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Abstract

The concentrations of all rare earth elements (REE: La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu) in silicate

glass, apatite and zircon were measured by an ion microprobe method with a high mass resolving power of 9300 at 1% peak

height. Observed contents of REE in apatite extracted from a dacite agree well with those measured by the isotope dilution-

thermal ionization mass spectrometry (ID-TIMS) method within 30% error at 2r. The contents of heavy REE in several zircons

are consistent with those measured by ID-TIMS and instrumental neutron activation analysis (INAA), while the light REE

abundances are significantly lower by ion microprobe than by the other methods. The discrepancy is partly due to the presence

of 1–5-Am inclusions of apatites within zircon crystals. Secondary ion yields of REE observed in a silicate glass show a very

similar trend to those in apatite and zircon. Since the chemical composition of the silicate glass is appreciably different from the

apatite and zircon, relative secondary ion yields of REE are probably independent from matrix effect, which is the most

important finding of this work. Calculated partition coefficients of REE between melt and apatite agree well with reported

values while the coefficients between melt and zircon are discrepant from those in literature. The REE coefficients in zircon

increase with increase of the ionic radius logarithmically, suggesting power law dependence of the coefficients. D 2002 Elsevier

Science B.V. All rights reserved.
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1. Introduction

There are several analytical methods capable of

determining rare earth elements (REE) in rock and

mineral samples with detection limits of ppm, includ-

ing instrumental neutron activation analysis (INAA;

Potts et al., 1973; Murali et al., 1983; Heaman et al.,
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1990), the isotope dilution method using a thermal

ionization mass spectrometer after chemical disso-

lution and dissociation (ID-TIMS; Nagasawa, 1970;

Kay and Gast, 1973; Fujimaki, 1986), inductively

coupled plasma source-mass spectrometry using a

laser-ablation sampling technique (LA-ICP-MS;

Jackson et al., 1992; Perkins et al., 1993; Longerich

et al., 1996) and secondary ion mass spectrometry

(SIMS; Metson et al., 1984; MacRae and Metson,

1985; Zinner and Crozaz, 1986a,b; Fahey et al.,

1987; Shimizu and Richardson, 1987). LA-ICP-MS

and SIMS have the potential to detect sub-ppm level

REE in situ and have a spatial resolution of less than

100 Am. However, SIMS method is affected by the

spectroscopic (isobaric) interference of light REE

oxides onto the heavier REE and by matrix effects,

while there is not a significant matrix problem in

LA-ICP-MS method (Eggins et al., 1998). In SIMS

studies using a CAMECA IMS 3f series instrument,

the moderate energy filtering method is commonly

used to overcome the interference problems (Zinner

and Crozaz, 1986a,b; Grandjean and Albarede, 1989;

Johnson et al., 1990; Hinton and Upton, 1991; Ire-

land and Wlotzka, 1992; references cited in Hoskin

et al., 2000), but this causes a significant loss of

secondary ion transmission, down to two orders of

magnitude, which results in inadequate sensitivity. If

both high mass resolution and high transmission are

achieved at the same time using SIMS, the REE

sensitivity would increase. The Sensitive High-Res-

olution Ion MicroProbe (SHRIMP) is capable of

producing high transmission at high resolution and

REE abundances have been measured using the high-

resolution mode (Maas et al., 1992; Hoskin, 1998;

Sano et al., 1999a; Sano and Terada, 2001). The

primary purpose of this paper is to present a method

for REE abundance measurement in a silicate glass

and in the minerals apatite and zircon using

SHRIMP. The relationship between REE secondary

ion yields, ionization potential and the matrix effect

will be discussed.

The partitioning of REE between two phases,

mineral/melt has been intensively studied to under-

stand their behavior and effects upon igneous pro-

cesses since the 1970s (Nagasawa, 1970; Matsui et

al., 1977). The partition coefficients of REE for

apatite/melt were generally consistent with reported

data while those for zircon/melt were sometime con-

troversial (Gromet and Silver, 1983; Fujimaki, 1986;

Heaman et al., 1990). Hinton and Upton (1991)

reported that the discrepancy in zircon partitioning

was attributable to excess light REE in bulk analyses

possibly affected by xenotime inclusions or areas of

alteration within zircon. They further suggested that it

is possible to estimate the REE concentrations in the

melts by those in coexisting zircon even though the

presence of other phases and effects on the partition-

ing due to physical changes such as temperature and

pressure are ignored. Recently, Hoskin et al. (2000)

argued that such back-calculation of REE composi-

tion of the original melt was successful in the case of

apatite but not applicable for zircon. The second

purpose of this paper is to give the partition coef-

ficients of REE for apatite/melt and zircon/melt based

on SHRIMP data and to verify the validity of back-

calculation.

2. Experimental

Several small grains of apatite extracted from the

Torihama dacite pyroclastic pumice collected from

southern Kyushu, Japan (Ui, 1971), were mounted in

an epoxy–resin disc together with a few grains of

standard apatite ‘‘PRAP’’ and NIST SRM610 stand-

ard glass (approximately 500 Am� 1 mm). The

PRAP was derived from an alkaline rock of the

Prairie Lake circular complex in the Canadian Shield

extensively used as a U/Pb and abundance calibra-

tion standard (Sano et al., 1999b). Several grains of

the Torihama zircon were mounted in another epoxy

disc together with a few grains of standard zircons

SL13, QGNG and 91500, and the NIST 610 glass.

SL13 is a Sri Lanka megacryst extensively used as a

U/Pb and abundance calibration standard (Claoué-

Long et al., 1995) and QGNG is a new multicrystal

zircon standard from Quartz-Gabbro-Norite-Gneiss

from Cape Donnington, South Australia. 91500 is

a Canadian megacryst whose REE have been re-

ported by other research groups (Wiedenbeck et al.,

1995). Apatite and zircon grains were polished to

provide a flat surface for sputtering of secondary

ions until they were exposed through their midsec-

tions using 1 Am diamond paste. They were checked

by EPMA to locate inclusion-free homogeneous re-

gions. Then their surface was finished by 0.25 Am
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diamond paste and was coated by a thin gold coating

to prevent charging of the sample surface by the pri-

mary beam.

The samples were set in the sample lock of

SHRIMP II at the Department of Earth and Planetary

Sciences, Hiroshima University and were evacuated

overnight to reduce possible hydride interferences.

Using Kohler illumination, a f 6-nA mass filtered

O2
� primary beam was used to sputter a 30-Am

diameter flat-bottomed crater and secondary positive

ions were extracted by a 10-kV accelerating voltage

for mass analysis. The ion source and collector slits

were set to 60 and 50 Am, respectively. A mass

resolution of 9300 at 1% peak height was employed

to separate heavy REE from oxide of light REE in the

NIST 610 glass with adequate flat topped peaks (see

Fig. 1. of Sano et al., 1999a). No apparent isobaric

interferences were found in the mass range over 139La

to 175Lu at a mass resolution of 9300. Approximate

30% transmission has been reported for high mass

resolution condition (Sano et al., 1999a).

In the case of NIST 610 glass and zircon samples,

the magnet was cyclically peak-stepped from mass

104 (104Si2O3
+ ) to mass 175 (175Lu+ ), including the

background and all significant REE isotopes (139La+ ,
140Ce+ , 141Pr+ , 143Nd+ , 146Nd+ , 147Sm+ , 149Sm+ ,
151Eu+ , 153Eu+ , 155Gd+ , 157Gd+ , 159Tb+ , 161Dy+ ,
163Dy+ , 165Ho+ , 166Er+ , 167Er+ , 169Tm+ , 171Yb+ and
172Yb+ ). In the case of apatite samples, mass 159 for

Ca2PO3
+ was measured instead of 104Si2O3

+ . Note

that Ca2PO3
+ was well resolved from 159Tb+ . Sec-

ondary ions were detected by means of an electron

multiplier operating in the ion-counting mode. Peaks

were counted for 40 s, resulting in single scans

through the spectrum taking f 20 min. A complete

run comprising seven scans takes 2 h.

The PRAP apatite was crushed and then dissolved

by HNO3 and HF. After adding indium as an internal

standard, all REE contents in the solution were

measured by ICP-MS. The precision of the REE

measurements was estimated by repeated analyses of

standard solution, and was found to be about F 5% at

Table 1

Concentration, isotope abundance and isotope concentration of REEs in the NIST 610 standard glass, observed A + /Si2O3
+ ratios and

secondary ion yield

Element Mass Concentration

(ppm)

Isotope

abundance

Isotope

concentration

(ppm)

A + /Si2O3
+ Secondary

ion yield

La 139 400 0.99911 400 27.2 0.0681

Ce 140 422 0.8848 373 21.9 0.0586

Pr 141 423 1 423 28.8 0.0680

Nd 143 397 0.1214 48.2 3.74 0.0775

Nd 146 397 0.1726 68.5 5.51 0.0804

Sm 147 412 0.1507 62.1 5.64 0.0908

Sm 149 412 0.1384 57.0 5.23 0.0917

Eu 151 415 0.4777 198 20.8 0.1048

Eu 153 415 0.5223 217 22.3 0.1027

Gd 155 421 0.1473 62.0 3.53 0.0569

Gd 157 421 0.1568 66.0 3.64 0.0551

Tb 159 413 1 413 22.5 0.0545

Dy 161 406 0.1888 76.7 4.56 0.0594

Dy 163 406 0.2497 101 5.95 0.0587

Ho 165 419 1 419 23.0 0.0548

Er 166 417 0.3341 139 6.73 0.0483

Er 167 417 0.2294 95.7 4.71 0.0492

Tm 169 415 1 415 21.0 0.0506

Yb 171 421 0.1431 60.2 3.15 0.0523

Yb 172 421 0.2182 91.9 5.17 0.0562

Lu 175 407 0.974 396 11.3 0.0285

Reproducibility of A + /Si2O3
+ ratios is less than 20% at 2r.
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1r. The accuracy of the measurements was verified by

EPMA using La, Ce and Nd concentrations since they

are abundant enough to analyze precisely. The con-

centrations of 10 REE (Ce, Nd, Sm, Eu, Tb, Dy, Ho,

Tm, Yb and Lu) of a single grain of QGNG and

Torihama zircon were measured by instrumental neu-

tron activation analysis. Calibration was made against

NIST 610 glass. Experimental details were given

elsewhere (Fukuoka et al., 1987).

3. Results

Quantitative REE analysis requires either good

calibration standards, which are not easily available,

or knowledge about relevant secondary ion yields, in

order to convert the observed peak intensities into

concentrations. Seven spot measurements of NIST

610 glass were carried out to check the secondary

ion yields of all REE in silicate glass matrix. The
104Si2O3

+ beam was used as an internal standard.

Table 1 lists the observed ratio of (A + /104Si2O3
+ ),

the REE isotope concentrations calculated from the

REE concentrations in literature (Reed, 1992) and

stable isotopic composition when there are more than

two isotopes. The secondary ion yields were obtained

by dividing A + /104Si2O3
+ by the concentration of A

in the target. The precision of the yields is less than

20% at 2r, estimated by the reproducibility of

A + /104Si2O3
+ ratios, which is consistent with the

error calculated by ion counting statistics. Those of

relative abundances of REE such as La + /Sm + ratio

are about 10% at 2r. The secondary ion yields vary

significantly from 0.0285 for Lu to 0.1027 and 0.1048

for Eu, even though the chemical properties of the

REE are generally similar when compared with other

elements. Note that isotopes of the same element such

as Nd, Sm, and Eu show identical secondary ion

Table 2

Concentration, isotope abundance and isotope concentration of REEs in PRAP standard apatite, observed A + /Ca2PO3
+ ratios and secondary

ion yield

Element Mass Concentrationa

(ppm)

Isotope

abundance

Isotope

concentration

(ppm)

A + /Ca2PO3
+ Secondary

ion yield

La 139 4870 0.99911 4866 2.33 0.000479

Ce 140 11,300 0.8848 9998 2.90 0.000290

Pr 141 1414 1 1414 0.597 0.000422

Nd 143 5450 0.1214 662 0.357 0.000540

Nd 146 5450 0.1726 941 0.504 0.000536

Sm 147 999 0.1507 151 0.0876 0.000582

Sm 149 999 0.1384 138 0.0801 0.000579

Eu 151 258 0.4777 123 0.0884 0.000716

Eu 153 258 0.5223 135 0.0972 0.000720

Gd 155 706 0.1473 104 0.0313 0.000301

Gd 157 706 0.1568 111 0.0322 0.000291

Tb 159 90.7 1 90.7 0.0174 0.000192

Dy 161 371 0.1888 70.0 0.0188 0.000269

Dy 163 371 0.2497 92.6 0.0241 0.000260

Ho 165 54.2 1 54.2 0.0128 0.000236

Er 166 115 0.3341 38.4 0.00726 0.000189

Er 167 115 0.2294 26.4 0.00506 0.000192

Tm 169 13.9 1 13.9 0.00227 0.000164

Yb 171 67.1 0.1431 9.60 0.00178 0.000186

Yb 172 67.1 0.2182 14.6 0.00268 0.000183

Lu 175 8.08 0.974 7.87 0.000319 0.0000405

Reproducibility of A + /Ca2PO3
+ ratios is less than 20% at 2r.

a REE concentrations obtained by solution ICP-MS on a separate aliquot. Precision is 5% (1r).
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yields within the reproducibility of < 20%. The trend

of the yield variation, high in middle REE and very

low in Lu, agrees well with that obtained for NIST

612 glass using SHRIMP (Sano et al., 1999a).

Six spot measurements of PRAP standard apatite

were carried out to obtain the secondary ion yields of

REE in apatite matrix. The 159Ca2PO3
+ beam was

used as an internal standard. Table 2 lists the observed

ratio of (A + /159Ca2PO3
+ ), the REE isotope concen-

trations calculated from the REE contents measured by

ICP-MS and stable isotopic composition when there

are more than two isotopes. The secondary ion yields

were obtained using the ratio of A + /159Ca2PO3
+ to

the REE isotope concentration. The precision of the

yields is less than 20% at 2r, estimated using the

reproducibility of A + /159Ca2PO3
+ ratios. Again rela-

tive REE abundances are about 10% at 2r. The REE

secondary ion yields vary significantly from

0.0000405 for Lu to 0.000716 and 0.000720 for Eu.

These values are consistent with the yields found in a

preliminary study (Sano and Terada, 2001).

Six spot measurements of SL13 standard zircon

were carried out to check the secondary ion yields of

REE in a zircon matrix. As in the analysis of the glass,
104Si2O3

+ was used as an internal standard. Table 3

lists the observed ratio (A + /104Si2O3
+ ), the REE

isotope concentrations calculated from literature data

(Ireland and Wlotzka, 1992) and stable isotopic com-

position when there are more than two isotopes. The

secondary ion yields were obtained using the ratio of

A + /104Si2O3
+ to the REE isotope concentration.

Precisions of the La, Pr, Nd and Sm yields are 30–

40% at 2r estimated using the reproducibility of

A + /104Si2O3
+ ratios. Precision of other REE are less

than 20% at 2r and relative abundance ratios are

about 10% at 2r. Poor reproducibility of the light

Table 3

Concentration, isotope abundance and isotope concentration of REEs in SL13 standard zircon, observed A + /Si2O3
+ ratios and secondary ion

yield

Element Mass Concentrationa

(ppm)

Isotope

abundance

Isotope

concentration

(ppm)

A + /Si2O3
+ Secondary

ion yield

La 139 0.012 0.99911 0.0120 0.00247 0.2061

Ce 140 0.43 0.8848 0.380 0.0356 0.0935

Pr 141 0.014 1 0.0140 0.00224 0.1601

Nd 143 0.11b 0.1214 0.0132 0.00188 0.1430

Nd 146 0.11b 0.1726 0.0187 0.00257 0.1370

Sm 147 0.087 0.1507 0.0131 0.00354 0.2699

Sm 149 0.087 0.1384 0.0120 0.00335 0.2784

Eu 151 0.064 0.4777 0.0306 0.00630 0.2062

Eu 153 0.064 0.5223 0.0334 0.00696 0.2082

Gd 155 0.63 0.1473 0.0928 0.0127 0.1370

Gd 157 0.63 0.1568 0.0988 0.0138 0.1393

Tb 159 0.32 1 0.320 0.0329 0.1030

Dy 161 4.9 0.1888 0.925 0.104 0.1120

Dy 163 4.9 0.2497 1.22 0.135 0.1106

Ho 165 1.7 1 1.70 0.192 0.1129

Er 166 9.6 0.3341 3.21 0.311 0.0971

Er 167 9.6 0.2294 2.20 0.203 0.0923

Tm 169 2 1 2.00 0.244 0.1222

Yb 171 19 0.1431 2.72 0.452 0.1664

Yb 172 19 0.2182 4.15 0.692 0.1669

Lu 175 5 0.974 4.87 0.219 0.0449

Reproducibility of La + /Si2O3
+ , Pr + / Si2O3

+ , Nd + / Si2O3
+ and Sm + / Si2O3

+ ratios is 30–40% at 2r. Those of the other elements are less

than 20%.
a Concentrations in the SL13 zircon from Ireland and Wlotzka (1992).
b Estimated by Pr2/3� Sm1/3 in chondrite normalized pattern.

Y. Sano et al. / Chemical Geology 184 (2002) 217–230 221



REE is probably attributable to the low abundances of

these elements, f 10 ppb in SL13 zircon. The

secondary ion yields vary significantly from 0.0449

for Lu to 0.2699 and 0.2784 for Sm.

Based on the secondary ion yields of REE in apatite

and zircon matrix, we have measured all REE in

Torihama apatite and a few zircons, Torihama, QGNG

and 91500. Table 4 lists the abundance of REE in these

samples together with total REE contents, Ce/Ce* and

Eu/Eu* ratios, where Ce* and Eu* are estimated by

La1/2� Pr1/2 and Sm1/2�Gd1/2 in chondrite normal-

ized pattern, respectively, and Lu/La ratios. Precision

of REE abundances in Torihama apatite are less than

30% at 2r, which were calculated by the combination

of the error of secondary ion yields in Table 2 and

reproducibility of A + /159Ca2PO3
+ ratios in the sam-

ple. Errors assigned to the REE contents in zircon

samples are estimated by the same procedure. Again

poor precisions of La and Pr abundances in zircon may

be due to their low concentrations.

Enrichment of heavy REE with increasing mass

number, positive Ce anomaly and negative Eu anom-

aly in chondrite normalized patterns, are common

features of terrestrial zircon samples (Hinton and

Upton, 1991; Kinny et al., 1991; Ireland and

Wlotzka, 1992). This is the case for present samples,

but total abundance of REE and La/Lu ratios vary

significantly.

4. Discussion

4.1. Comparison of REE measurements

Nagasawa (1970) reported concentrations of nine

REE (Ce, Nd, Sm, Eu, Gd, Dy, Er, Yb and Lu) in

Torihama apatite, measured by ID-TIMS. Fig. 1

shows the comparison of the REE abundances meas-

ured by SHRIMP and ID-TIMS. In the wide dynamic

range of 10–2000 ppm, SHRIMP data agree well with

those by ID-TIMS within experimental errors. A

correlation coefficient of 0.9998 suggests both data

sets are identical. Therefore, the accuracy and preci-

sion of SHRIMP high-resolution REE measurements

of apatite, within F 30% at 2r is verified.

Fig. 2a, b and c indicates REE abundance patterns

of measured zircon normalized to C1 chondrite

(Anders and Grevesse, 1989) together with those in

literature. Observed abundances of heavy REE from

Dy to Lu in Torihama (Fig. 2a) and QGNG (Fig. 2b)

Table 4

Observed REEs concentrations in apatite and zircon grains measured by SHRIMP

Element Torihama apatite

(ppm)

Torihama zircon

(ppm)

QGNG zircon

(ppm)

91500 zircon

(ppm)

La 778 0.011F 0.008 0.088F 0.043 0.014F 0.011

Ce 2040 15.3F 3.8 39.2F 5.9 2.59F 0.43

Pr 266 0.072F 0.037 0.37F 0.19 0.035F 0.015

Nd 1160 1.15F 0.20 5.0F 1.2 0.295F 0.064

Sm 242 2.10F 0.52 8.2F 1.4 0.278F 0.084

Eu 22.6 0.50F 0.12 0.74F 0.23 0.191F 0.065

Gd 221 13.86F 3.00 39.4F 8.2 1.60F 0.39

Tb 34.2 7.0F 1.6 17.2F 3.7 0.75F 0.20

Dy 184 111F 23 230F 43 12.3F 2.5

Ho 35.5 46F 11 75F 17 5.1F1.4

Er 101 241F 48 340F 75 28.6F 6.2

Tm 15.3 57F 12 75F 14 7.5F 1.8

Yb 95.3 560F 110 620F 140 77F 18

Lu 12.9 127F 24 109F 21 17.1F 3.8

Sum REEs 5200 1180 1550 154

Ce/Ce * 1.08 132 53 33

Eu/Eu * 0.297 0.284 0.125 0.873

Lu/La 0.017 11600 1230 1260

Error in the concentration is 2r calculated from 5–6 successive measurements of different spots. Errors of Torihama apatite REEs are less than

30% at 2r.
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zircons are consistent with those measured by bulk

analytical methods, ID-TIMS (Nagasawa, 1970) and

INAA. On the other hand, light REE such as Ce, Nd

and Sm are higher in the bulk methods than by

SHRIMP. SIMS data of 91500 zircon (Wiedenbeck

et al., 1995) are generally consistent with SHRIMP

data (Fig. 2c). A discrepancy for light REE between

bulk measurements and SIMS analysis of zircon was

reported by Kinny et al. (1991) and Hinton and Upton

(1991). They suggested that this was due to the

presence of inclusions with some light REE contents,

such as apatite and xenotime or alteration resulting

from damaged by radioactive decay of U and Th

within the zircon. Fig. 3 shows electron backscatter

images of Torihama zircon grains. We found several

tiny (1–5 Am) inclusions of apatite and glass, but no

xenotime. Since the REE pattern of Torihama apatite

is much flatter than that of zircon, and abundances of

light REE in the apatite are 3–4 orders of magnitude

larger than those in the zircon, incorporation of tiny

apatites could produce the observed differences

between bulk and spot analyses (Fig. 2a). We have

measured chemical compositions of glass inclusions

by EPMA and they are very similar to those of

groundmass (Nagasawa, 1970), suggesting that the

REE abundance of the glass is similar to those of

groundmass and is 1–2 orders of magnitude smaller

than that of apatite. Glass would, therefore, not con-

tribute significantly to the pattern of bulk zircon. Note

that even though QGNG zircon is used as a working

standard for U/Pb calibration, the REE variations

obtained by different analytical methods (Fig. 2b)

suggests the presence of mineral inclusions in this

zircon also. Therefore, it is essential to locate inclu-

sion-free homogeneous regions in all zircon grains by

EPMA before SHRIMP analysis.

4.2. Secondary ion yields of REE in glass, apatite and

zircon

Secondary ion yields are necessary to convert the

observed peak intensities into concentrations. If

matrix effects are significant, a good matrix-matched

calibration standard is required. Reed (1983) reported

secondary ion yields of REE relative to Ca + in

silicate glasses, showing significant variation by fac-

tors of 6–7, from 0.12 for Lu to 0.81 for Eu. A similar

trend was reported by Zinner and Crozaz (1986a,b).

The REE secondary ion yields of NIST 610 glass

obtained here are consistent with those of Reed (1983)

and Zinner and Crozaz (1986a,b), even though abso-

lute yields are different because we used 104Si2O3
+ as

the internal standard. No systematic relation appears

to exist between the secondary ion yields and physical

characteristics of REE such as ionic radius and elec-

tronegativity. Based on the local thermal equilibrium

(LTE) model (Andersen and Hinthorne, 1973) as

applied to secondary ion production, Reed (1983)

derived the following equation.

nMþ

nM
¼ const� T 3=2

ne�

BMþ

BM

e�IM=kT ð1Þ

where T is the plasma temperature in K, n is the

number of atoms, ions and electrons, B the partition

function of the atoms or ions and IM is the ionisation

potential. Then relative secondary ion yields of REE

are probably a function of the ionisation potential as

follows.

SA

SB
¼ const� eðIB�IAÞ=kT ð2Þ

Fig. 1. Comparison of REE abundances in the Torihama apatite

measured by ID-TIMS (Nagasawa, 1970) and SHRIMP (this work).

Data agree well with each other within experimental error of F 30%

at 2r.
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where S is the secondary ion yield of REE indicated

by the subscript. No correlation is apparent between

the first valence and the relative secondary ion yields

as reported by Reed (1983). Fig. 4 shows a relation-

ship between the secondary ion yields for the REE

(normalized to La) and the second ionisation potential.

The relative secondary ion yields decrease with

increasing second ionisation potential. The trend illus-

trated by the dotted line in Fig. 4 is consistent with the

relationship expected by on the basis of Eq. (2).

However, the physical mechanism of this relationship

is not well understood at present.

Fig. 2. (a) REE abundance patterns normalized to C1 chondrite in the Torihama zircon measured by SHRIMP (this work), ID-TIMS (Nagasawa,

1970) and INAA (this work). (b) The QGNG zircon measured by SHRIMP (this work) and INAA (this work). (c) The 91500 zircon measured

by SHRIMP (this work), INAA (Wiedenbeck et al., 1995) and CAMECA 4f (Wiedenbeck et al., 1995). All errors are 2r.
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Fig. 5 shows the relationships between secondary

ion yields of silicate glass and apatite, and of the glass

and zircon. While errors for the LREE yields are

large, clear positive correlations exist for the data

for the glass and the minerals. Since the chemical

compositions of silicate glass, apatite and zircon differ

Fig. 3. Electron backscatter images of the Torihama zircon. Grain A contains both apatite and glass, while B and C include glass and apatite,

respectively. The size of apatite inclusions varies from 1 to 5 Am.
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significantly, the positive correlations in Fig. 5a and b

indicate that the relative secondary ion yields of REE

are not affected by matrices. Hitherto, it is well

documented that such matrix effects are not always

small. Shimizu (1978) reported that the sensitivity for

Al relative to Si differs appreciably in different

silicates. Steele et al. (1981) found that there are quite

large variations in the secondary ion yields of major

elements in olivines and low-Ca pyroxenes. In order

to explain the matrix effect, Slodzian (1982) proposed

a bond-breaking model for the ionization process,

even though the model cannot predict the effect for

complex samples quantitatively. Therefore, it is fully

accepted that quantitative ion-probe analysis requires

good calibration standards with approximate major

chemistry to the samples. However, present REE data

are independent from the matrix effect. This implies

that REE patterns (not absolute abundances) in apatite

and zircon could be determined by SIMS with refer-

ence to a glass standard rather than matrix-matched

mineral standards. This is the most important finding

of this work.

4.3. Partition coefficients of REE in apatite/melt and

zircon/melt

It is possible to calculate the apparent partition

coefficients of REE between zircon and melt and/or

apatite and melt when REE data for host rocks are

available and mode of zircon is extremely small. Eight

REE (Ce, Nd, Sm, Eu, Gd, Dy, Er, Yb and Lu)

concentrations in the groundmass samples of Torihama

dacite pyroclastic pumice were reported by Nagasawa

(1970), which is the host phase of apatite and zircon

measured in this work. We have estimated contents of

the other REE (La, Pr, Gd, Tb, Ho and Tm) by

interpolation or extrapolation of the available REE in

Fig. 4. A relationship between the secondary ion yields of REE and

the ionisation potential of second valence (II), REE ++ . All errors

are 2r.

Fig. 5. (a) Comparison of REE secondary ion yields between silicate

glass and apatite. (b) Comparison between silicate glass and zircon.

All errors are 2r.
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chondrite-normalized diagram. Partition coefficients

of all REE were then calculated based on the observed

REE in Torihama apatite and zircon, and REE of host

dacite estimated above. Table 5 lists the coefficients of

REE in apatite/melt and zircon/melt together with the

ionic radius. Fig. 6 indicates a relationship between

ionic radius of REE and the partition coefficients in

apatite/melt and zircon/melt. The apatite partition

coefficients define a concave shape with enrichment

in the middle REE and a negative anomaly at Eu. This

pattern is consistent with literature data (Nagasawa,

1970; Fujimaki, 1986) and may be of general applic-

ability for intermediate- felsic volcanics. On the other

hand, the zircon partition coefficients increase with

increasing ionic radius. Anomalies at Ce and Eu may

be due to the presence of Ce4 + and Eu2 + which have

anomalous ionic radii. The zircon partition coefficients

of light REE are different from those reported by bulk

analyses while the heavy REE are almost consistent

(Nagasawa, 1970; Fujimaki, 1986). This is probably

attributable to the apatite or xenotime inclusion effects

on bulk analysis. On the other hand the light REE are

comparable with those reported by Hinton and Upton

(1991) using SIMS while their heavy REE such as Tb,

Dy, Ho and Er are somewhat discrepant from SHRIMP

data. We cannot identify the reason for the difference in

heavy REE coefficients. The zircon coefficients

increase monotonically on a logarithmical scale (see

Fig. 6), consistent with the power law dependency of

zircon/melt REE partitioning on the ionic radius (Hin-

ton and Upton, 1991), the ionic radii of the REE

decrease from La3 + to Lu3 + which should make

REE substitution into the zircon lattice progressively

easier for REE with higher atomic number.

The calculated REE partition coefficients (Table 5)

can be used to estimate the REE concentrations in the

melts coexisting with the zircon or apatite. The REE

concentrations calculated are apparent estimates of the

melt coexisting at the time of zircon or apatite growth.

Such back-calculations are probably affected by other

phases and any effects on partitioning due to physical

and chemical changes. Hinton and Upton (1991)

claimed that the estimate based on the zircon coef-

ficients should give significant information on the

REE pattern of the original melt. Recently, Hoskin

et al. (2000) reported the REE abundances of acces-

sory minerals extracted from adamellite and grano-

diorite in the Boggy Plain zoned pluton located in

eastern Australia. Based on the REE of apatite, zircon

and melt in sample BP11, and literature partition

coefficients, they suggested that the back-calculation

using apatite is successful while that using zircon does

not match the REE pattern of the melt. They claimed

that zircon REE characteristics are not as useful as a

petrogenetic monitor. We have made such back-cal-

culation using the zircon and apatite partition coef-

ficients of REE in this work and data of BP11-a.2

Fig. 6. A relationship between ionic radius of REE and partition

coefficients of REE in zircon/melt and apatite/melt, respectively.

Table 5

Partition coefficients of REEs in apatite/melt and zircon/melt

Element Ionic radius Zircon/melt Apatite/melt

La 1.160 0.00046F 0.00032 36F 11

Ce 1.143 0.36F 0.09 48F 15

Pr 1.126 0.0172F 0.0088 64F 19

Nd 1.109 0.077F 0.013 77F 23

Sm 1.079 0.80F 0.20 93F 28

Eu 1.066 1.22F 0.30 55F 17

Gd 1.053 8.0F 1.7 127F 38

Tb 1.040 20.7F 4.8 102F 31

Dy 1.027 45.9F 9.5 76F 23

Ho 1.015 80F 19 62F 19

Er 1.004 136F 27 57F 17

Tm 0.994 197F 40 53F 16

Yb 0.985 277F 55 48F 14

Lu 0.977 325F 62 33F 10

All errors are 2r.
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zircon and BP11-2.1 apatite from Hoskin et al. (2000).

Fig. 7 shows the comparison of measured and calcu-

lated melt composition for sample BP11. Both calcu-

lated melt REE patterns show strong LREE

fractionation but essentially flat MREE and HREE.

The patterns resemble that of the melt composition,

suggesting that the previous report of partition coef-

ficients of zircon/melt is incorrect and that zircon REE

pattern can, in some cases, be used to reconstruct

parental melt REE patterns.

5. Conclusions

An analytical procedure for all REE abundances in

silicate glass, apatite and zircon minerals has been

developed using the SHRIMP instrument with a high

mass resolving power of 9300 at 1% peak height. The

overall accuracy and precision are less than 30% at 2r
for glass, apatite and heavy REE in zircon. The light

REE contents in zircon are significantly smaller by the

SHRIMP analysis than by the other methods such as

INAA and ID-TIMS. The discrepancy is due to the

presence of 1–5-Am inclusions of apatite within a

zircon grain.

Secondary ion yields of REE in a silicate glass

show a negative correlation with the second valence

ionization potential, which is consistent with a ten-

dency expected by LTE model. The REE yields of

glass agree well with those of apatite and zircon. The

relative REE yields are probably not affected by

matrix effect, suggesting that REE patterns in apatite

and zircon could be determined by SIMS with refer-

ence to a glass standard. This is essential when the

matrix-matched mineral standard is not available.

Partition coefficients of REE are estimated between

melt and apatite, and melt and zircon based on data of

the Torihama dacite. The zircon partition coefficients

increase with increase of the ionic radius logarithmi-

cally, which was expected following the power law

dependence of REE substitution into zircon lattice.

Back-calculation of melt REE patterns by zircon and

apatite and the partition coefficients generally work

well in the Boggy Plain zoned pluton, suggesting both

minerals are probably useful monitors in petrogenetic

process.
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