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1.  Introduction

　　　
in understanding geodynamic processes such as material 

recycling in the Earth’s interior, or in surface environments, 

thermal ionization mass spectrometry (TIMS) and multiple 

collector inductively coupled plasma mass spectrometry 

spectrometers has been a major obstacle preventing the 

204

approaches have been developed to correct for this mass 

fractionation. In the case of TIMS, 1) a conventional 

fractionation correction using a mass fractionation factor 

determined by analyzing a standard, which is then applied 

to all unknowns, 2) a zero-time correction (Kuritani and 

Nakamura, 2002), and 3) double, triple or two-double spike 

Thirlwall, 2000; Kuritani and Nakamura, 2003) have been 

correction using Tl (e.g. Thirlwall, 2000; Tanimizu and 

Ishikawa, 2006), 2) a combination between double spike 

applied.

　　　These procedures have resulted in a dramatic 

particularly for samples containing relatively large amounts 

instrumental developments in TIMS have enabled reliable 

magazine to be performed. This cuts labor costs, although the 

　　　

208 204

2007). However, the method is not applicable to analyze 

small amounts of sample (< 25 ng) (Miyazaki et al., 2003a). 

samples, we have developed a fully-automated 207 204

analytical procedure of this method and report its results for 

2. 207Pb-204Pb DS-TIMS

　　　

spike enriched in two isotopes (in this case 207 204

in the mass spectrometer; the ‘natural run’ refers to the 

isotope ratios are measured with a common denominator (i.e., 

either 206,207,208 204 204,207,208 206 204,206,208 207

204,206,207 208

isotope ratios of the spike, derive the mass discrimination 

ratios of the natural and the spiked runs. Several methods 

have been discussed in the literature to derive these values, 

Thirlwall, 2000; Kuritani and Nakamura, 2003). The latter 

was applied in this study.

　　　
(207 204

is illustrated in Fig. 1. The ‘true’ isotopic compositions 

U and M, respectively, while points u and m correspond 

to the measured isotopic compositions of the unknown 

S corresponds to the isotope 

207Pb/204Pb

208Pb/204Pb

206Pb/204Pb

●
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○
●

○

●

Doped mixture (M)

Measured (m)

Measured (u)

Unknown sample (U)

fm

fu

Fig.1.  Three dimensional graphical representation of the double spike, 
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fractionation law, the true isotope ratios of the unknown (Ui)

Mi

　　　Ui = ui (1 + i) (1)

　　　Mi = mi (1 + M i) (2)

where ui and mi are the measured isotope ratios of the 

 and M are the fractionation 

U and M i is the mass difference 

between the numerator and denominator isotopes (subscript 

i

between the Ui and Si

Mi

　　　Mi (1 + q) = Ui + Si ·q (3)

where q is the ratio between the reference isotope in the spike 

and the unknown (204
spike/

204
unknown

　(mi - Si) · q + mi i · (1 + q) · M - ui · i = ui - mi

(4)

　　　　　　　　　　 (5)

　　　

where r = (1 + q A and vector B

　　　　　　　　　　　　　　　　　 (6)

　　　

　　　　　　　　　　　　 (7)

　　　

, follows by 

A. The 

propagated error for the corrected isotope ratios of the 

unknown is calculated using a model from Hamelin et al. 

(1985).

3.  Experimental

3.1.  Reagents and isotope standard materials

　　　 ®
3,

20 % HBr and 98 % H3 4 (Tama Chemicals Co., Ltd) 

-1 by a Milli-Q®

system (Millipore®

®

silicic acid colloidal solution (Nissan Chemical Industries, 

and diluted with 0.5 M HNO3 to give a concentration of 10 

3.2.  DS calibration

　　　204 207

207 204

(1999). The 207 204

with 0.5 M HNO3 to 7 ppm, and calibrated using NIST 

SRM 982. 206 204 207 204 208 204

NIST SRM 982, used for this calibration and determined 

following the conventional method (Miyazaki et al. 2003a), 

were 36.7570, 17.1674 and 36.7629 when normalized to 

208 206

composition of the 207 204

206 204

0.10203, 207 204 208 204

3.3.  Sample preparation

　　　
in a class 100 clean room. The powdered silicate rock 

®

®) with a 1 

3 and 20 M HF on a hot plate at 

after which a further 1 ml of 8 M HBr was added. Once more 

achieved before 1 ml of 0.5 M HBr was added to digest the 

dried sample and it was centrifuged for 20 minutes at 4000 

T. Miyazaki et al.,
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The remaining precipitate was rinsed with 0.5 ml 0.5 M HBr 

and centrifuged, and the supernatant was then added to the 

mesh), which was previously washed and conditioned with 

1 ml of 1 M HNO3, 1 ml of H2O and 0.6 ml of 0.5 M HBr. 

2O after the 

composed of 0.25 M HBr and 0.5 M HNO3. One drop of 0.075 

M H3 4

which was previously washed and conditioned with 1 ml of 

1 M HNO3, 1 ml of H2

fraction was collected with 2.5 ml of H2O after the elution of 

concomitant elements using 4 ml of 0.5 M HBr. The amount 

　　　

case of NIST SRM 981, a 10 ppm solution was split 10 ng 

207

204

3 4 was added to the 

3 4 to the 7.5 

3

order to decompose organic materials. The total procedural 

routine analysis.

3.4.   Mass spectrometry

　　　
activator silica gel. The amount of ionization activator 

15 ng). The loads were concentrated on the top of trapezoid-

filament used in this study was supplied by Thermo Fisher 

rapidly decreased to zero.

　　　
Thermo Finnigan TRITON TI® thermal ionization mass 

collectors at the Institute for Research on Earth Evolution 

204

206 207 208

with a 1012 12

amplifier) was assigned to the Low2 Faraday collector for 

the smallest 204

to each 1011

test and EL test).

　　　The advantage of using the 1012

it reduces the statistical error caused by a low ion beam 

intensity on a minor isotope, such as 204

in the signal to noise ratio by a factor of 3 (Schwieters et al., 

2006). Fig. 2 compares the raw isotope ratios of 207 204

and 208 204 12

measured using a 1011 204

about 0.05V). For a given 204

ratios measured using the 1012

Fig.2. Comparison between raw isotope ratios of 207 204

208 204 12 11

204 12 11
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correlations than the those using the 1011

　　　
automatically by passing a constant electric current through 

them. The gain factor between the 1011

1012

determined through repetitive measurements of NIST SRM 

981 following conventional methods (Miyazaki et al. 2003a).

3.5.  Program for FA- DS- TIMS

　　　On the TRITON TI®, operation conditions, such as 

gain calibration, baseline measurement, filament heating, 

focusing of the ion beam, and sample measurement, are 

　　　
performed during sample measurement runs. However, when 

there are only small amounts of sample, wasting sample 

result, we adopted a single long-term baseline measurement 

performed prior to the sample measurement runs. Table 1 

shows the combination of four method files including the 

long baseline measurement. The baseline was measured for 

15 minutes. The baseline data is stored and used for each 

successive sample measurement run. However, 60 minutes 

can elapse between the baseline measurement and the 

drift may occur. To monitor this possibility, one phantom 

blank sample measurement was performed at the very end of 

an ion source filament. This raw intensity data without the 

ion beam is used to perform the baseline correction for each 

sample by interpolating the baseline drift, if necessary. This 

　　　Twenty-one filaments can be installed on one 

magazine set in the mass spectrometer. This allows ten 

samples, in addition to the standard, to be automatically 

T. Miyazaki et al.,

Table 1.  Combination of method files for fully-automated DS measurement (for one sample on filament).

emiTatadderiuqcAnoitarepOeliFdohteM

)retupmocgnitareponiderots(atadniaGnoitarbilacniaG1 15 min
)retupmocgnitareponiderots(atadenilesaBtnemerusaemenilesaB2 15 min

nim06<-maebnoiehtfognisucoFdna)C°0621-0911(gnitaehtnemaliF1-3

)noitaluclacenil-fforofdesu(elpmasfoatadytisnetniwaRtnemerusaemelpmaS2-3 15 min
4 Blank measurement for baseline drift collection Raw intensity data without ion beam (used for off-line calculation) 15 min

Table 2.  Pb isotope ratios measured in NIST SRM 981.
206

Pb / 
204

Pb        2SE 207
Pb / 

204
Pb        2SE 208

Pb / 
204

Pb        2SE

2400.06917.638100.01694.519100.07739.611#gn51

0300.02027.633100.09694.513100.00939.612#

4300.05227.635100.08794.515100.03939.613#

4300.06127.635100.03794.515100.08839.614#

1300.05127.633100.06694.514100.03839.615#

7300.05127.636100.02794.517100.07839.616#

5300.09227.635100.07794.516100.06939.617#

4200.04127.632100.01794.513100.08839.61DS2±egareva

RSD (%) 0.004 0.004 0.003

1400.07427.638100.00994.518100.07049.611#gn5.7

8600.05127.639200.07794.511300.01049.612#

5500.03817.633200.06694.514200.08839.613#

5400.01427.639100.09794.510200.04939.614#

6400.08617.630200.00694.510200.00839.615#

9600.01127.633200.04794.511200.04939.61DS2±egareva

RSD (%) 0.006 0.007 0.009

5400.03127.637100.02794.517100.00939.61DS2±egarevagn5.7dnagn51

RSD (%) 0.005 0.006 0.006

Previous studies (using DS or TS)

       2SD        2SD        2SD

Woodhead et al. (1995) TIMS
207

Pb - 
204

Pb DS ～100 ng Pb (n = 109) 16.937 0.004 15.492 0.005 36.708 0.013

Todt et al. (1996) TIMS
202

Pb - 
205

Pb DS 80 ng Pb (n = 11) 16.9356 0.0023 15.4891 0.0030 36.7006 0.0113

Galer & Abouchami (1998) TIMS
207

Pb - 
206

Pb - 
204

Pb TS ～10 ng Pb (n = 60) 16.9405 0.0015 15.4963 0.0016 36.7219 0.0044

Thirlwall (2000) TIMS
207

Pb - 
204

Pb DS ～20 ng Pb (n = 41) 16.9409 0.0022 15.4956 0.0026 36.7228 0.0080

Thirlwall (2002) MC-ICP-MS
207

Pb - 
204

Pb DS 7 and 44 ng Pb (n = 36) 16.9417 0.0029 15.4996 0.0031 36.724 0.009

Kuritani & Nakamura (2003) TIMS
207

Pb - 
204

Pb DS 15 ng (n = 16) 16.9424 0.0018 15.5003 0.0017 36.7266 0.0042

Baker et al. (2004) MC-ICP-MS
207

Pb - 
204

Pb DS 20 - 40 ng Pb (n = 95) 16.9416 0.0011 15.4999 0.0011 36.7258 0.0031

Kuritani et al. (2006) TIMS
207

Pb - 
204

Pb, (
205

Pb - 
204

Pb) Pb-ID-DS ～40 ng Pb (n = 5) 16.9419 0.0016 15.4998 0.0016 36.7253 0.0045

Makishima et al. (2007) MC-ICP-MS
207

Pb - 
204

Pb DS 4 ng Pb 16.9417 0.0024 15.4988 0.0025 36.7196 0.0066

2SD = 2 × standard deviation, RSD = relative standard deviation (1SD), 2SE = 2 × standard error propagated through the double-spike mass bias correction
Uncertainties shown in italics are the values re-calculated here from the RSD (%) in the previous studies.
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ratios (204 206 207 206 208 206

and spiked runs were used for offline calculations on an 

® spreadsheet, a copy of which is available from the 

corresponding author.

4.  Results and discussion

4.1.  Measurements of NIST SRM 981 standard

　　　
15 ng) measured following this procedure at the IFREE 

correction using the 207 204

15 ng of NIST SRM 981 are 206 204

207 204 208 204

the average values for the 7.5 ng and 15 ng runs are within 

1 standard deviation. Our results are compared with those 

206 204

207 204 208 204

　　　
208 204

208 204

208 204

correction TIMS. 

4.2.  Measurements of JB-2

　　　

207

204 206 204 207 204

15.5622 ± 0.0026, 208 204

206 204 207 204 208 204

981 (0.004 %, 0.004 %, and 0.003 %, respectively), they are 

since 2000 are compared with our data in Table 3 and Fig. 

5. The 206 204 207 204 208 204

in this study are consistent with those of the other studies, 
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within error. The analytical accuracy and reproducibility 
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