Pb/206Pb, of lead were determined as 18.0802 ± 0.0114, 15.5799 ± 0.0099, 38.0853 ± 0.0241, and 2.1065 ± 0.0004, respec-
tively, and the determined isotope ratios showed good agreement with the reference values of an international comparison for the
same sample within the stated uncertainties
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Introduction 

Lead (Pb) has four stable isotopes, 204Pb, 206Pb, 207Pb, 208Pb

with natural abundances of 1.4 %, 24.1 %, 22.1 %, and

52.4%, respectively.1 Since the three isotopes of Pb, 206Pb,
207Pb, and 208Pb are radiogenic end products of the

radioactive decay chains of uranium series (238U→
206Pb),

actinium series (235U→
207Pb), and thorium series

(232Th→208Pb), the isotopic composition of lead are expected

to change in their relative abundances depending on the

geological environments, transport processes, or human

nuclear activities. This unique characteristic of Pb allows the

use of Pb isotope ratios as an important tracer in many useful

applications including the study of natural isotope variations,

geology, archeology, and investigations on the provenance of

specific samples as well as the information on the source of

atmospheric pollution.2-5 However, the variation of isotopic

compositions of lead depending on their sources necessitates

measurements of individual isotope ratios of the sample and

calibration standard for accurate determination of amount

contents of lead in a sample using isotope dilution mass

spectrometry (IDMS), which has been widely accepted as a

definitive reference method of analysis.6 Accurate

determination of Pb molar mass also relies on the

measurement of isotopic compositions.

Many applications of isotope amount ratio measurement

require determination of quite small variations and, commonly

used quadrupole inductively coupled plasma mass

spectrometers (ICP-MS) do not provide enough precision

required to distinguish very small differences in the ratios.

Therefore, specially designed instruments such as thermal

ionization mass spectrometry (TIMS) and multicollector-

inductively coupled plasma mass spectrometry (MC-ICP-MS)

have been increasingly used for the determination of isotope

amount ratios of lead. These instruments use magnetic sector

to separate ion beams with different mass-to-charge ratios and

collect them into the series of Faraday cup detectors for

monitoring ion currents of different isotopes simultaneously.2

TIMS has been used predominantly for the accurate isotope

ratio determinatione before the development of MC-ICP-MS

and good repeatability can be achieved because thermal

ionization produces ions with a very small kinetic energy

dispersion of less than 1 eV. Time-consuming sample

preparation including sample pretreatment and sample loading

on a filament is required in TIMS, however, to correct for
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mass-dependent instrumental fractionation (also referred to as

mass bias) due to preference of evaporation of the light isotope

during thermal ionization. After MC-ICP-MS has been

introduced, it is becoming more and more popular instrument

for isotope ratio analysis of many elements taking advantage

of high ionization efficiency of argon plasma for most

elements in periodic table and relatively short measurement

time required to get reliable results.7

In the isotope ratio analysis of lead, the correction of the

instrumental isotope fractionation is crucial to obtain

accurate and reliable isotope ratios. Isotopic fractionation in

MC-ICP-MS is mostly due to space charge effects, which

make the heavier isotope ions transported more efficiently at

the interface between ICP source and MS and detected more

efficiently. In MC-ICP-MS measurements, ions produced by

high temperature plasma have higher kinetic energy spread

compared with ions generated by thermal ionization and

fractionations of different isotopes are severer. Therefore, the

measured isotope ratios of lead should be corrected for this

fractionations using appropriate method.8

In this study, multicollector inductively coupled plasma

mass spectrometry (MC-ICP-MS) was used to determine

the isotope amount ratios of lead in a bronze sample. Since

the bronze sample contains very large amount of copper

and tin compared with lead present in a trace level, matrix

separation using anion-exchange resin was optimized and

applied. In order to correct for the instrumental isotope

fractionation, standard sample bracketing method2,8 was

also applied using an external isotope ratio standard. Then,

the determined isotope ratios of lead were compared with

the KCRV (key comparison reference value) which is a

consensus value calculated from reported results of national

metrology institutes participating for an international

comparison of CCQM (Consultative Committee for

Amount of Substance) IAWG (Inorganic Analysis Working

group). 

Experimental

Materials and reagents. 

The bronze swarf, for CCQM-K98 was provided by the

BAM (Federal Institute for Materials Research and Testing)

in Germany, which is the pilot laboratory for the Key

Comparison study. The SRM 981, common lead isotopic

standard, was purchased from the National Institute of

Standards and Technology (NIST, USA) and dissolved in 5%

nitric acid as a stock solution. Nitric acids with various

concentrations used throughout this study were prepared just

before sample preparation by diluting the concentrated nitric

acid (≥ 65%) with deionized water (18 MWΩ·cm resistivity)

from Milli-Q RG purification system (Millipore, USA). The

concentrated nitric acid was obtained by sub-boiling

distillation of commercially available concentrated nitric acid

from DONGWOO FINE-CHEM (Iksan, Korea).

Hydrobromic acid was purchased from Sigma-Aldrich

(Milwaukee, Wl, USA) and used without further purification.

The AG1-X8 resin (100-200 mesh) was obtained from Bio-

Rad Laboratories, Inc. (Hercules, CA, USA). 

Sample preparation and matrix separation. 
One hundred milligram chips of bronze swarf were

completely dissolved in 30 mL of 3 M nitric acid and then

the sample solution was dried at 95oC using heating block.

The residue was reconstituted with 2 mL of 0.5 M HBr and

loaded onto the preconditioned AG1-X8 resin for lead

separation from the bronze matrix. Five milliliter volume of

column was packed with 1.5 mL of AG1-X8 resin. The resin

was cleaned by elution of 30 mL 7 M HNO3 and followed by

60 mL 0.5 M HBr. Then, the sample in 0.5 M HBr was

loaded onto the pre-conditioned resin. Lead was retained on

the resin but the major constituents, copper and tin, were

eluted by sequential addition of 10 mL 0.5 M HBr. After the

blue color of copper ions was removed in the column, the

lead retained on the resin was eluted by sequential 10 mL of

7 M HNO3. Every fractions from individual elution steps are

collected and their contents of copper, tin, and lead were

monitored by Element 2 ICP-MS (Thermo Fisher Scientific

Inc., Bremen, Germany). Eluted lead solution in 7 M HNO3

was evaporated to dryness and reconstituted by 5% HNO3

for matrix matching before isotope ratio measurement. The

final test solution was diluted to approximately 10 mg/kg

considering the dynamic range of the Faraday detectors of

MC-ICP-MS instrument. Procedure blanks were also

prepared and went through the same procedures of sample

preparation and matrix separation with the samples.

Lead isotope ratio measurements.

All isotope ratio measurements were performed using a

Neptune (Thermo Fisher Scientific Inc., Bremen, Germany)

multicollector inductively coupled plasma mass spectrometer

(MC-ICP-MS). The Neptune MC-ICP-MS is a double-

Table 1. Optimized operating conditions and data acquisition para-

meters of MC-ICP-MS for isotope ratio measurements of lead.

Sampler/skimmer cones Ni

Plasma gas flow 15 L/min

Auxiliary gas flow 0.7 L/min

Nebulizer gas flow 1.335 L/min

plasma RF power 1200 W

Resolution Low resolution (R~300)

Integration time 4.194 seconds

Idle time 3 seconds

No. of spectra acquired 9 blocks’ × 3 cycles/block

Acquisition Static mode

Cup configuration

L3:202Hg, L2:203T1, L1:204Pb,

 C:205T1, H1:206Pb, H2:207Pb, 

H3:208Pb
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focusing magnetic sector type instrument of forward Nier-

Johnson geometry and has 9 Faraday collectors and 1

secondary electron multiplier. Further details of the instrument

design can be found elsewhere.9 The sample solutions were

self-aspirated into the quartz dual spray chamber by PFA

micro-concentric nebulizer and sample droplets were

introduced high temperature plasma through the platinum

injector and quartz torch. The operating conditions of MC-

ICP-MS and data acquisition parameters are summarized in

Table 1. The raw data obtained were first corrected for the

procedural blank. Then, the correction for mass dependent

isotope fractionation of lead was performed by standard

sample bracketing technique using NIST SRM 981 common

lead isotopic standard. In this correction technique, back to

back measurements of SRM 981 standard were done before

and after a measurement of sample, and the isotope ratios of a

sample measurement were corrected by the isotope

fractionation factors which were obtained from the certified

isotope ratios and the measured isotope ratios of SRM 981.

Results and Discussion

Matrix separation.

Since the major constituents of the bronze were copper

(~94%) and tin (~6%) which can cause an isotope

fractionation of lead by matrix effect, it is necessary to separate

lead from the bronze matrix. In this study, anion-exchange

chromatography using AG1-X8 resin with hydrobromic acid

and nitric acid was applied.10 Before the analysis of sample, a

standard mixture solution having similar elemental

composition of copper, tin, and lead with the bronze sample

was used to optimize experimental conditions for the matrix

separation of lead. Figure 1(a) and 1(b) show the intensities of

tin and lead in each elution fraction obtained by ICP-MS with

single secondary electron amplifier. When the standard

mixture with blue color of excessive copper ions dissolved in

0.5 M HBr was loaded on the pre-conditioned resin, copper

was easily removed by 0.5 M HBr. During elution with HBr,

lead was retained strongly on the resin as bromide complex

anion of lead. Then, lead was eluted from the resin by 7 M

HNO3. Finally, the collected solutions were evaporated to

dryness and reconstituted with 5% HNO3 for isotope ratio

measurements using MC-ICP-MS.

However, it is still challenging to separate trace level of

lead from large amounts of tin where the amount ratio of tin

and lead is four orders of magnitude because trace level or

minor fraction of tin still retains in the resin as weak

bromide complex.11 After washing with 90 mL of 0.5 M

HBr, which corresponds to 60 column volumes of anion-

exchange resin, comparable amount of tin was still

observed in the nitric acid elution fraction with lead,

although the major fraction of tin has been removed.

Presence of residual tin and copper at this level, fortunately,

do not make isobaric interferences with isotopes of lead

including polyatomic ions in the ICP-MS measurements.

Removal of major matrix component in the sample solution

is expected to minimize non-spectral interferences in the

nebulization and ionization efficiencies, and differential

isotopic fractionations of lead between the sample and the

standard during isotope ratio measurements are not likely. 

In addition, the optimized matrix separation condition

was also tested for mercury because 204Hg+ ion generated

from mercury in the sample may cause isobaric interference

with 204Pb+ and results in bias to the measured isotope

amount ratios of lead. Another standard mixture solution

with mercury was prepared and loaded on the pre-

conditioned anion exchange resin followed by elution with

0.5 M HBr. Figure 2 shows the ion intensities of mercury

and lead in each eluted fractions of 0.5 M HBr, where 204Pb

represents the sum of ion intensities of both 204Pb and
204Hg. Considering the negligible signal from 206Pb

observed at m/z 206, which is about 17 times more

abundant isotope of lead than 204Pb, m/z 204 ions in Figure

2 are mostly from 204Hg. Using the same 0.5 M HBr

washing, rapid removal of 200Hg and 204Hg was observed.

Figure 1. Elution profiles of tin and lead with 0.5 M HBr

washing (fractions of 1-5) followed by 7 M HNO3 elution

(fractions of 6-11): (a) with Sn ion intensities, (b) with only lead

intensities.

Figure 2. Elution profiles of tin and mercury with 0.5 M HBr

washing (fractions of 1-5) of Hg. The ion intensity of 204Pb

represents the sum of ion intensities of both 204Pb and 204Hg.
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The established matrix separation method was used to

prepare the bronze sample solution for MC-ICP-MS

measurements. In the MC-ICP-MS measurement of

sample, bronze, 202Hg was also measured, in parallel, using

one of Faraday collectors, L3, to guarantee no isobaric

interference from residual Hg. It turned out that no

correction due to the mercury was required. 

Isotope ratios of lead. 

Isotope ratios of lead, 206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb, and
208Pb/206Pb, in bronze sample were determined and listed in the

Table 2. The instrumental isotope fractionations of the measured

isotope ratios were corrected by the bracketing calibration using

external standard after correction of the procedure blank. The

uncertainties of determined value were calculated following the

ISO Guide to the Expression of Uncertainty in Measurement

(GUM) guidelines12 and expressed as the combined expanded

uncertainty with k= 2 (95% confidence level). The deviations of

isotope ratio measurements for samples, SRM 981 isotope ratio

standards, and blank with the uncertainty of the certified isotope

ratios of SRM 981 standard used for correction of instrumental

isotope fractionation were included for calculation of combined

standard uncertainties. The major contribution of standard

uncertainty was the uncertainty of the certified values of SRM

981.

The determined results show good agreement with the

KCRV of the CCQM comparison even though expanded

uncertainties of the determined results were slightly higher

than the uncertainties of KCRV. The isotope ratios of lead in

bronze sample, 206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb, are within

the natural range of the isotope ratios as tabulated by IUPAC of

17.2±1.2, 15.8±1.1, and 37.4±2.7, respectively, but 208Pb/206Pb

is lower than IUPAC isotope ratio of 2.17±0.01. 

Conclusion

Isotope amount ratios of lead in a bronze sample have

been successfully determined. For robust isotope ratio

measurement for lead from bronze sample matrix with very

high contents of copper and tin, matrix separation

conditions were tested and optimized using ion exchange

chromatography with anion-exchange resin, AG1-X8, and

sequential elution of the 0.5 M HBr and 7 M HNO3.

Mercury was also removed efficiently in this separation

condition. Correction for instrumental isotope fractionation

of lead in MC-ICP-MS was essential to obtain reliable

isotope ratios and external standard sample bracketing

technique was applied using the NIST SRM 981, lead

common isotope ratio standard. The determined isotope

ratios of lead show good agreement with the value obtained

from international comparison for the same samples

indicating comparable measurement capability of KRISS

for isotope ratio measurement of lead in metal alloy. 
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Table 2. Determined isotope amount ratios of lead in bronze sample and KCRV isotope amount ratios for the same bronze sample.

Isotope amount ratios of SRM 981 are calculated from the atom percent of each isotope given in Certificate of NIST SRM 981.

n(206Pb)/n(204Pb) n(207Pb)/n(204Pb) n(208Pb)/n(204Pb) n(208Pb)/n(206Pb)

Bronze sample 18.0802 ± 0.0114 15.5799 ± 0.0099 38.0853 ± 0.0241 2.1065 ± 0.0004

KCRV 18.0723 ± 0.0055 15.5776 ± 0.0049 38.0751 ± 0.016 2.10685 ± 0.00034

SRM 981 16.937 ± 0.015 15.492 ± 0.013 36.722 ± 0.031 2.168 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


