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Technical advancement and accuracy evaluation of major and trace element analysis for
silicate rocks using a wavelength-dispersive X-ray fluorescence spectrometer with a 1:5
dilution glass bead method

Kazuya SHIMOOKA -2, Toko FUKUI', Yoshimitsu SUDA?, and Satoshi SAITO!

! Department of Earth Sciences, Graduate School of Science and Engineering, Ehime University, 2-5 Bunkyo-cho,
Matsuyama 790-8577, Japan

2 Department of Applied Chemistry for Environment, School of Biological and Environmental Sciences, Kwansei
Gakuin University, 1 Gakuen-Uegahara, Sanda 669-1330, Japan

3 Department of Geology, Faculty of Education, Nagasaki University, 1-14 Bunkyo-machi, Nagasaki 852-8521, Japan

Abstract We re-established the methodology of whole-rock chemical analysis for 10 major elements and
14 trace elements with newly included Ba, using a wavelength-dispersive X-ray fluorescence spectrometry
with a 1:5 dilution glass bead method. We used standard samples of the Geological Survey of Japan and
the US Geological Survey to prepare calibration curves. For most of the major elements, the relative errors
between the analyzed and standard values of the standards were less than 4 %. For trace elements, low relative
errors (< 10 %) were obtained for eight elements except Cr, Zn, Zr, Nb, Ba, and Th. Repeated analysis of the
standards resulted in small standard deviations suggesting high reproducibility. The detection limit of each
element is low enough for ordinary analysis. The accuracy estimated in this study is comparable to or lower
than those obtained by previous studies for all elements except for Ba and Th. This result suggests that the
re-established method presented here is practical enough for whole-rock major and trace element analysis of

silicate rocks.

Keywords X-ray fluorescence analysis, major and trace element analysis, 1:5 dilution glass bead method
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RX25, RX40, Ge, GeC WFIHWARETH 5, AFET
WA $ 5 FETI, PET, LiFl, LiF2, RX25, Ge %
DYRERE UTHHY 5, MlidREETEHOY V7
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Table 1 List of the standard samples used in this study. Abbreviations: GSJ, Geological Survey of Japan; USGS, United States
Geological Survey; NIST, National Institute of Standards and Technology.

standard type source
JA-1 Andesite GSJ Hakone volcano
JA-2 Andesite GSJ Goshikidai sanukitoids
JA-3 Andesite GSJ Asama volcano
JB-1a Basalt GSJ Kitamatsuura basalt
JB-1b Basalt GSJ Kitamatsuura basalt
JB-2 Basalt GSJ Oshima volcano
JB-3 Basalt GSJ Fuji volcano
JG-1a Granodiorite GSJ Sori granodiorite
JG-2 Granite GSJ Naegi granite
JG-3 Granodiorite GSJ Mitoya granodiorite
JR-1 Rhyolite GSJ Wada-toge obsidian, north of Wada-toge
JR-2 Rhyolite GSJ Wada-toge obsidian, south of Wada-toge
JR-3 Rhyolite GSJ Ashizuri peralkaline rhyolite
JF-1 Feldspar GSJ Ohira feldspar
JF-2 Feldspar GSJ Kurosaka feldspar
JGb-1 Gabbro GSJ  Utsushigatake
JGb-2 Gabbro GSJ  Tsukuba-san leucogabbro
JH-1 Hornblendite GSJ  Nishi-dohira pyroxene hornblendite
JSy-1 Syenite GSJ Nephton, Ontario, Canada
GSP-2 Granodiorite  USGS  Silver Plume, Colorado, United States
AGV-2 Andesite USGS  Guano Valley, Oregon, United States
BHVO-2 Basalt USGS  Hawaii’s Kilauea Caldera
SRM278 Rhyolite NIST  Ciear Lake, Newberry Crater, Oregon
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Figure 1 Method for making glass beads in this study.
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Table 3 Overlapping spectra and analysis conditions. Abbreviation: PHA, pulse-height analyzer.

angle (20) dwell times (s)

overlap filter crystal slit counter PHA peak background peak  background
Si-Ka out PET S4 PC 100-300  109.050 106.050 111.900 10 2 2
Ti-Ka out LiF1 S2 SC 100-290 86.110 85.200 87.290 40 20 20

Al-Ka out PET S4 PC 100-300 144.610 147.850 139.100 10 2
Fe-Ka Al-2  LiF2  S2 SC 100-300 85.710 83.470 87.840 10 2 2
Mn-Ka Al-2  LiF1 S2 SC 100-320 62950  63.670 62.150 32 16 16
Mg-Ka out RX25 S4 PC 100-250 38.440  40.750 35.850 60 30 30
Ca-Ka out LiF1 S4 PC 100-300  113.120  116.500  110.000 10 2 2
Na-Ka out RX25 S4 PC 100-300  46.680  48.950  43.800 32 16 16
K-Ka out LiF1 S4 PC 100-300  136.680  129.650 145.700 10 2 2
P-Ka out Ge S4 PC 150420 141.190 143.640 138.020 80 40 40
V-Ka Ti-Kf out LiF1 S2 SC 100-300  76.910  77.890  76.400 120 60 60
Cr-Ka V-KB out LiF1 S2 SC 100-310  69.330  68.940 69.780 160 80 80
Co-Ka  Fe-Kp out LiF1 S2 SC 90-300  52.770  50.640 54.090 160 80 80
Ni-Ka Al-2  LiFl S2 SC 100290  48.650  48.210  49.000 160 80 80
Cu-Ka Al-2  LiFl S2 SC 100290  45.010 45420  44.620 140 70 70
Zn-Ka Al-2  LiFl S2 SC 100-300  41.780 41390  42.210 60 30 30
Rb-Ka F-Cu LiF2 S2 SC 100-290  37.980 37.540 38.600 120 60 60
Sr-Ka F-Cu  LiFl S2 SC 100290  25.130  25.550 24.740 60 30 30
Y-Ka Rb-KB F-Cu LiF2 S2 SC 100-300  33.890 33.520 34.340 80 40 40
Zr-Ka Sr-Kp  F-Cu LiF2 S2 SC 100-300  32.090  29.840 30.890 60 20 20
31.430 33.050 20 20

Nb-Ka  Y-KB F-Cu LiF2 S2 SC 100-300  30.360 30.890 120 120
Ba-Ka out LiF1 S2 SC 100-300 87.130 86.680 87.780 160 80 80
Pb-Lp1 F-Cu  LiFl S2 SC 100-300  28.240  27.970 28.550 160 80 80
Th-La F-Cu LiF2 S2 SC 100-280  39.220 38.950 39.510 120 60 60

Zr, Nb, Ba, Pb, Th ® 14 j3tE DGt 24 JLROHIE %
1795, ZSX DA LOBETFIHIXEE - 75k (2018)
ZHEo 7z, AFETIE, 2 TOUERICBWTEEE
LEFX S0KV & 60mA IZFEE L TW5, Srgfto
b EAT D 728, FILFRITH U T Table 1 OFEHEEA
Bl s BREARRR  mEma G RHARN 2 #EE L
(Table 2), #E L 7z S HEERHZ DWW THIERR Z &
220 F ¥ — bOfER (HE) 2170, E—2&nNy
2757 v NOME % IEMIZHER LU 085 JlEALE D
WE L W rds (PHA; pulse-height analyzer) 0%
ExZITo Tz, WERIR, BFHETRDOPERIZDOWNT
Y= DIuAEL Ny 7759 NigENS ) H
27 (2009) OFEIZ K D ALERF OB L & REZ1T >
Tzo BLEDHOMWEAM% Table 3 1IZRT, 2P, FHEH -
i (2018) 134D FEE LTV, Cr, Cu, Nb, Th
ZOWTHIERBOREL & Nb IZDOWT Ny 775
DY REE—IAEOREL ZFT 720, SEIESHT

[N

MR RELSEERTTH/Z1Z Ba 2 IEAREE T 55
WrsefE DRE 21772 5 7=,

ARFIETHW 2 HE X SR O ERRE T, EHE
kb2 VT X fsfE & iR 0GR L OBBRATH
LR (V) H2,2009) ZIEKT 5,

W=al +b (1)

ZZT, WIRtZ0EHEEZ, IEXMEEL, ab
LU b I3ERERERT, EEMRERICOVWT, &
HIE TR ORERMER I P W THETERIZ XL 2L X
MOBEEAEZMIET 5720, FPIED 1 DTH5 de
Jongh €5V (de Jongh, 1973) 2\~ hY v oA
WIEZ1T o7z, ¥ bV v 7 ZAFIE T, MEEMERICH
W AR DI fE & i 2 L, ZSX 2 W
THEEREBUZ BHI U, #ll EREBUZ MLAGAA 2R %
Ek$ %, X512, V, Cr, Co, Y, Zr, Nb D437 Tl
D EFRDHN X T & B THAEL 5728 (Table 3
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Figure 2 Calibration curves for the major elements obtained in this study with regression formulae and correlation coefficients

Concentrations of major elements (W; wt%)

Concentrations of major elements (W; wt%)

(R?). Open circles represent data before correction, and black diamonds represent data after correction.
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Figure 3 Calibration curves for the trace elements in this study. The plots are the same as in Fig. 2.
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7 AREIERREL, By \FHIE RSN T 2 PR D HR
DHEREERT, SHELHEOMEME Figs. 2, 3
2, NV 7 MHIED 72 O FHUERL & FHERRE 7232 5 O
12 MR E B & FHBIGRECE Table 2 12779,
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MRz T3 5 72 O/ HriE D HESELMF - BEHEfE I
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etal., 1992) TH 5, FHEILHETIE, diff% D% <24 %
DTRIZNED, 4% 2B TWBI5E5H %0 diff 1£0.01
25 0.05wt% DHIFNTH 570, RiFzRER%
RBEZLNTETWVWDBEERD, — /T, MEILET
1%, RGbr @ Cu (29.4%), Zn (10.1%), RGb ® Cu
(14.0%), Zr (24.1%), Nb (86.4%), Ba (176.1%),
RGr ® V (41.3%), Ni (44.2%), Cu (10.5%), Zn
(17.9%), Nb (95.5%), SRM 278 @ Cr (75.0%), Ni
(122.2%), Nb (37.5%) THHHED diff% 73 10 % %
KEL EE5 7, diff% 23 10% %K & < kR 5FD
5B EAY 10 ppm AR DB D % FR< &, RGbr D
Zn (45.5 ppm), RGb @ Zr (14 ppm), Ba (127 ppm),
RGr ® Th (24.2 ppm), SRM278 @ Cr (11.2 ppm),
Nb (22 ppm) A4 9 %, Nb OHIERAENKE 2
BFEAE LT, Ny o777y RO X KREORIE L
NhHIFoNnd, AFETIE, NbOJIEIZENTNY 2
IV RERET SO0 X EREONESR 1 15T
DHT>TWVWD, ZTOZLIZLD, Nb D¥—7fE
B BENY 2Ty REEEENE U 3K
RS > TWAAREMELE Z 51 b, Ba DEHEMK
Wikkl (RGb; #E3E{H 46 ppm) 2B\ T diff% A A
KHRBFEKE LT, AFEIZEWT Ba DHIEIC L #
ZHALTVWS Z 22X 5 X MOMEMT & Za ko
Ak, BaLa fR#(1EIC TiKa SEFHET EZ 212k 5
X MROBEETAEZ 5N 5, Zn, Ba, ThiZDNWT
FHER 2 R $5 2 8 TONBED A LT 5 A hE
WAid B, — 5T, Cr, Zr, NbIZDOWTIZHEH - 757%
(2018) THEMHMEINTWED, Ny I 7T T U Re
¥ — 7 AL E R MR IZ D W T HE RE L 217 WO
HEDOR L2 50ERD 5,
ARFETHONDMERROBEEZ MRS 5720
iZ, GSI @ JB-2, JG-2 8 XU USGS @ GSP-2 iZ D\
THEH 10 FOED R L a2 KL, BHERZ%E (SD)
B L OLHFHRE (CV%) Z3kD7z (Table5), £7, E
HLFEIZDOWTIX, GSP-2, JB-2, JG-2 £ H1(Z Si0, %
BR< £ TDTHET SD 2 0.03 wt% AT DKEELE S 1
7ze —JiT, Si0, ® CV% (% GSP-2 %% 0.13%, JB-2
7230.09 %, JG-2 %% 0.06% & Atk e gL TH+
NI WEBBR SNz, I, METEIZDVWTIE
Ba %% GSP-2, IB-2, JG-2 £ %2 4ppm 2L ED SD %
RTEDD, CVY IZZNTFN 0.36%, 3.78 %, 2.97 %

THYH, MOTEDRT CV9 OFFHMAIZINE 5,
3.2. HMHRRA

FTEROMHER (1d) X UIEUVIEREEDOHZ
LTRzoNd, —AT, MHRAOEEIZODWTIE
M — B FikIZ A <, B PR 2 L IC R 5 Tk
BIWONDEZ Lhdh s (BRI, BiED, 2002), AFE
TIX, B L =MEMREZ AW TESE ROEERE 1
MODHED S, TtV A2 (2009) OFHERIZL D
1d DHEH %17 572 (Table 6),

w R
Mhﬂ(ﬁ—————~£> 3
Rp,p—Rp T ©)

Table 6 Lower limit of detection (Ild). See equation (3) for the
11d formula.

11d by 11d of

calculation  this study
in wt%
SiO, 0.0073 0.0073
TiO, 0.0015 0.0015
Al,O4 0.0045 0.0045
T-Fe, 04 0.0017 0.0017
MnO 0.0007 0.0007
MgO 0.0428 0.0428
CaO 0.0015 0.0015
Na,O 0.0142 0.0142
K,O 0.0012 0.0012
P,0; 0.0038 0.0038
in ppm
A% 2.81 2.81
Cr* 0.21 2.0
Co 0.95 0.95
Ni* 0.14 1.1
Cu* 0.06 0.50
Zn* 0.13 1.40
Rb* 0.50 2.90
Sr* 0.98 8.10
Y* 0.30 2.60
Zr* 0.90 6.70
Nb* 0.02 0.50
Ba 23.86 23.86
Pb 4.99 4.99
Th* 0.09 0.20

* The lowest value of the standard sample
is used for 11d in this study.
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ZZT, Rp,p» Rgl3ZTNThE—IEIZBITEE—
Ji8E (keps) &Nv 275 RigfE (keps) %, T iE
R (s) 2R, FHERICL o THELS N 1 I3,
EFEILHETIE MO ZFR< TRTOILFET 0.01 wto BA
TOMEERLTED, MgO IZBWTH 0.04 wt X 1K
WEZRLTWSZ eh s, ROVRERIEFSNLTY
52 ehbonrd, —HT, MEARKIIODVWTIE, 7z
ZIENb (0.02 ppm) ZFXUH & LWL DD THEIZ
BWT Id BFEFITENMEZ R U7z, 20U, dko
HIERAE BRI, BHETCRKOE —IAEICB T2
Ny 77570y RREZE/NHEL TWb 7B X
5nd, ZD7H, Bl L7 IId BRESRERIH L
T AEHEROR D B ARAE & R (A% £ D%, MR O R
filiz 1ld & UCERMA LU,

33. EITHREDERE DR

AT BT DR ERZ TS 5720, FEME (ac-
curacy) ZFHWIZETMELE DK E B Z 57, IE
TR I ERRD KD 7 & ILHR DI HrE & M %
WT, FRORTRTI LN TES (VAH72,2009),
B U 72 B0 E O IEHERD ITE AME N E & R EGRHE
KD EMENEN & 2R,

Z(Cm - Cr)2

pa—) “4)

accuracy =

ZT, C, l¥REMRD»SRDAIEE, C, 1FxtHE
DM E, n ZRERREEZ KT, EMEX, W
S EOMRE, FHERROBIZKE KFET
% (MPEIED, 2015), D78, K#ETIE, AFETO
EHERE %, A —BE8s 2 W72 BT T H B M - 75
B (2018) &Mk g B2 iz, H—HETH S ZSX
Primus II 3 & Ok ZSX Primus I+ (VU 4 2 %)
& W7 R Targe (J11E, 2010; 1 8F1% 5, 2012; Kusano
et al., 2014; AP I1E A, 2015; B - 12, 2015; #EKIE
A, 2017; BEH - 755%, 2018; Sano et al., 2020) & khiig
U7z (Fig. 4; Table 7)., 723, FEH - %k (2018) DIE
WX, o7 7V —32 3> [RockMT5.0_180314]
2o BRI OMIE T — X 2B L, BHLTW5,

ARFEDEE LR D EMEIL, SiO, ZFRTATD
JLET, £z, WEILETIE, V, Cr, Co, Ni, Rb,
Zr, Pb THEH - 75k (2018) L HE» TN FOME%

-
—
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R U7z (Table 7)., — A T, SiO,, Cu, Zn, Sr, Y, Nb,
Th HREH - 2B (2018) X W EWMEE R L=,
ARFHETR S Nz FELE O EMEE T4 TRITIHE
DIEDHPFHND, LV IEWMEZRLTEY (Fig. 4),
ARRFROMBEE T HIZEHNTH S Z L 2R TV
%, WEILEDEMEITS DR TRITMIEDRT
EHEOHFEANTH Y, Ni & Cull2W\WTiEREED
EB%RTEHEDD, Ba & Th THRITMZEL D & EWVEE
AR U7z (Table 7; Fig. 4), 2056 DETHELID EE
WEZRRTIGRICOWTIE, oy, Ny s 75
DY R =2 fEPHERREIZ DO W THED RE L
DBRBETH 5,

34, RSB OREFIE

Z 2 TlE, BIRARFHPEEHED ZSX Primus 11 %
AW HlEFIEEZ BN 5, £9, ZSX Primus II ®
ARENR=YFILAVYVa—R—DEFEEZANS,
ZSX Primus IT O HEERI L # L E T v v 27 SO 5RE)
KT, TAZ by 7 EDZSX 2T 5 & EED
I LA B E 5, HEOYIALIE T, PR HA
(Proportional Gas) D& A4 7.5 ml FEEE (HEAT4
(5 5~10mL), M ENDOEZE (< 10Pa), 1H
EALIREE 36.5 £ 0.5°C, WHIKMPIEHTH D Z & %1
AT 5, BEEBHOX T 2ERL, X#REA V2T D)
&, IXEET—YVIT5] 2ETT S, ZO,
A~ ET X MEDOT—Y Y KT RICHRERHD
PHA JAEMFBRINZ LD F v IRy 7 AZF oy

1000

© Highest values in previous studies
© Lowest values in previous studies
10 F x This study
o ° ©
" °o 0%9x2%x
> e”%x ©O
o XX xx Q
g ° 0% X X 0¥
3 e0® o °
o 1 b3 ) %
8 (@]
® Q ° )
P [¢] o
0.1 x o o
X
© eo0% x % x
0.01 X ®©
° 3
$
0.001
oVOVO” O°Q 9, (o] Q 9 (W)“’ V CrCo Ni CuzZnRb Sr Y Zr NbBaPb Th

Figure 4 Comparison of measurement accuracy with previous
studies. See Table 7 for data on each accuracy. The accuracy
formula (4) and the previous studies cited here are described in
the text.
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7% ANTEL, PHA FAEK TRIZTY VX =0 o
B iEnsd o, SC HfifhE < 65%, PC 5rfife
<45% THBH I L EHERT 5,

WIZ, BRSO R T %ZERL Tkl o E ]
DO T PHA #%, RV 7 NHIE, 280k iR
B (F v 230k, RAGEOREHEREZ AT 5,
PHA F%13 1 H 1 FIREELTS 2RI nTnd
(B 20X, BEHE - 255, 2018), [ HralkloE] Ho
[t EHE] OEmY S PHA fEBIZF v 7% AN
SC, PC #NZFHIZD>\WT PHA %175,

PHA #ED#ZIE R Y 7 MHEIEZT S, [ofralklo
RE RO THER] OEE2? S FY 7 HliE %z ZE R
U, FU 7 MHERRZ AT S, AFETE, JH-
% TEgl Ok, IB-1a 2 &Pk, 1G2 % [
BORE U, REMLE, k4, &R E AN
%, WEZHBT 2, WEKTHE, TV rE2—D056k
BB HEINE 2D, 2TORERD [ 1%
B DEA 0.95~1.05 DEITH B Z L %2ERT 5. %
O Z O#HIPAZE KIEICEZ 255 T 7 — L &R
INBGEITIE, MEROEH TS BEN D 5,

KU 7 MHEK T HIZF o v 230k, KRR oM
a1, [ANARIORE] tho EESH] 2BV
T, aARMIE, R, atrEfe AL, 9m7 7
Vr—vay (W4g) TRockMT5.0_220317] % &R
5, TO% [0 »OMEEZRGT 5. #E, 14
FritBlOBE] B VW TANLENEB L O EES
Frl OiE O THFER] ICRRI N TS IFRIT
E—&N—A N THERUSKMTHNT 22 & hAHE
Thbd, FiZ, NV 7 MHEABEEARBS I TF
2kl (JH-1, IB-1a, JB-2, GSP-2, IB-2, JG-2) O
HEZRAR N L1 DFID 1~6 12, PHA FHEMAGR %
H¥oD 6 ZEET B eizkb [DffEE] »ooa
E—&R—ZAPTRY 7 MHES L CTF v 7B O
HIE, PHA J# % MDD EMEIZERT 5 Z L AT
%, WIEH T TSR] RO T 2 HER K2
BIRL, A7V v I TRRINE [TET — X D5k
o [REEY 7 MERAL 2#RL, CSVERAT 7o
IVTHINT 5,

4. SHORE

ARFEFZIZB 2 HIEHEHE DY T Cr, Zn, Zr, Nb,
Ba, ThiZ2DWTIX, MO CHESZAE - FEHERH 12T
I BOHED diff% 7 10% %8R 5 Z L BRI N
7zo Zn, Ba, Th iZ2DWTIRHIEKMZEL THZ &
THNHEENM LT 5a8eEr»H 5, — 5T, Cr, Zr,
Nb iZDW TNy 775y v N E—IfE, HIER
FIZDOWTOREBELZTV, XORBIEMHEDOR LA
METH D, 61T, —HOMEILRIZ DV TIHEE
JERR & BIRERR CHREMROIEE 2R3 Z & A3
fixghcwsd k¥, 2002), MEMROKEEZ X 5IZ[
LEXE5728, Rb 2ld U & UAMETEDMRERRD
DENETD L BRBEND LAV,

A

BIRKFRF G LA AR O R ImEFERIZIE, 4
WiENL S EIFICHO 2 EEHERURL D 7 T 28— RAERUIZ
BHLTWERE Wz, 240ERECREZTBIZLS
R ZTHREIC LD, ARERELWE I N, &
LTnS&#H L BT 5,

51 A3k

de Jongh, W. K., 1973, X-ray fluorescence analysis ap-
plying theoretical matrix correction. Stainless steel.
X-Ray Spectrometry, 2, 151-158.

Gunderson, L., 1998, Granodiorite, Silver Plume, Col-
orado, GSP-2. U.S. Geological Survey Certificate
of Analysis. Available from (accessed September 2,
2024): https://emrlibrary.gov.yk.ca/ygs/open_files/
2019/2019-1/Appendix\7%20C/C4_QAQC/GSP-2_
StandardInformation_USGS.pdf.
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