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Abstract:	A high dilution ratio glass bead with a sample to flux ratio of 1:10 was prepared for a wide 
range of major element analyses using X-ray fluorescence spectrometer. Calibration curves were 
determined from 16 rock standards of the Geological Survey of Japan (GSJ) and 4 synthetic samples 
employing the software of the instrument. The precision of the calibration curves was sufficiently high, 
and the reproducibility was of adequate quality when compared to the 1:10 glass bead methods in other 
institutions laboratories. This method enables the measurement of igneous and metamorphic rocks that 
have extreme or anomalous bulk chemical compositions.
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1. Introduction

Whole rock major and trace element compositions of geologic 
rock samples are one of the most fundamental and important data 
that can be obtained in earth science studies. Recent advances 
in analytical methods and rapid increases in use of analytical 
instruments have enabled easy and precise analysis of whole 
rock sample compositions. In particular, the analytical method 
using X-ray Fluorescence Spectrometer (XRF) is the most com-
mon owing to several factors: the simple procedure involved in 
sample preparation, the relatively rapid analysis time, and the 
machine’s stability. Since the latter half of 1990s, trace element 
XRF analysis using low dilution ratios (1:5 and 1:2) of glass 
beads have been carried out in many institutes (e.g. Kimura and 
Yamada, 1996; Kakubuchi et al., 1997; Takahashi and Shuto, 
1997; Tanaka and Orihashi, 1997; Nagao et al., 1998). Such 
a method enabled the analysis of very trace elements such as 
rare-earth elements. Since this time, the analysis of major to trace 
elements using single glass beads has continued, although trace 
elements had been analyzed using pressed powder pellets before 
that time. In the 2000s, the rapid spread of Inductively Coupled 
Plasma Mass Spectrometry (ICP-MS) enabled the simultaneous 
measurement of ppb- and ppt-order multi-elements in larger 

numbers than that obtained with XRF. However, XRF analysis 
is still considered to be the best analytical method for use in 
major element analysis because of its accuracy and the ease of 
sample preparation.

In XRF analyses, it is necessary to correct the net count rates of 
X-rays of the standard samples for inter-element effects (matrix 
effects), in order to convert X-ray intensity to concentration. The 
matrix effect increases with the increasing of concentration of 
elements, and can thus be reduced by dilution. The high dilution 
ratio method in this study therefore led to a reduction in the 
matrix effect. At present,  therefore, the combined use of major 
element XRF analysis with a high dilution glass bead method 
and the application of trace element analysis using ICP-MS is 
commonly used to obtain whole rock data. 

Analysis of whole rock samples using XRF commonly adopts 
the calibration curve method. In Japan, geochemical reference 
materials deployed by the Geological Survey of Japan (GSJ), and 
reference materials from the U.S. Geological Survey (USGS) 
are generally used as standard samples for use in constructing 
calibration curves. The composition of most igneous rocks are 
within the range of these standard samples. However, cumulus 
gabbroic rocks show a wide range of whole rock compositions 
in correspondence with the modal abundance of their constituent 
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minerals. Consequently, on calibration curves, some gabbroic 
rocks have a composition that is out of the range of these standard 
samples, although gabbroic rocks have common lithologies. For 
instance, oxide gabbros, which are relatively common oceanic 
gabbros, have a composition of 30 wt% Fe2O3 and 10 wt% TiO2 

due to the concentration of Fe-Ti oxides (e.g. Blackman et al., 
2006). In addition, anomalously high-CaO (~19 wt%) gabbroic 
cumulates and so-called felsic lithologies (~3 wt% P2O5) are also 
observed in oceanic gabbros (e.g. Dick et al., 1999). Similarly, 
cumulates in continental layered intrusions also show high-TiO2 
(~8 wt%), high-Al2O3 (~27 wt%), and high-Fe2O3 (~30 wt%) 
whole rock compositions in some cases (e.g. McBirney, 1989; 
Gleissner et al., 2010). Therefore, in order to analyze the whole 
rock composition of such samples using the calibration curve 
method, it is necessary to prepare a standard sample by adding 
a chemical reagent to a natural standard (e.g. Yoshizaki et al., 
1996; Takahashi and Shuto, 1997; Yamamoto and Morishita, 
1997; Yamasaki et al., 1999). 

It is evident that if a method of analysis gains popularity, to 
guarantee the quality of data produced, it is necessary to report 
the analytical method and the precision and reproducibility of 
analytical data in individual laboratories or scientific research 
institutions. This paper thus reports an analytical procedure using 
the glass bead method with XRF (PANalytical Axios) at the 
GSJ-Lab in GSJ, the analytical results of the USGS reference 
materials, and the precision of those samples. It is noted that a 
precise routine analysis of whole rock major elements using XRF 
in the GSJ-Lab has previously been established (e.g. Togashi, 
1989). However, using the method in this paper, it is possible 
to obtain the whole rock major element composition from 0.5 g 
of rock powder, and to enable a practically adequate quality of 
measurement for a wide range of compositions using synthetic 
standards.

2. Standards and sample preparation

2-1. Standards
Sixteen geochemical reference materials of the Igneous rock 

series provided by the GSJ were used to generate the calibration 
curves (JB-1a, JB-2, JB-3, JA-1, JA-2, JA-3, JG-1a, JG-2, JG-3, 
JR-1, JR-2, JGb-1, JGb-2, JP-1, JF-1 and JF-2). In addition to 
these samples, four synthetic samples were prepared by adding 
chemical reagents to the GSJ standards.

Synthetic standard samples were prepared using the following 
procedures. For the high contents standard of Fe2O3 and TiO2, 
0.1545 g of iron oxide [III] (> 99.9, Wako Pure Chemical Indus-
tries Ltd.) and 0.0812 g of titanium oxide [IV] (> 99.0, Kanto 
Chemical Co. Ltd.) were added to 0.2641 g of JGb-1. For the 
high contents standard of MnO and P2O5, 0.0283 g of manganese 

oxide (> 99.0, Kanto Chemical Co. Ltd) and phosphorous oxide 
[V] (>98.0, Wako Pure Chemical Industries Ltd.) were added to 
0.4498 g of JB-1b. The standard of high contents in Al2O3 and 
CaO, and the low content in SiO2 was prepared using the addition 
of 0.1503 g of aluminum oxide (>99.97, Wako Pure Chemical 
Industries Ltd.) and 0.1131 g of calcium oxide (> 99.9, Wako 
Pure Chemical Industries Ltd.) to 0.2366 g of JGb-2. Silicon 
dioxide (0.2997 g; >99.9, Wako Pure Chemical Industries Ltd.) 
was added to 0.2002 g of JG-2 as the highest SiO2 standard. 
Bulk compositions of the synthetic standards were recalculated 
using actual weight measurements. Recalculated compositions 
of synthetic standard materials are shown in Table 1.

2-2. Sample Preparation
Glass beads were prepared using the following methods. The 

alkali flux used in this study was a lithium tetraborate (Li2B4O7: 
MERK Co. Ltd., Spectromelt A10, #10783). The flux was ignited 
at 700°C for 2 h prior to weighing, and cooled in a desiccator. 
Standard samples were then weighed in a ceramic crucible and 
ignited in a muffle furnace for 2 h at 900°C. 

Glass beads were prepared by mixing 0.5 g of powdered rock 
sample, or a mixture of rock sample and a chemical reagent(s), 
and 5.0 g of the flux (10 times the amount of the standard powder 
sample). The mixture was put into a platinum crucible (95% 
Pt-5% Au alloy) and two drops of lithium bromide aqueous 
solution (LiBrH2O: H2O = 1:1) were added as exfoliation agent. 
Fusing and agitation were carried out with an automated high 
frequency bead sampler (Tokyo Kagaku Co. Ltd. TK-4500); at 
120 s prefusion (~1070°C), 180 s fusion (~1070°C), and 180 s 
agitation.

Tabl e 1 Composi t i ons of  st nt het i c st andar d mat er i al s.
1 2 3 4

wt%
SiO2 23.25 46.23 22.30 90.93

TiO2 17.10 1.14 0.27 0.02

Al2O3 9.31 13.01 41.33 5.03

Fe2O3* 38.93 8.16 3.21 0.39

MnO 0.10 5.70 0.06 0.01
MgO 4.18 7.36 2.97 0.01
CaO 6.34 8.68 29.39 0.28
Na2O 0.64 2.38 0.44 1.43

K2O 0.13 1.19 0.03 1.90

P2O5 0.03 6.14 0.01 0.00

Total 100.00 100.00 100.00 100.00
1:  Hi gh Ti O2 & Fe2O3*,  2:  Hi gh MnO & P2O5,
3:  Hi gh Al 2O3 and CaO,  and 4:  Hi gh Si O2

sampl es.  Fe2O3* denot es t ot al  Fe as Fe2O3.

Table. 1	 Compositions of stnthetic standard materials.

1: High TiO2 & Fe2O3*,2: High MnO & P2O5, 
3: High Al2O3 and CaO, and 4: High SiO2 

samples. Fe2O3* denotes total Fe as Fe2O3.
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3. Analytical Method

3-1. Analytical Conditions
XRF analysis was carried out using the PANalytical Axios 

at the GSJ-Lab in GSJ. A Rh anode X-ray tube was used and 
Kα line was measured for all elements. There was no obvious 
interfering spectrum for any major elements observed. Ip/Ib 
(net over background intensity, or signal/noise; S/N) ratios for 
all elements were adequately high, and X-ray intensities at both 
lower and higher angles against a peak position were used for 
background corrections, except for Mg and Na. For Mg and Na, 
one point at a higher angle against a peak position was used to 
avoid overlapping the slope of the adjacent peak. Positions of 
peaks, backgrounds, and analyzing crystals were settled, and 
the conditions for the highest X-ray intensity were obtained. 
Tube currents and voltages were 50 mA and 50 kV, respectively. 
Measurement time for all major elements per one sample was 
approximately 13 min. Instrumental conditions for each element 
are shown in Table 2.

3-2. Calibration and matrix corrections
Calibration curves for each element using GSJ geochemi-

cal reference materials and synthetic standards with chemical 
reagent added to the GSJ standards are shown in Figure 1. 
Chemical compositions of GSJ standard Rocks Samples except 
for JB-1b are after Imai et al. (1995), and that of JB-1b are after 
Terashima et al. (1998). The calibration curves were calculated 
using software equipped with PANalytical Axios, and the linear 
functions were adopted for all elements. Matrix corrections 
were also carried out using software equipped with the instru-
ment, and the de Jongh model was adopted. Table 3 shows the 
compositional range covered by calibration curves and their 
accuracy for each element. The accuracy of calibration curves 
in this study is at the same level as that reported using other 
instruments (e.g. Tsuchiya and Hasenaka, 1995; Takahashi and 
Shuto, 1997; Tanaka and Orihashi, 1997; Nagao et al., 1998). 

Although the accuracy of SiO2 is relatively larger than that of 
other elements due to an extreme expansion of the compositional 
range in relation to synthetic standards, it is not considered to be 
a severe problem on a practical level.

3-3. Detection limits and reproducibility
For the calibration curve method, lower detection limits (LLD) 

are essentially defined by the lowest concentration of standard 
samples for each element. In the cases of TiO2, Fe2O3, MnO, 
MgO, CaO, Na2O, K2O, and P2O5 used in this study however, 
the lowest content in the standards is <0.1 wt%. Therefore, 
in this case analytical reproducibility could have affected the 
quantitative analytical result. 

Table 4 shows the average composition of analysis repeated 10 
times for JB-1b and its standard deviation. Repeated continuous 
analysis was carried out in order to avoid instrumental drift 
and to examine counting error of the instrument. This short-
term reproducibility of essentially the same condition reveals 
the accuracy of the instrument in repeat analysis. The standard 
deviation of the analysis repeated 10 times was less than 0.04 
wt%, particularly with elements of a lower concentration such 
as TiO2, Fe2O3, MnO, MgO, CaO, Na2O, K2O, and P2O5, which 
were less than 0.01 wt%. Those values were sufficiently smaller 
than the accuracy of the calibration curves, and thus in the cases 
of TiO2, MnO, MgO, K2O and P2O5, the values of accuracy of 
the calibration curves of those elements are substantially defined 
as LLD.

4. Analytical results of reference materials  
and precision

In order to estimate the precision of analytical results for 
unknown samples, six samples of the USGS reference materials 
were measured, in addition to the standard samples used for 
generating the calibration curves. The analytical results, refer-

Tabl e 2 Anal yt i cal  condi t i ons.
Element Line Angle(2θ） Target Filter Crystal Detector Collimator PHA kV mA Counting time (sec)

peak BG1 BG2 (mm) peak BG
Si Kα 109.047 -2.202 2.300 Rh None PE(002) PC 300 24-78 50 50 40 40
Ti Kα 86.163 -2.654 2.535 Rh None PX10 PC 300 22-76 50 50 40 40
Al Kα 144.842 -3.901 2.697 Rh None PE(002) PC 300 33-73 50 50 40 40
Fe Kα 57.514 -2.221 2.271 Rh None PX10 Duplex 300 6-77 50 50 40 40
Mn Kα 62.980 -2.241 1.803 Rh None PX10 Duplex 300 34-69 50 50 40 40
Mg Kα 22.962 5.838 - Rh None PX1 PC 700 21-78 50 50 40 20
Ca Kα 113.136 -4.064 3.469 Rh None PX10 PC 300 30-70 50 50 40 40
Na Kα 27.753 2.950 - Rh None PX1 PC 700 27-80 50 50 50 20
K Kα 136.721 -5.765 5.385 Rh None PX10 PC 300 29-74 50 50 50 20
P Kα 140.913 -5.235 4.981 Rh None Ge (111) PC 300 20-77 50 50 50 40

PHA: Setting of pulse height analyzer.

Table 2	　 Analytical conditions.

PHA: Setting of pulse height analyzer.
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Fig. 1	 Calibration curves for major element oxides. X-ray intensities after background and matrix corrections are 
plotted against concentration of each element. Arrows denote synthetic standard materials and the numbers 
correspond to numbers in Table 1.
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ence values, and relative deviation are shown in Table 5. Most 
of the results show a relative deviation of less than 0.1 wt%, 
and the largest relative deviation is 0.31 wt% at SiO2 of BIR-1. 
This value is smaller than the accuracy of the calibration curve, 
and within the standard deviation of reference value reported 
(Gladney and Roelandts, 1987; Table 5). Therefore precision 
of this method can be regarded as sufficient at a practical level.

5. Summary

An adequate quality of XRF major element analysis (PANa-
lytical Axios) was obtained using a 1:10 dilution glass bead 
method with a 0.5 g sample of rock powder. Using the calibration 
curve method with 16 samples of GSJ geochemical reference 
materials and 4 synthetic samples prepared by addition of chemi-
cal reagents into GSJ standards enabled the quantitative analysis 
of a wide range of compositions (SiO2 23.25-90.93 wt%, TiO2 

0.02-17.10 wt%, Al2O3 5.03-41.33 wt%, Fe2O3 0.06-38.93 wt%, 
MnO 0.01-5.70 wt%, MgO 0.19-46.12 wt%, CaO 0.09-29.39 
wt%, Na2O 0.06-10.84 wt%, K2O 0.04-13.03 wt%, P2O5 0.01-
6.14 wt%).
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R. D. :  r el at i ve devi at i on of  measur ed val ues f r om r ef er ence val ues.  Ref er ence val ues and t hose st andar d
devi at i on:  DNC-1,  BI R-1,  W-2,  Gl adney and Roel andt s ( 1987) ;  STM-1,  RGM-1,  Gl adney and Roel andt s ( 1988) ;  G-2,
Gl adney et  al .  ( 1992) .  Fe2O3* denot es t ot al  Fe as Fe2O3.

DNC-1 STM-1 BIR-1

RGM-1 G-2 W-2

Table 5		 Comparison with the analytical results of major elements and reference values of USGS reference materials.

R.V.: Reference values, R.V.S.D.: Standard deviation for reference values, M.V.: Measured values in this study, R.D.: relative deviation 
of measured values from reference values. Reference values and those standard deviation: DNC-1, BIR-1, W-2, Gladney and Roelandts 
(1987); STM-1, RGM-1, Gladney and Roelandts (1988); G-2, Gladney et al. (1992). Fe2O3* denotes total Fe as Fe2O3.
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1:10 希釈合成試料ガラスビードを用いた蛍光X線分析装置による岩石中の主成分元素の定量分析

山崎　徹

要　旨

蛍光X線分析装置（XRF）による広範な組成範囲の全岩主成分化学組成分析のため，1:10希釈のガラスビードを調整した．検量線は
産業技術総合研究所岩石標準試料16試料と，それらに薬品を添加した合成試料4試料を用いてXRF搭載のソフトウェアにより作成し
た．検量線の正確度及び再現性は1:10ガラスビードを用いた検量線法による一般的な組成範囲のXRF定量分析と比較して十分な精
度であった．この手法は，産業技術総合研究所岩石標準試料の組成範囲を超える極端な組成や特異的な組成の火成岩類及び変成
岩類の全岩主成分化学組成の分析を可能にする．

X-ray fluorescence analysis of major elements for silicate 
rocks. Mem. Fac. Sci., Ehime Univ., 2, 1-25 (in Japanese).
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