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Abstract: In this study, the concentrations of major to trace elements in Duckyong quartzite, South Korea,
were measured using wavelength-dispersive X-ray fluorescence to evaluate its potential as a reference material
for silica stones and silica sands. To assess the homogeneity of the Duckyong quartzite (DK), the inter-laboratory
comparisons and repeated analyses (n = 160) were conducted on powdered samples. Additionally, the newly
produced glass disk samples of Duckyong quartzite (KSi-2), previously produced in 2002, were reanalyzed to
monitor possible change in composition over time. The measured values of DK samples were consistent with
those of KSi-2 samples within uncertainties. The analytical results of re-evaluated KSi-2, which had been stored
for an extended period, were consistent with previously reported values within uncertainties, reflecting the high
stability of Duckyong quartzite samples. The measured nine major elements and loss on ignition (LOI) of the Duckyong
quartzite samples (DK + KSi-2) in new and previously studies were as follows: SiO,, 98.39 = 0.15 wt.%; ALO;,
0.70 + 0.01 wt.%; Fe,Os, 0.24 + 0.01 wt.%; CaO, 0.014 + 0.005 wt.%; MgO, 0.03 + 0.01 wt.%; K;0, 0.16 = 0.01 wt.%;
Na,O, 0.02 £ 0.01 wt.%; TiO,, 0.039 + 0.001 wt.%; P,0s, 0.011 £ 0.002 wt.%; and LOI, 0.34 = 0.09 wt.%. The
uncertainties of the measured values were within + 0.2 %, indicating the homogeneity of Duckyong quartzite.

This geochemical study indicates that the Duckyong quartzite, with high homogeneity and stability, is suitable
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as a natural geological reference material. It is anticipated to be utilized extensively in the testing field for

silica-stone and silica-sand analyses.

2 ok o]l AFAAM = AT BAE TFEF (reference materia)Z2] 8 75A4S AR}
PRI XA FFEA7E ol 8ate] Sl 98 FbellA AFT AokS e T4 BAS F
atieh vt g8 o ARDK)S #2AS Hrkel] fla AAA 7 wAREA S wEE
=160y Tt 222 2002 % A Y8 44 FESEAKSI2)S A5t A7 73t

& 24 Wsts Brkelth DK Al&e] 43 71BArE KSi2 A5 S expie] W oA
st 4717F BE KSi2 A8 AR Ade 71R2E g3 oxpae] il X AlEe] =2 MY
‘go] FRIFUTE o Aet 71HarE 58 9 AR(DK +KSi-2)e] FHUa 3 g 24 Ay

SiOs, 98.39 +0.15 wt.%; ALOs, 0.70 + 0.01 wt.%; Fe,Os, 0.24 + 0.01 wt.%; CaO, 0.014 + 0.005 wt.%; MgO,
0.03 £ 0.01 wt.%; K,0, 0.16 + 0.01 wt.%; Na,O, 0.02 = 0.01 wt.%; TiO,, 0.039 + 0.001 wt.%; P,Os,
0.011£0.002 wt.%; LOL 0.34+0.09 wt%°]™, 247k Q3= £02% o2 & 49 94 2L
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Fh4 2 FHE FEiME SPEAE XA 3% 98 4 FAbellA 2022d (A E = DK)9F 2002
-2 7](wavelength dispersion X-ray fluorescence Spec- MNE FZ=: KSi2)ol AF T 7L AL A 8BS AFRS)
trometer, WD-XRF)9} =23 Zel=xn} E384]7] Atk Ao FAL FHFHS FHE] A% A=
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Fig. 1. (A) Geological map with the location of the Duckyong mine (simplified from Kinosaki, 1929'"), and (B) a photograph
of a rock slab showing the Duckyong quartzite.
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Quartzite
(Duckyong Mine)

Crushing = Jaw crusher
& grinding = Jetmill
Sieving = V-mixer
& mixing = Acryl plate
Silica sand
samples
Drying

(105°C, 2 hr) Silicasand samples

Loss on ignition
(995°C, 1 hr)

Fusion method

JE— —

XRF analysis
- 0

Glass disk

Fig. 2. Flowchart of sample preparation techniques for the
XRF analysis.

Z AM(Jaw crushen) S o|-&3te] A|8Y YA} =77}
°F 5 mm ©|sh7} HEE 2% T AE Y(et mill)S
o] &3k 9F 0.074 mm (200 mesh) ©]37} HE=
o] E2sle] &3t} v e Al E+ 200 mesh
Al (sieve)E ©]-83l] AF E=Ast= FS YAE A
% AABAL WE7 HEE(teflon) .2 ITHE ZT)
ol Dl (polyethylene) A& 2] V=214 (V-mixen)& ©]-&-3}
2407k B wlEY A B E Ttk £3E A EE
olaH (acryl) MEZ A|ZHE ool 2% FA
AglslH ). A HEEE 4% &, KS E 3076:2022
oA &3 0.074 mm °|ste] YE FAVE A=
u)E3) A ZE RAZYE ATt

22, AN ¥ J|F

10%2] 7+ Al S(DK-03, 07, 08, 14, 21, 27, 28, 29,
44; KSi-2)¢] &8 &8, AE7E, A= 58 A8
Z}A) = 7FY (porcelain crucible; 15 mL, MT, Japan)<}
5% (gold)e] £ W FH(platinum) =731 mm D
x40 mm H, DSM, Korea) ¥ &=(mold; 31 mm D x
40 mm H, DSM, Korea)E A}-&3FATh 20 % (v/v)

ZXHEL grade, Matsunoen Chemicals Ltd., Japan) %
12} A S(deionized water)E ©]-&-5Fo] W T7h 2
SES AFEI Ede] &8A= STt 299.9 %S
AFE-2be] B(lithium  tetraborate, Li,B,O7; Sigma-Aldrich,
USA)S AHE-3FSITE XRF 419 A3 2= =
& ¥ 22 (working standard material) 2 JRRM-201~210
(Technical Association of Refractories, Japan), JCh-1
(Geological Survey of Japan, Japan), Glass Sand SPS
(Institute of Mineral Raw Materials, Czech), BCS-CRM
3132(BAS, UK) 2 =] Ssd =219 &2 < PT2015-
15 (Korea Testing & Research Institute, South Korea)=
ARE-SFATE

23, ¥zt (Loss on ignition)

AR 34 A, A =7HE A7) 2 (muffle box
furnace, Ajeon heating industrial Co., Ltd., South Korea)
o o] oF 1,000 °CollA] 4A7F o] 7Fd ko] Alg-st
Aok # FEA A EE B A =7 E xR0l
ol 105°CellA 2417 o] AEAIR &, HAAH
(desiccator)ol| A F-1E38] 43 AlFe] AgFS SA A
o} 0.5~0.6 g9 871 &7
995 °Coll A °F 80 F<t st FET NEE

29 Fo) A9

Atk IS A (1)t 2ol A=l

o

m;—1m,

LOI(wt.%) =

£8§41(Li,B,0)E 10 mm ZZ=Z2 A E(poly-
propylene ball, Bell steel balls Co., Ltd., China)©]
@71 50 mL ZE]=2HA 8lo] Y(polypropylene vial,
Maruemu Co., Japan)oll 223, &% =(mixer mill;
TH-1080, Taemyoung Scientific Co., Ltd., South Korea)<
o]-g3te] Fws| TP ¥, EFE A EE e =UF
Yol ¥k A7) &8 Z(electric fusion fluxer; X-
600, Katanax, Canada)*] 1,100 °CZ 1027 &3
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Table 1. Operation parameters for WD-XRF analysis
Parameter Description

Type MXF-2400 (Shimadzu, Japan); Multi-Channel, Simultaneous

X-Ray End-window type with Rh target (Be window)

Maximum 50 kV, 100 mA, 4 kW

Mode Vacuum

Monochromator 24 fixed monochromators (detector, curved crystal)

Aperture © 30 mm for holder and @ 34 mm for sample disc

Table 2. Analytical conditions for major element analysis by XRF
Target o Time

Element material kv mA Crystal Detector Angle 26(°) ©)
SiO, Rh 40 70 PET Ne Exatron(Be) 108.88 40
AlL,O3 Rh 40 70 PET Ne Exatron(Be) 144.58 40
Fe, 04 Rh 40 70 LiF Ar Multitron 57.52 40
CaO Rh 40 70 LiF Ne Multitron 113.00 40
MgO Rh 40 70 TAP Ne Exatron(Al) 45.17 40
K,O Rh 40 70 LiF Ar Exatron 136.69 40
Na,O Rh 40 70 SX-13 Ne Exatron(Al) 55.08 40
TiO, Rh 40 70 LiF Ar Exatron 86.14 40
MnO Rh 40 70 LiF Ar Multitron 62.97 40
P,0s Rh 40 70 Ge Ne Exatron(Be) 141.00 40

F, &8 AEE =50l Fo] WA S8 fE
tj2=30)] F9(crack) ¥ =4 &2 AFE(residue)©]
UeA Fs A

98 2 1 ABDK) FY4 105(Si0,, ALO;,
Fe,0;, CaO, MgO, K,0, Na,0O, TiO,, MnO, P,0s5)2
= A 2L Aol A3 WD-XRF (MXF-2400,
Shimadzu, Japan)E ©|-&3t] A5kt A4 24
o] fFAI BEE=A S el HAAFFAE A st
FE& 24 AFHE vlasiler, 54

BA
(recommended value)Z+ . XFH ¢ WollA LX)

A

o

A

o
oy e
X

Rkt £ AFolA AMES XRF ) 3}
A B sldz gl B A4 Tl 3 271
Tubles 1 and 201 WERARAT}. L5 Al S SH] A4

4 2]¥ WD-XRF (Axios Max, Malvern panalytical,
Netherlands)®} =333l 4¢ 3ol Ax€ WD-XRF
(MXF-2400, Shimadzu, Japan)Z ©] &8t FUA
S SAAT U4 B4 HAHE Tables 5, S2,
S3o YeER 2, APdEFEH e SHPL FAHH
LA S WA XA th(Table S1). £ AT
4% Axte 200299 AZE 9E& #4 2T
(KSi-2)9] 79312 vl w3kl
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A5 7HAH, H 2 FFHX(1 standard deviation
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Table 3. LOI results (unit: wt.%) for the DK silica samples

D1 2 3 4 5 6 7
IDK-03 0.33 0.42 0.42 INA NA NA NA
YDK-07 0.42 0.42 0.43 0.39 0.42 0.39 0.41
YDK-08 0.31 0.43 0.41 NA NA NA NA
YDK-14 0.20 0.41 0.42 0.41 0.42 0.42 NA
DK-21 0.49 0.42 0.43 NA NA NA NA
YDK-27 NA 0.39 0.39 0.38 0.39 0.38 0.39
DK-28 0.21 0.42 0.41 0.39 0.42 0.39 0.41
DK-29 0.21 0.41 0.41 NA NA NA NA
DK-44 0.40 0.36 0.38 0.39 0.36 0.39 0.38
Average 0.32 0.41 0.41 0.39 0.40 0.39 0.39
91 SD 0.11 0.02 0.02 0.01 0.03 0.01 0.01

n 8 9 9 5 5 5 4

YLOI was measured at the KOPRI.

ILOI data for samples DK-03, DK-07, DK-08, DK-14, and DK-27 are from Jo et al. (2023)."”

INA represents not analyzed.
9SD represents standard deviation.

Table 4. Summary of analysis sessions for major element analysis of silica samples

:S:L(:; Element foRreizr]?g:;izlat:;ir;’ﬂe Working standard material Measured sample
1 Alz%;j;”z%biaﬁ’ngfg}g 615(20, JRRM 201~210 PT—20152-(1)3,~;}12(1){M-202, DK-07, 28, 44
2 Alz%;ﬁz%bgaﬁ;g gg ’Oljzo’ JRRM 201~210 JRRM-209~210 DK-03, 08, 14, 21, 29
3 Alz(l)\;;;;’f%(’)gaﬁ;ggg bljzo’ JRRM 201210 JRRM-208~210 DK-27
4 Si0; JRRM 201~210, JCh-1 ~ JRRM-208~210, JCh-1 DK";” (2); g’;” L‘:{ 21,
s ALO: Fe0;, CaO, Mg, KoO, (o0 oo JRRG‘\I/;SZSO;;HZC: Os ;;h-l, DK-03, 07, 08, 14, 21,

Na,0O, TiO,, MnO, P,0s

BCS No.313/2 27, 28,29, 44

Si0,, AlLOs, Fe,0s, CaO, MgO, JRRM 201~210, JRRM 201~210, JCh-1,
6 K0, Glass Sand SPS, BCS Glass Sand SPS, DK-(;’ (2);’ (;2’ 1::" 21,
Na,O, TiO,, MnO, P,0s No.313/2 BCS No.313/2 e

5t 1= % FE 2 (JRRM 201~210,
JCh-1, Glass Sand SPS, BCS No.3132)% = <4#
ZAIE EF(PT2015-15)9] 2] tl2aE 5L ¥
o=z AZ Azt APRTELR ARSI A2

Afd AYEZEA B4 AdE FARS 2

o
o
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SPS, BCS No.3132)= T35, 2t AlAelA] 43
98 7] Si0, 4 AFE H]aLstSAt). Session 49
Si0, HAAFAe =4 W= 844-98.0wt%°H
session 62] W9+ 84.4-99.7 wt.%=E session 67} A Th
Aoz Yo =4 YIS 7tk dxle] Ao w
2743 98§ el Sio, T2 97.81£0.27 wt% (1
SD, n=57)°lH T2 &A% A7= 9834+0.16
wt.% (1 SD, n=51)°|th(Table S2). ¥4 A3x= 23}
W WollA LAISA T, 71 H 3 E KSi-22] XRF 24

719849+ 0.08 wt.%)<t vl sl & ) ? session 694
gk o] dUHeE & AR E ARRE
4 Aol Ag-s 2FEER ] v stz
A7t 9 TREAE F HAFI ) F 9le] DK
F(DK-03, 07, 08, 14, 21, 27, 28, 29, 44)2] =4
A3}, Si0,, ALOs, Fe,05, CaO, Mg0, K,0, TiO,, 2+
7} 98.06+ 0.35wt% (1 SD, n=108), 0.70=0.01
wt.% (1 SD, n=160), 024+0.01 wt% (1 SD, n=160),
0.014£0.005 wt% (1 SD, n=160), 0.027+0.005 wt%

g
q

D12 N )

Table 5. XRF results of the DK samples analyzed at KIGAM, KOMIR, and KOPRI

Sample Disk SiO, ALO;  Fe)O; CaO MgO K,O Na,O TiO, MnO P,0;s
name number  (Wt.%) (Wt.%) (wt%) (Wt%) (wt%) (wt%) (wt%) (Wt%) (wt%) (wt%)

DKIGAM-XRF (Session 6)
Limit of detection <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.02  <0.01 <0.01 <0.01
DK-03 #5 98.54 0.70 0.23 0.01 0.03 0.16 ¥BDL 0.04 BDL 0.01
DK-03 #6 98.34 0.70 0.24 0.01 0.02 0.16 BDL 0.04 BDL 0.01
DK-07 #8 98.37 0.70 0.24 0.01 0.03 0.17 BDL 0.04 BDL 0.01
IDK-07 #9 98.48 0.70 0.23 0.01 0.02 0.16 BDL 0.04 BDL 0.01
DK-08 #5 98.22 0.70 0.24 0.01 0.03 0.16 BDL 0.04 BDL 0.01
DK-08 #6 98.44 0.71 0.24 0.01 0.02 0.17 BDL 0.04 BDL 0.01
IDK-14 #5 98.38 0.70 0.24 0.01 0.02 0.17 BDL 0.04 BDL 0.01
IDK-14 #6 98.53 0.70 0.23 0.01 0.03 0.16 BDL 0.04 BDL 0.01
DK-21 #5 98.44 0.70 0.24 0.01 0.02 0.17 BDL 0.04 BDL 0.01
DK-21 #6 98.63 0.71 0.24 0.01 0.03 0.17 BDL 0.04 BDL 0.01
IDK-27 #5 98.36 0.70 0.24 0.01 0.03 0.17 BDL 0.04 BDL 0.01
DK-28 #5 98.21 0.70 0.23 0.01 0.03 0.16 BDL 0.04 BDL 0.01
DK-28 #6 98.24 0.71 0.24 0.01 0.02 0.16 BDL 0.04 BDL 0.01
DK-29 #5 98.14 0.71 0.24 0.01 0.03 0.17 BDL 0.04 BDL 0.01
DK-29 #6 98.17 0.73 0.23 0.01 0.03 0.16 BDL 0.04 BDL 0.01
DK-44 #8 98.14 0.70 0.23 0.01 0.03 0.16 BDL 0.04 BDL 0.01
DK-44 #9 98.16 0.69 0.24 0.01 0.02 0.16 BDL 0.04 BDL 0.01
KOMIR-XRF
Limit of detection <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
DK-21 #1 98.40 0.72 0.23 0.02 0.03 0.17 0.01 0.04 BDL 0.01
DK-29 #1 98.40 0.74 0.23 0.03 0.04 0.17 0.04 0.04 BDL 0.02
KOPRI-XRF
Limit of detection <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.02 <0.01 <0.01 <0.01
IDK-07 #1 98.11 0.70 0.22 0.01 0.02 0.17 BDL 0.04 BDL 0.02
DK-08 #1 99.63 0.71 0.21 0.01 0.03 0.17 BDL 0.04 BDL 0.02
DK-21 #1 99.02 0.70 0.21 0.01 0.03 0.17 BDL 0.04 BDL 0.02
DK-28 #1 97.46 0.70 0.21 0.01 0.03 0.17 BDL 0.03 BDL 0.02
DK-29 #1 98.88 0.70 0.21 0.01 0.02 0.17 BDL 0.04 BDL 0.02
DK-44 #1 97.91 0.71 0.21 0.01 0.03 0.17 BDL 0.04 BDL 0.02

YMeasured values are the average.
PXRF data are from Jo et al. (2023).
3BDL represents below detection limit.
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100

@KIGAM
W KOMIR
o OKOPRI
9 -+ &
g L 2
5 Y ®
s () 8 KIGAM
) (] ' ° LEa e (98.340.2 Wt%)
® wd < ./ &
o

97 f t f t t f } f t
DK-03 DK-07 DK-08 DK-14 DK21 DK=27 DK-28 DK-20 DK-44

Sample name

Fig. 3. Inter-laboratory comparison of SiO, compositions of
Duckyong quartzite samples. The shaded areas and
horizontal line represent the average SiO, content
with one standard deviation for each laboratory.
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Table 6. Representative major element compositions with LOI value of the Duckyong silica
Result Result
Element DMean + 1 SD (wt.%) n Element Mean = 1 SD (wt.%) n
3Si0, 98.39 + 0.15 80 K,O 0.16 + 0.01 195
Al,Os 0.70 + 0.01 195 Na,O 0.02 £ 0.01 27
Fe,O; 0.24 £ 0.01 195 TiO, 0.039 + 0.001 195
CaO 0.014 + 0.005 195 P,0s 0.011 + 0.002 170
MgO 0.03 £ 0.01 195 LOI 0.34 + 0.09 72

Note: MnO was below detection limit (<0.01 wt.%).
YSD represents standard deviation.

DStatistical values were calculated, excluding samples from KOPRI and those from session 4 at KIGAM.
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