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XRF analyses of major and trace elements in silicate rocks
calibrated with synthetic standard samples

Hidehisa Mashima ™

Abstract

This paper describes techniques for calibrations of XRF analyses for major and trace elements in rock samples using

synthetic standard samples. For major element analyses, standard samples were mixtures of pure reagents including

analyzed elements. For trace element analyses, SiO2 and Si02-TiO2-CaCO3 were used as major element matrices.

Reagents including trace elements were stepwisely diluted with flux (Li2B40O7). In spite of the compositional ranges of

synthetic standards larger than those of natural rocks, calibration curves obtained in this study have high correlation

coefficients and accuracies. Analytical results of JGS geochemical reference samples using obtained calibration curves

show significant differences with their recommended values in several elements such as Y, Cr, Zr, Ni and V, which

indicates that the recommended values of these elements have inaccuracies. Potential factors of the inaccuracies, such as

earlier-generation experiments in the data set, are also discussed.

Keywords: X-ray fluorescence (XRF), the synthetic standard method, the diluted-flux method, JGS geochemical reference

samples

Introduction

A dense database of geological and archeological
obsidian is important for understanding of the relationships
between natural resources and humans in the prehistoric
period. In order to make a global obsidian database, precise
analyses of rock samples are required. X-ray fluorescence
spectrometry (XRF) is the method most frequently used for
determinations of major and trace elements in silicate rock
samples. A popular technique of the XRF calibration for trace
element analyses in rock samples is that using commonsense
values of geochemical standard samples (GRSs). However,
developments of analytical methods other than XRF such as
ICP-MS revealed that commonsense values of some elements
such as Y are systematically different from analytical values
determined using ICP-MS (e. g. Jochum and Jenner, 1994;
Robinson et al., 1999), which is considered to be results of
inaccurate XRF analyses calibrated using earlier-generation
GRSs as standards.

In order to avoid systematic errors caused by inaccuracies of

GRSs compositions, some laboratories calibrated XRF using

synthetic samples made of reagents (Ichikawa et al., 1987;
Mashima, 2002; Mori and Mashima, 2005). The synthetic
standard method is adequate for making a global obsidian
database since analytical results obtained from this method are
independent of inaccuracies of GRSs compositions.

In this paper, I describe techniques of XRF calibrations
using synthetic standard samples. Calibration curves for
major and trace elements obtained using the synthetic
standard method have high accuracies. Analyses of JGS GRSs
using calibration curves obtained in this study revealed that
recommended values of some trace elements would have
significant inaccuracies. Potential factors causing inaccurate

recommended values of JGS GRSs are also discussed.
Weighting conditions

A semi-micro analytical balance, A&D GH200, was used
for weighting of reagents. Preciseness of weighting, one of
the most important factors of the XRF calibration, depends
on environments of experiments. Various factors, such as
oscillation of the balance and static electricity charged on the

sample, can cause weighing errors. At the start of this study,
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Table 1 Reagents used in this study

5.010
Drying conditions
50% humidity discharged Reagent  Assay Manufacture emeratre duration
5008 emperature duratio
" SiO2 99 Wako 1000 (°C) 10 (min)
50% humidity
= Al203 99.9 Wako 1000 10
k=g
g 5.004 20% humidity discharged Fe203 99.9 Wako 600 30
MnO:2 99.5 Wako RT RT
20% humidity
5.002 MgO 99.9 Wako 600 60
CaCOs 99.9 Wako 600 60
5.000 — T T T T Na2CO3 99.8 Wako 600 60
0 2 N ° 8 10 K2CO 99.5 Wak 600 90
Duration (min.) S : axo
Figure 1 Duration changes in flux weights KPOn Wako 600 %
Sc203 99.9 Wako 600 60
NH4VOs3 99 Wako 600 RT
however, provisions of these factors were insufficient. The
) Cr 99.5 Wako 600 RT
balance was put on a plywood-working table and exposed
to strong air current caused by an air conditioner and large NiO 99.9 Wako 600 60
temperature difference between the inside and the outside Rb2SO4 99 Wako 600 60
of the building. Since the laboratory is located at high SrCOs 99.99 Wako 600 60
Ititude about 1400m, the air is st ly dry. The humidit
altitude abou m, the air is strongly dry. The humidity V205 99.99 Wako 600 60
of the laboratory was often lower than 30 % even though
conventional humidifiers were used, which charged strong Zr02 98 Wako 600 60
static electricity on samples. Because of these factors, the Nb20s 99.9 Wako 600 60
weighting results were unstable. BaCOs 99.9 Wako 600 60
In order to get stable we.ighting rc.:sullts, I took seve.ral LixBsOr 99.9 Merck 600 60
measures. The balance was laid on a weighting table, Sartorius
Lil 99.9 Kojundo RT RT

YWTO09, to minimize interfering vibration and flexure of the
table. Air currents from the above and sides of the balance
were broken by panels. The humidity of the laboratory was
kept at around 50% to reduce electric charge of the sample
and the operator during experiments. An increase of humidity,
however, can cause weighting errors since reagents used
in this study have moisture absorbency. For example, the
weight of flux continues to increase even 10 minutes after
the balance becomes steady (Fig. 1). Rapid weighting after
the balance becomes steady therefore is required to make
uncertain weighting error small. The static electricity was
removed with corona discharge of the sample on the balance
using a static eliminator, A&D AD-1683. Elimination of
static electricity also makes removal of reagents from a charta
ease. These provisions enabled us to get stable weighting
results. Weighting results at the earlier stage of this study,
however, could include errors caused by inadequate weighting

conditions.

Standard sample preparations

Standard samples for calibrations were synthesized from
highly pure reagents shown in Table 1. Standards for major
element determinations are mixtures of SiO2, TiO2, Al203,
Fe203, MnO2, MgO, CaCOs, Na2CO3, K2CO3 and KPOn.
These reagents were weighted to make their total weight about
20 g and were mixed for 15 minutes using an agate mortar. A
large deep-type mortar, with the inside diameter 140mm, the
outside diameter 170 mm and the depth 50 mm, was used for
well homogenization. The compositions of standard samples
for major elements are listed in Table 2.

The duration for homogenization [15s] is short compared
with that of previous studies [2 h] (Mashima, 2002; Mashima
et al., 2002; Mori and Mashima, 2005). This is a result of
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Table 2 Compositions of standard samples for major elements

TNO1 TNO02 TNO3 TNO04

TNO6 TNO7 TNO8 TNO09 TN10

SiO2 52.967 53.926 69.522 81.425 35.468 48.642 43.439 47.215 59.171 51.553
TiO2 1.342 1.659 0.441 0.000 2.634 1.412 3.955 3.083 1.069 0.048
AO3 14.722 21.018 15.493 10.748 11.050 15.703 17.586 16.086 14.685 6.098
Fe203 9.112 7.039 2.686 0.000 14.872 12.390 18.847 15.495 8.949 13.419
MnO 0.152 0.131 0.112 0.000 0.510 0.092 0.797 0.493 0.149 0.050
MgO 7.809 2.507 1.147 0.187 15.194 7.690 2.987 4.249 5.091 27.927
CaO 9.370 7.408 2.790 0.000 12.865 11.094 6.148 7.602 5.595 0.905
Na20 2.807 4.065 4.038 3.150 4.862 2.708 2.735 3.115 2.940 0.000
K20 1.454 1.774 3.634 4.490 1.324 0.217 1.503 1.431 2.151 0.000
P20s 0.264 0.474 0.136 0.000 1.223 0.051 2.001 1.233 0.200 0.000
Total 100.000  100.000  100.000  100.000  100.000  100.000  100.000  100.000  100.000  100.000

TNI11 TNI12 TNI13 TN14

TNI15 TN16 TN17 TNI8 TNI19 TN20

SiO2 64.501 56.380 50.092 74.401 50.955 65.460 48.837 75.309 49.402 48.506
TiO2 0.656 0.297 0.113 0.093 0.515 0.000 0.815 0.057 2.397 1.210
AlOs3 15.125 11.725 30.774 12.317 8.761 19.152 3.521 14.582 12.243 14.179
Fe203 5.728 9.380 0.986 1.443 8.964 0.000 6.812 1.949 12.931 9.157
MnO 0.103 0.149 0.055 0.097 0.102 0.000 0.192 0.043 0.179 0.125
MgO 3.222 12.520 1.144 0.000 16.694 0.000 15.047 0.066 9.795 11.890
CaO 4.767 7.860 12.455 0.389 10.918 1.497 23.932 0.850 10.301 12.846
Na20 3.365 1.093 3.497 10.586 1.752 3.610 0.844 1.766 2.106 1.671
K20 2.392 0.397 0.851 0.674 1.132 10.282 0.000 5.378 0.418 0.270
P20s 0.140 0.197 0.034 0.000 0.207 0.000 0.000 0.000 0.227 0.146
SiO2 100.000  100.000  100.000  100.000  100.000  100.000  100.000  100.000  100.000  100.000

improvement of a pestle movement during homogenization.
Precessional moving of a pestle effectively interchanges
positions of reagents grains in a mortar, which significantly
shortens the duration for the homogenization.

Reagents for trace elements calibrations were stepwisely
diluted with flux (Merck Spectromelt A-10). In previous
studies, the trace element reagents were divided into several
groups. Reagents belonging to a group were mixed and diluted
together (Mashima, 2002; Mashima and Mori, 2005). In this
study, trace element reagents were individually diluted to
evaluate interferences of slopes of X-ray peaks among them.
At first, a reagent including 1 g of a trace element were mixed
with 9 g of flux to make a diluted flux including 10 wt.% the
element. Repeating this procedure diluted flux including 1 wt
.%, 1000 ppm, 100ppm and 10 ppm of trace elements were

prepared. In the trace element dilution, the digit number of

essential figure was kept five, which is single-digit larger than
that in the glass bead fusion.

In order to precise evaluations of mass absorption effects
of major elements on trace elements analyses, a multi-major
element matrix is adequate. However, a small amount of trace
elements included as impurities in major element reagents
could cause inaccurate calibration curves. For example,
detectable Sr is included in CaCOs3 as an impurity (e.g.
Ichikawa et al., 1987). In order to avoid this problem, two
types of major element matrices were used for trace element
calibrations. One is an SiO2 matrix for calibrations of Nb, Zr,
Y, Sr, Rb and Ni. The other is an SiO2-TiO2-CaCO3 matrix
for calibrations of V, Cr, Ba, Sc. TiO2 were added to evaluate
the line overlap Ti-Ko to V-Ka and Ba-La. CaCO3 were
done for estimation of the line overlap Ca-Kf to Sc-Ka. TiO2

and CaCOs3 for the matrix were stepwisely diluted with flux
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similar to trace element reagents. Diluted flux with 10 wt. %
and 1 wt.% of TiO2 and CaCO3 were prepared.

There are several methods to dilute trace element reagents.
Robinson et al. (1999) diluted reagents with quartz. Because
of high friction of quartz powders, it takes a long duration
to make a mixture of a reagent and quartz homogeneous.
An addition of trace element solution is an easy way to
make a glass bead with trace elements (Goto et al., 2002).
If trace element solutions added to a standard sample in a
Pt-Au crucible, however, it is impossible to homogenize
them well before fusion, which could cause compositional
heterogeneities in a glass bead. If trace element solutions are
added on a mortar, the amounts of added solutions could not
be guaranteed by weighting on the balance because of the
heaviness of a mortar, which leaves uncertainties of glass bead
compositions. Nakayama and Nakamura (2005) proposed a
diluted-glass bead method, whose concept is similar to the
diluted-flux method in this study. The diluted-glass bead
method fuses a mixture of trace element reagents and flux for
homogenization, which could cause loss of elements during
fusion although the loss volume is small. Compared with
these methods, the diluted-flux method requires grate. The
method, however, is simple. Qualities of experiments depend
only on weighting. The duration of homogenization can be
reduced with an adequate motion of the pestle and using an
adequate size of a mortar. The diluted-flux method therefore is

embraced in this study.
Glass bead preparations

Several ratios of a sample and flux, such as 1:10, 1:5 and
1:2, were proposed for analyses of major and trace elements
in rock samples. The ratio 1:5 is embraced in this study
from the viewpoints of X-ray intensities and the facility of a
homogeneous glass bead preparation.

For major element calibrations, synthetic standards 1g
converted to oxide weights and 5 g of flux were weighted
on the balance respectively. 7 drops of Lil solution (about
300mg) were dropped on the flux to record the amount of
added Lil. The weighted standard and flux were put in a
mortar. For trace element charibarations, a major element
matrix (SiO2 + diluted flux of TiO2 and CaCO3) and diluted
flux of trace elements were weighted to make the total weight
of oxides 1g and flux 5 g. After putting weighted reagents in
a mortar, 10 drops of Lil solution (about 500mg) were added.
Since glass beads for trace element calibrations have high
SiOz2 contents, their melts are viscous and have affinity with
an Au-Pt crucible. In order to steady exfoliation, the amount
of the Lil added to glass beads for trace element calibrations

is larger than that added to glass beads for major element

o S|O, etidues

T

Figure 2 SiO2 residues in a glass bead.

calibrations.

The reagent mixture was mixed to homogenize for a few
minutes in an agate mortar. This process is important to make
a homogeneous glass bead steady. Nakayama and Nakamura
(2005) reported that preparation of glass beads was often
failed when the solidified reagents remained. They considered
that this is a result of insufficient mixing of reagents and
flux. In this study, a failed glass was formed from an
unhomogenized mixture when fusion clearing (Fig.2). Since
the melting temperature of quartz is high (1650°C), it should
be well dispersed in flux for steady fusion.

Nakayama and Nakamura (2005) also reported that the
particle size of reagents affected performance of the glass
beads. It is more serious for a rock samples composed of
minerals various hardness. Coarse grains are sometimes
remained in rock powder. During mixing in an agate mortar,
sample powder is also grated, which reduces the grain size
of it. Homogenization and grain refining in an agate mortar
eases homogeneous glass bead preparations for various
compositions.

Some researchers use a vibration touch mixer for the
homogenization. (e.g. Tani et al., 2002; 2005). When I
previously tried to use a touch mixer, however, heterogeneous
beads were often made. A touch mixer is originally used for
homogenization of an aqueous solution in which convection
effectively occurs. Such well convection, however, does not
occur in solid powder. Therefore, a powder mixture could
not be thoroughly homogenized using a touch mixer. Tani
et al. (2002, 2005) also put sample powder and flux in a
crucible before homogenization to avoid using a charta for
precise weighting. As mentioned above, however, elimination
of static makes powder removal from charta ease. Precise
weighting therefore is possible if a charta is in equilibrium
with atmosphere in term of humidity before experiments.

Thoroughly homogenized reagents were fused in a crucible

made of Pt alloys with oxide particles and Au manufactured
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Table 3 Instrumental conditions of the XRF spectrometer

Angle 20( °) Counting time PHA

Line Slit  Crystal  Detector
Peak BG1 BG2 peak BG1 BG2 lower upper

SiO2 Si-Ka  S4 PET PC 109.03 96.95 115.00 10 5 5 120 280
TiO2 Ti-Ka  S2 LiF200 SC 86.14 84.54  88.12 20 10 10 150 250
ALO3  Al-Ka S4 PET PC 144.77 140.00 148.00 20 10 10 120 280
Fe203  Fe-Ka  S2 LiF200 SC 57.50  56.44  58.30 10 5 5 120 300
MnO Mn-Ka S2 LiF200 SC 62.98 61.98 63.98 20 10 10 150 250
MgO Mg-Ka S4 RX25 PC 37.95 34.35 43.25 60 30 30 150 270
CaO Ca-Ka S4 LiF200 PC 113.12  110.12  116.62 10 5 5 150 250
Na2O  Na-Ka S4 RX25 PC 46.51 44.00  48.00 60 30 30 150 250
K20 K-Ko  S4 LiF200 PC 136.65 128.00 145.20 10 5 5 1150 250
P20:s P-Ka S4 Ge PC 141.05 136.05 144.75 40 20 20 150 250
Sc Sc-Ka  S4 LiF200 PC 97.75 96.72  98.73 120 60 60 100 300
\Y% V-Ka. S2 LiF200 SC 76.91 76.49 77.92 100 50 50 100 300
Cr Cr-Ka S2 LiF200 SC 69.33 68.66  70.43 60 30 30 100 300
Ni Ni-Ka  S2 LiF200 SC 48.62 4822  49.18 60 30 30 120 300
Rb Rb-Ka S2 LiF200 SC 26.58  26.12  27.28 60 30 30 120 280
Sr Sr-Ka  S2 LiF200 SC 25.12 2466  26.00 60 30 30 120 280
Y Y-Ka S2 LiF200 SC 2378  23.12 2436 60 30 30 120 270
Zr Zr-Ko  S2 LiF200 SC 2252 2214 2312 60 30 30 120 270
Nb Nb-Ka S2 LiF200 SC 21.36  20.88  21.80 60 30 30 120 280
Ba Ba-La S2 LiF200 SC 87.13 88.02 100 100 100 300
I I-La S4 LiF200 SC 102.92 101.60 104.35 40 20 20 100 300

by Furuya metal. A desktop bead sampler manufactured by 1

Rigaku was used for heating. Heating conditions are flowing, glass beads made using

pre-heating at 950°C for 120s, main heating 1200°C for 240s, a crucible contaminated by Ni

heating with agitation at 1200°C for 300s. Each prepared glass 0.8

bead was put in a plastic back and kept in a desiccator.
It is worth to mention here that an increase of a blank level 0.6

was observed on Ni after making a bead containing more Ic

than 1000 ppm Ni (Fig. 3). This would have been a result of a

reaction between Ni in a reagent mixture and Pt in a crucible. 0.4

In order to decrease the blank level to the initial condition,

more than ten times flux-fusions were required for the 0.2 _/

contaminated crucible. A blank check therefore is recommend

after making glass beads of ultramafic samples with high Ni

contents. 0 I I I I I

20 0 20 40 60 80 100 120
Ni (ppm)

Figure 3 Contamination of Ni from a Pt-Au crucible.
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Table 4 Coefficients of correlation and accuracies of calibration curves

component composition range correlation coefficient accuracy

SiO2 35.468 — 81.425 (wt.%) 0.99954 037 (Wt.%)

TiO2 0-3.955 0.99995 0.012

Al203 3.521-19.152 0.99982 0.11

Fe203 0-18.847 0.99995 0.057

MnO 0-0.510 0.99997 0.0018

MgO 0-27.927 0.99991 0.085

CaO 0-23.932 0.99992 0.081

Na20 0-10.586 0.99990 0.045

K20 0-10.282 0.99974 0.058

P20s 0-2.001 0.99996 0.0047

Sc 0-100.0 (ppm) 0.99979 0.81 (ppm)

A% 0 - 1000 0.99906 43

Cr 0-3000 0.99999 3.8

Ni 0-10.00 0.97450 1.3
10.00 - 100.0 0.99990 0.73
100.0 - 3000 0.99998 7.2

Rb 0-500.0 0.999999 0.63

Sr 0-2000 0.999999 1.4

Y 0-100.0 0.99999 0.37

Zr 0-500.0 0.99995 29

Nb 0-100.0 0.99985 0.31

Ba 0-100.0 0.92538 8.2
100.0 - 875.0 0.99995 43
875.0 - 2874 0.99937 41

Instrumental conditions

A wavelength dispersive X-ray florescence spectrometer
used in this study was Rigaku ZSX Primus III+ at the Center
for Obsidian and Lithic Studies. The excitation source is an
end-window 3 kW Rh anode operated at 50 kV and 50mA.
X-ray dispersive crystals were RX25, PET, Ge and Lil (200).
Detectors were a flow proportional counter (F-PC) for light
elements and scintillation counter (SC) for heavy elements.
PR gas flowed in F-PC at 50 cm®/min. During determinations,
the temperature of the monochromator chamber was kept at

36.5 C. Other instrumental conditions are listed in Table 3.

Calibration curves

Calibration lines were empirically evaluated using a general

formula.
Wi=(Ali’ +BIi*+Cli+D)(1+Y_AijFj) +Y_BijFj (1)

Where Wi is a quantitative value of an element (oxide) i. /i
is a X-ray intensity of element i; A, B and C coefficients of a
calibration curve; D a constant term; Aij, a coefficient for mass
absorption and excitation of element j for I; Bij, a coefficient
for an overlap interference of j for I; Fj a concentration or an
X-ray intensity of j.

Mori and Mashima (2005) mentioned that the line overlap
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Table 5 Analytical results of GJS geochemical standard samples

JA-1 JA-2 JA-3 JB-1a

RV RVn  result RV RVn  result RV RVn  result RV RVn  result
SiO2 (wt. %) 6397 6441 6451 | 5642 57771 5735 6227 6233 6223 | 5241 53.01 53.05
TiO2 0.85 0.86 0.85 0.66 0.68 0.68 0.7 0.70 0.67 1.28 1.29 1.30
Al203 1522 1533 15.52| 1541 1576 16.04 | 1556 1557 16.01 | 1445 1462 14.90
Fe203* 7.07 7.12 7.03 6.21 6.35 6.38 6.6 6.61 6.52 9.05 9.15 9.00
MnO 0.157 0.158 0.15| 0.108 0.110 0.11| 0.104 0.104 0.10 | 0.148  0.150 0.14
MgO 1.57 1.58 1.54 7.6 7.77 7.90 3.72 3.72 3.68 7.83 7.92 7.96
CaO 5.7 5.74 5.69 6.29 6.43 6.37 6.24 6.25 6.24 9.31 9.42 9.32
Na20 3.84 3.87 3.86 3.11 3.18 3.17 3.19 3.19 3.16 2.73 2.76 2.77
K20 0.77 0.78 0.81 1.81 1.85 1.90 1.41 1.41 1.45 1.4 1.42 1.47
P20:s 0.165  0.166 0.16 | 0.146 0.149 0.15| o0.116 0.116 0.11 0.26 0.26 0.26

99.31 100.00 100.13 | 97.76 100.00 100.05| 99.91 100.00 100.18 | 98.87 100.00 100.17
Sc (ppm) 28.5 28.7 28 19.6 20.0 19.0 22 22 21 279 28.2 30
\'% 105 106 110 126 129 129 169 169 174 205 207 208
Cr 7.83 7.88 - 436 446 471 66.2 66.3 66 392 396 424
Ni 3.49 3.51 - 130 133 139 32.2 322 28 139 141 135
Rb 12.3 12.4 14 72.9 74.6 75 36.7 36.7 37 39.2 40 40
Sr 263 265 261 248 254 250 287 287 286 442 447 453
Y 30.6 30.8 26 18.3 18.7 15.0 21.2 21 18 24 24 21
Zr 88.3 88.9 85 116 119 117 118 118 117 144 146 145
Nb 1.85 1.9 1 9.47 9.69 8.00 3.41 3 2 26.9 27 26
Ba 311 313 317 321 328 318 323 323 331 504 510 510

RV: recommended values (Imai et al., 1995), RVn: recommended values normalized to make total of major elements 100 wt.%

correction of I-Lf2 is not required. In this study, however, the
amount of added Lil (300 mg) is three times larger than that
in Mori and Mashima (2005). A meaningful peak of I-Lf2 is
observed near Ti-Ka. Therefore, a line overlap correction of
I-LB2 using I-La was carried out for TiO2 determination.
Instead of a net intensity, a corrected intensity, the ratio
of a net intensity to a background intensity, was used for
evaluations of calibration curves for trace elements to correct
mass absorption effects. The general formula for calibration

curves of trace elements is written as:
Wi=Alci® + Blci’ + Clei + D + Y BijFj Q)

Where /ci is a corrected X-ray intensity of element i

Conventional line overlap corrections were carried out
for Sc, V, Cr, Y, Zr, Nb and Ba similar to Mashima (2002).
Calibration lines of Ni and Ba were divided into three

intervals to keep high accuracy for low concentration samples.

Coefficients of correlation and accuracy of calibration lines
are shown in Table 4. Due to time constraints, detected limits

of trace elements could not be investigated.

Results of GSJ GRSs measurements

Major and trace element contents in GSJ geochemical
reference samples (GRSs) were determined using calibration
curves obtained in this study. In order to check complete
decompositions of samples, I designed the analyses to be
anhydrous. About 5 g of the samples therefore were heated
at 950 °C for 1 hour for oxidization and dehydration before
fusion. Analytical results of GSJ GRSs are shown in Table 5.
The composition is an average of three times determinations.

For major elements, analytical results of GRSs are close
to their recommended values normalized to make the total

of major elements 100 wt. %. The total of major element
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(continued)
JB-2 JB-3 JF-1 JG-1a

RV RVn  result RV RVn  result RV RVn  result RV RVn  result
SiO2 (wt. %) 5325 5296 5280 | 5096 50.77 50.68| 66.69 67.25 67.34 723 7291  73.05
TiO2 1.19 1.18 1.16 1.44 1.43 1.43 | 0.005 0.01 0.00 0.25 0.25 0.23
Al203 1464 1456 1474 172 1713 1749 | 18.08 1823 18.49 143 1442 1458
Fe203* 1425 1417 14.04| 11.82 11.78 11.69 0.08 0.08 0.05 2 2.02 1.93
MnO 0.218 0.22 021 | 0.177 0.18 0.17 | 0.001 0.00 0.00 | 0.057 0.06 0.06
MgO 4.62 4.59 4.68 5.19 5.17 522 | 0.006 0.01 0.00 0.69 0.70 0.68
CaO 9.82 9.77 9.64 9.79 9.75 9.65 0.93 0.94 0.88 2.13 2.15 2.10
Na20 2.04 2.03 1.95 2.73 2.72 2.69 3.37 3.40 3.25 3.39 3.42 3.39
K20 0.42 0.42 0.46 0.78 0.78 0.81 9.99 10.07 10.03 3.96 3.99 3.89
P20:s 0.101 0.10 0.10 | 0.294 0.29 0.30 0.01 0.01 0.01 | 0.083 0.08 0.08
100.54 100.00  99.77 | 100.38 100.00 100.13 | 99.16 100.00 100.05| 99.16 100.00  99.98
Sc (ppm) 53.5 53.2 52 338 337 34 0.23 0.23 - 6.21 6.26 4
\Y% 575 572 580 372 371 388 5.43 5.48 - 22.7 22.9 14.0
Cr 28.1 27.9 17 58.1 57.9 55 5.48 5.53 - 17.6 17.7 17.0
Ni 16.6 16.5 8 36.2 36.1 33 1.36 1.37 1 6.91 6.97 3
Rb 7.37 7.33 7 15.1 15.0 15 266 268 279 178 180 190
Sr 178 177 177 403 401 406 172 173 165 187 189 182
Y 249 24.8 21 26.9 26.8 24 2.84 2.86 - 32.1 324 28
Zr 51.2 50.9 47 97.8 97.4 98 38.6 389 35 118 119 130
Nb 1.58 2 0 247 2 2 0.74 1 - 11.4 11.5 8
Ba 222 221 230 245 244 243 1750 1765 2007 470 474 501

concentrations tend to be slightly larger than 100 wt. %. Since
the GRSs contain trace elements, the total of their major
element contents should be smaller than 100 wt. %. The
reason of this phenomenon has not been understood yet.

For trace elements, analytical results of Sc, Rb, Sr and Nb
are close to normalized recommended values (RVn) of them.
The analytical results of Y are 2.3 — 8 ppm lower than the
RVns of Y. The determined Cr in JA-2 (471 ppm) and JB-1a
(424 ppm) is meaningfully higher than the RVns (446 ppm
for JA-1 and 396 ppm for JB-1a), whereas Cr in JGb-1 (47
ppm) is 11.2 ppm lower than its RVn (58.2 ppm). The Ni
contents of JA-3 (28 ppm), JB-2 (8 ppm) and JB-3 (33 ppm)
are meaningfully lower than the RVns (JA-3 =32.2 ppm, JB-2
=16.5 ppm, JB-3 = 36.1 ppm). The Zr contents in granitic
GRSs such as JG-1a, JG-2, and JG-3 are higher than the
RVns, 119 ppm for JG-1a, 98.3 ppm for JG-2 and 145 for JG-
3. Vin JG-1a (14 ppm) is lower than the RVn (22.9 ppm). The

determined Ba tends to be higher than the RVns.

Discussions
Incongruities in yttrium

In determinations of GSJ GRSs, a systematic difference
is observed between the analytical results and RVns in
yttrium (Fig. 4a). In this study, an SiO2 matrix was used for
the calibration of the Y determination. Similar systematic
difference, however, was observed my previous calibration
using multi-major element matrices (Mashima, 2002).
The difference, therefore, is essential. Similar systematic
difference of analytical results was also observed between
ICP-MS and XRF (e.g. Jochum and Jenner, 1994; Robinson
et al., 1999). Jochum and Jenner (1994) considered that this
is inaccuracies of RVs of GSJ GRSs depending on earlier-

generation analyses.
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(continued)
IG-2 JG-3 JR-1 JR-2

RV RVn  result RV RVn  result RV RVn  result RV RVn  result
SiO2 (wt. %) 76.83 7736 7751 | 6729 67.82 6792 | 7545 76.51 7657 | 75.69 76.96 76.98
TiO2 0.044 0.04 0.04 0.48 0.48 0.47 0.11 0.11 0.10 0.07 0.07 0.05
Al203 12.47 1256  12.81| 1548 1560 1592 | 12.83 13.01 13.02| 1272 1293 12.85
Fe203* 0.97 0.98 0.89 3.69 3.72 3.65 0.89 0.90 0.86 0.77 0.78 0.73
MnO 0.016 0.02 0.01 | 0.071 0.07 0.07 | 0.099 0.10 0.10 | 0.112 0.11 0.12
MgO 0.037 0.04 0.04 1.79 1.80 1.78 0.12 0.12 0.12 0.04 0.04 0.05
CaO 0.7 0.70 0.69 3.69 3.72 3.70 0.67 0.68 0.71 0.5 0.51 0.53
Na20 3.54 3.56 3.53 3.96 3.99 4.03 4.02 4.08 4.02 3.99 4.06 4.04
K20 4.71 4.74 4.40 2.64 2.66 2.62 4.41 4.47 4.70 4.45 4.52 4.83
P20:s 0.002 0.00 0.00 | 0.122 0.12 0.13 | 0.021 0.02 0.02 | 0.012 0.01 0.01
99.319 100.00  99.93 | 99.213 100.00 100.28 | 98.62 100.00 100.21 | 98.354 100.00 100.18
Sc (ppm) 242 2.44 2 8.76 8.83 7 5.07 5.14 4 5.59 5.68 7
\Y% 3.78 3.81 - 70.1 70.7 69 7 7 - 3 3 -
Cr 6.37 6.41 - 224 22.6 20 2.83 2.87 - 3.1 32 -
Ni 435 438 1 14.3 14.4 11 1.67 1.69 - 1.99 2.0 -
Rb 301 303 309 67.3 67.8 75 257 261 269 303 308 317
Sr 17.9 18.0 13 379 382 371 29.1 30 26 8.11 8 5
Y 86.5 87.1 80 17.3 17.4 14 45.1 46 39 51.1 52 44
Zr 97.6 98.3 113 144 145 164 99.9 101 100 96.3 97.9 97
Nb 14.70 14.8 9 5.88 5.9 31 15.20 15 11| 18.70 19 13
Ba 81 82 67 466 470 495 50.3 51.0 66 39.5 40.2 37

As shown in Fig. 4b, however, the systematic difference is
also observed between the results of this study and those of
Mori and Mashima (2002) although they used the synthetic
standard method for XRF calibrations. Mori and Mashima
(2002) used multi-major element matrices for calibrations of
trace element determinations. As mentioned above, however,
a major element matrix would not be the reason of the
systematic difference. This study and Mashima (2002) used
the background-intensity method to correct mass absorption
effects. Calibration curves obtained using this method are

expressed by the equation (2).
Wi=Alci’+Blci’+ Clci+D+ Y BijFj Q)

Mori and Mashima (2005) used the de Jongh model, which

is expressed with an equation

Wi=(Cli+D)(1+ Y AijFj)+ Y BijFj 3)

Wi=Cli+CIiY AijFj+D+DY_AijFj +Y BijFj (3)'

In the case of 4 =B = 0 in eq. (2), Ici has the same mean
CIi Y. AijFj in the eq. (3)’, since both of them are intensities
corrected about mass absorption effects. The eq. (3)’ contain
an uncorrected intensity term C/i, which would reduce the
effect of the correction of the line overlap of Rb-Kf3 on the Y
determination. If this is the case, an inadequate selection of
the model for the evaluation of mass absorption effects would
cause an inaccurate determination of Y. This interpretation

should be verified in future researches.
Incongruities in other elements

The determined Cr contents in JA-1 and JB-1a are
significantly higher than those RVns. A typical reservoir of Cr
in igneous rocks is a spinel. JA-1 and Jb-1a contain spinels

as inclusions in mafic phenocrysts. Although JB-1 (Cr RV =



(continued)
JGb-1

RV RVn  result
Si02 (wt. %) 43.66 4399 44.11
TiO2 1.6 1.61 1.60
Al203 1749 17.62 17.74
Fe203* 15.06 1517 15.15
MnO 0.189 0.19 0.19
MgO 7.85 7.91 8.13
CaO 11.9 1199 11.84
Na20 1.2 1.21 1.17
K20 0.24 0.24 0.26
P20s 0.056 0.06 0.05
99.245 100.00 100.24
Sc (ppm) 35.8 36.1 38
A% 635 640 636
Cr 57.8 58.2 47
Ni 25.4 25.6 21
Rb 6.87 6.92 10
Sr 327 329 326
Y 10.4 10 7
Zr 32.8 33.0 30
Nb 3.34 3 -
Ba 64.3 64.8 74

425 ppm), JB-1a (Cr Rv =392 ppm) and JB-1b (Cr RV =439
ppm) were collected from the same outcrop, the Cr RV of JB-
la is significantly lower than those of JB-1 and JB-1b. Since
spinel is a highly refractory mineral, the incongruities between
results of this study and the RVns would be caused by an
incomplete decomposition of spinel in previous experiments
used evaluations of the Cr RVs. In Mashma (2002), the GRSs
were fused at 1050 °C, which leaded to a low analytical
result of Cr in JB-1a (380 ppm). In later analysis of basaltic
samples, I found that a high temperature condition is required
to decompose spinels in mafic rocks. In this study, therefore,
the GRSs were fused at 1200 °C.

A similar difference is observed in the Zr contents
in granitic GRSs (JG-1a, JG-2 and JG-3). Zircon, the
main reservoir of Zr in granitic rocks, however, is easily
decomposed by fusion. The Zr content in JG-1a fused at
1050 °C (129 ppm) in Mashima (2002) is similar to that
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Figure 4 Incongruities of analytical results of Y. (a)
incongruities between this study and normalized
recommended values, (b) incongruities between this
study and Mori and Mashima (2005).

obtained in this study (130 ppm). The data for the Zr RVs
of granitic GRSs contains many results obtained using XRF
calibrated with the earlier-generation GRSs, which would
cause inaccurate RVs of Zr for granitic GRSs. Determined
Ni (8 ppm) in JB-2 and V (14 ppm) in JG-1a are significantly
lower than their RVns (Ni = 16.5 ppm for JB-2, V = 22.9 ppm
for JG-1a). These incongruities would also be the results of
inaccuracies in the RVs of the GRSs, since the data sets of
these RVs also contain numbers of values obtained from XRF

calibrated with earlier-generation GRSs. In order to determine
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trace elements in low concentrations, their blank intensities
should be measured. The calibration using GRSs as standards,

however, could not do it.

Conclusion

In this paper, I examined calibration techniques for XRF
analyses of major and trace elements in rock samples using
synthetic standards. This study realized highly-accurate
XRF analyses independent of geochemical standard samples
(GRSs) and other laboratories, which gives a robust basis
for geochemical and geoarcheological investigations. The
techniques presented in this paper would also give benefits
to other analytical methods such as ICP-MS. Double check
between XRF and such analytical methods would improve
reliabilities of analytical results.

This study revealed that recommended values of several
trace elements in JGS GRSs still have significant inaccuracies.
XRF analyses using JGS GRSs as standards therefore have
significant systematic errors even if their calibration curves
have high accuracies. The synthetic standard method is the
most convenience way for a precise XRF calibration, since the
method does not require additional tools other than efforts of

researchers.
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