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Abstract

High-purity quartz sand is a key material in the semiconductor and photovoltaic
industries, and its purity affects the performance of high-end products. China's vein
quartz reserves are abundant, but the quality of the ore deposit is low, and there are
shortcomings in purification technology, which makes it difficult for domestic high-
purity quartz sand to meet the needs of the semiconductor and photovoltaic industries.
In view of this situation, this paper selects vein quartz from different origins at home
and abroad as raw materials to design the preparation process of high-purity quartz sand.

In this paper, a comprehensive purification process of calcination-water quenching,
grinding-screening, magnetic separation, flotation, pickling and chlorination is
designed. Calcination-water quenching (1050°C) can effectively destroy the fluid
inclusions and reduce the mechanical strength of quartz, magnetic separation uses
magnetic differences to remove ferromagnetic impurities in quartz, under acidic
conditions, flotation uses collectors and inhibitors to achieve efficient separation of
quartz from feldspar and mica, pickling uses HCI:HF:HNO3=3:1:1 mixed acid to
significantly reduce metal impurities, chlorination removes alkali metals (Na, K, Li)
through high-temperature chlorine reaction, and realizes the deep removal of impurities.

In this paper, the purification potential of vein quartz from Africa (LQBS-1), India
(LQBS-2), Guizhou (LQBS-3) and Heilongjiang (LQBS-4 and LQBS-5) was
systematically evaluated by combining mineralogical analysis, ICP-OES detection and
microscopic analysis. The test results show that the total impurity content of African
vein quartz (LQBS-1) is reduced to 8.75ppm after treatment, and the purity of SiO»
reaches 99.999% (5N grade), which meets the standard of semiconductor and
photovoltaic grade high-purity quartz sand (total impurities < 20ppm), of which the key
impurities such as Al and Fe are reduced to 4.68ppm and 0.53ppm respectively, and
can be used for semiconductor sand only need to further optimize the Ca content; (total
impurities <20ppm);  The total impurity of Guizhou vein quartz is 40.50ppm, and the
purity of SiO2 reaches 4N6 grade (99.996%), which can be used as milky white lump
material; Heilongjiang vein quartz still cannot meet the high purity standard after
purification, and is only suitable for low-end fields such as industrial silicon.

Compared with the international high-end product standards, the samples from
Africa and India are close to the Unimin IOTA series products, but the domestic vein

quartz is limited by lattice impurities, and the purification process needs to be further



optimized. China's high-purity quartz industry needs to strengthen the exploration of
high-quality mineral sources and develop green purification technology to reduce its
dependence on imported high-purity quartz sand. The process designed in this paper
improves the purity of vein quartz and provides a method for the preparation of high-
purity quartz sand.

The paper has 25 figures, 28 tables and 54 references.
Keywords: high-purity quartz sand; vein quartz; purification process; semiconductor;

photovoltaic
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FRIOK KT R PR, PRI — O IRERE . & CO AR, TERIE B
JIHHERTS, XIS BTDIArie s, BEE R4, SiOy KAl
AT, AR RFALR A 45 TiE).

R kAT IREA RENR 2. B0 /D RE, KRG R, TR
WA S R AR AP S AR, R 97.46%, i A2 e 4 D JEURE LR (A1 i
W= HAN 7 R 7.81% 0, kA s e U RIS E 2%, v Nlika
WY AEEARFN A AR TC R, ATl i i 2% BRI B N B BRI 24 T ko e 2
EAA IR AR E LA T R T AL AL, SR IRER SR
% (Lis Na. K) . #i-4&EtK (Ca. Mg) LK Fe. Ti &4 BRE, I
HABAE By P EI RSB AR, ST hcase B main e, @ 5 EMHY
AR e Y PR L

1.2 EAIMFFRIRIR (Current Research Status at Home and
Abroad)

1. 2.1 ESMFRIR

EFREAA T R EBEEF AL JERR AR =KXk, s EE,
EPE. R W SRR, MR WAt EHEE K. R ES, LETR 14
Ab, Hodr 7 A IEAEAERE, 7 AE M ARAEFEIS, JB3E M X 35 [ i R AL (Spruce
Pine) W ARFUE A K, FRIAMEEME 1000 J5mf; JERCBRER B AE R A (Drag) A
IR, A 26.7 T,

(T —
2 e ge AN W R IR
RREST T S
- . i S . ottt
- y W e _
i AL R
gy ' ;

fr
b A ma

o— Tl MTE

R e AR

K 1-3 Axakes alif s JsoRk A
Figure 1-3 Global distribution of high-purity quartz raw materials
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AR 2019 F)E, EROHEPESAA 5 FEEMERE N 7300 JiM, EFELL
2111 Mg E R E, BREM EZNRIRKE: FEDL 1822 i 5 —,
W PRI F AR A BUA 9L, INEE KL 1000 7 fikA 9% B2 IR HE 4 5 =,
WA B R 904, BRI R 4NS 2 (Si02>99.998%) M UL b malif
G IR R, EERH T 3EE Spruce Pine X AL KA A A SR, DA
B RN E A

1.2.2 ERFEIR

WREAEY P RIFEFEE, FEAAES. ARDA . A TERIR A DI
JURRHTPREEY, AAEE TR Do /NEDR 3 L RS Rr sl JRIE kA
F = A S E R R EEA LU LA X dE#E, Si02 B &N 99.35%:
LI REE, SiO2 FHEN 99.19%; ZZHUEME, SiO2 FrEA 99.01%F1 A S5 X,
B2 AMEA LR FH « YLF58 0T BT SRR A8t X S X 7], ANS 2] (Si0: &
§>99.995%) K& UL b () s aliA vt R IRAE R B %A 04, BRI R EMKEE
B BN RIKA SR, LLEBTREAR S, Bioa gt ge e v 2 Rk
A A2 1%

H AT kA 580 s Al g A 7S O BOR M, XIERIMISEE T Sio;,
TN 99.76% MIMKATHE, SREULGE-TF- 1% -FRIZ I TN T H 4N malif e, gid
SCVELE T RBR R T 25, i — R RS B TS TF B, Hil T 4%
JiE R 25.29x10°0 Al a gt . TERSER T IR, ZMIERIE A IR
R TZ, /18T SiOr 4% aN5 UL B m g 5el0, Jfidnt o R s
LTEHI#E T SiO 4l F 99.9985% H e 4l A7 3

TR ETE S Al i THOR S AR B B 80, H AT O 928 4N 2 g =
MR A =, HS E PR AR B2 2 E . BAARRIN: (1D P~ i
RIEHE ANS H i BRI (2) B AFTE B R, b= 78 55 AN [F) 4 B e bm
Sk RS R A= s (3D A AEFE AR A N, TR SEEL AR A =

WG TR 5 DL ] A A KA S It 50T 52, HE AN [ 45 20 %) ik A o S0, 15 B S
kR e AR S P SR B S e VT kA 9, WF A Sl R 44 R T )
FREFIZ P TG R RAPIRES s MRHEAS R 5 A Sl B0 W) 22 R A e B B B 2 5
B8 A S R AT T B AT B A T2 BRGSO R G AN E R, S
TR AR E R B RD 5 L AL Fe. K. Na. Ca. Mg MEZLTR 48
TR E RNV AR, #ISIFE ANS ZobniiE i A S b, BRRIRE
HHEAR MV AE X — S B ATTIEONT  A1 ) A
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13 EEAR. ARFERUEFRRAE)ZE (Main Contents,
Research Methods and Problems to be Solved)

1.3.1 ARAR

(1) BE &M S S Wb BUBAEIRAS . ANRIZ S 3 R AN R i
P AL i ) L EK

(2) Wit maia iR ai i imAE AT e i Bl (Rik. k) . e
CEGE-/K I IRIZ « Ak BB ) SFFRIMIMAE T

(3) XLl oA B A b 24 i PRIk St A J5RE, BL AT Feu K. Na
Ca. Ma MRk JE 70 R R BRFONTRARIE R S IE S 2l L 2R

(4) W A RS LG, A Sel VA A A G B AR AIE, S 2
ATSE R PPk PR I

(5) MRt R, RS, S L ENAREDHITIOR. A
B, RS A L ZURE AP A 98 P 2 i T R RE A AN AL RS

1.3.2 MRFTESERAREEZL

(1) X [ AN F = UK S AT i 00 b, FIRDD6 A B il o phr A o
MBS K. Hom. DLAAI S inid BB R SR oA, ROFSERHIE

(2)F ] ICP-OES 3 Mt ik S J5 by () 2% it & e S 45 L 200 BUB R 2% o 5
Xf o T E R BR AR

(3) 7PAIRAIIAEIRIZ . iR SR RSN Tiai T2, Wittt —
BREA R A SRR R e i T2,

BEBI UK i 2l S fR 056 . BRI 73 M 55 Ui, X Ihich Sl 2~ 4 Lok
RG24 Jehd T EIMAEIATHE Tt R PG 45 R AT 990, D3I w4l 9
e 7 i AU BRSO R S N IR

BOREGE R -
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K 1-4 BORBRER I
Figure 1-4 Technology roadmap

1.3. 3 UERRRAY O]

C1) X bl o3 A [ A b 2T 5™ AR Bk S A SR, Xt koA St AT A 4 )
WE b, FRE] AN 7 LA B Rk SR i 2l Sed IR

(2) TEATEP IR B IRAEIRGS . AR a0 SR A0SR I AT S 56 -
IR (e . PRIk SACBUR KR BRI RAR)SEER IR T

(3) ARGEA [ P AN [F] it VA S W24 . 2% R IR A AR (0 28
IRRF LR B AN RISR A0y 58, $RALJE XS e A4 JERD AN [RIAS 7 i+

(4) R [F]— Rk oA o J5URLBEAT A1 Se SR AL F HEAT LG, A FR 4L )5 iy 4l A7 9%
PR S REER: SO - BRA AR P R BT RN G S T E,

(5) T e ie. RIRIERE. AL TRRREE, WRENLZ
HRE A g R TR IIE R AL LB 55
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2 Bk AN = KA RERE
2 Difficulties in Purification of Vein Quartz and

Industry Standards

2.1 AEGBEPEIZFEMSE R FIRZS(Types and Occurrence
States of Impurities in Quartz Crystals)

2.1.1 FYIBEEK

W OEAR R IR T B A B I R A T R R AT
PR R 2R — 2 A B R P T AR AL A T AR K, R AR
PN A S S PO R M Y. W AT M EERUTE A st Bt
KA. RO ma. R, SR T A e aasE, ReF—Boh 0.1

1 m~10mmf?'l,

2.1.2 [S#BERK

SRR RN, 48 VSR WA O AR B0 [ = ARV
BRI AFAE T A AR TP I 2 5T, 32 B B 1 A0 v 2N A D AT IR 45 b i B o
Rtz b, 3B AT BE R T 5 b B s AR S ) A 55 RS S R HR P2 R A TR
AR EEAH HO. Haw Na2w CO. COsv CHy H2O. SO2 &5 /NrT 28,

PL K NaCl. CaClos KCIl. Na'. Ca**. K'. CI'v SO 2 TCHLEh FEs 124 j 23,
% 2-1 S ER R EE TR

Table 2-1 The main forms of impurities in gas-liquid inclusions

EA S e VIR 4R
SM: H0. Haw Npv CO. COs.
CHa.

I N 4150 43 A B AR B T 0 A H.S. SO,. HCL. CLy. F,
WAH: Na*. Ca**. K'. Mg*. F
Cl.

Ganm R i PAGr 7T A T A S g4 o SO+, H,0. Hy. CO. COs.

2.1.3 BIEHR

RARATTER Wb Bl B e 3 R ZE DA ML A T A e s (1) KR
Iﬁlg{i E%EPE/‘J A13+’ Ti4+’ Ge4+’ Ga4+’ Fe3+$n PS+%%¥@§E}%E% Si—O
VU B SitEE N AR (2) AN EME: LiT, Na', K'Y H' B s B
AMEFN AT ERFRIR BRI RS, Ge* M iV E U E RS Sit
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2 kA SR Al HE i ROl bR v

W ASUCEE AT BT B, 1 ALY, Fe¥', B =M RS T RAELBFRFE SIS
F 0 S T TG FL AT AN SR, B AP = AN B T B e SiYE, T IE— i
B4 BT (Lits Na¥, K'Y PLE HYYE N A A M B 3 N A% (1 B DA 2 5 F fi
ST IEAR, ARPTRN PRI I SR [R) G A B e (1 7 SN A e s, B ALY
AP iE I R B B 3 AN AE AT Si—O PU T A A ) SitE,

R 22 MR B R AR AT AR R

Table 2-2 Main occurrence states and forms of lattice impurities

LR RERE RSN

Al 2RI /FIESIEES
Fe LAY/ N uV IENCTE
Ca  JSLH AN ZEAR
Mg JRSZ PRI AR
K LAY/ NV IEN T ETE
Li LA [F R
Na  JSZH Y. BFEARMEL R
Ti MSTH YIRS A R

it 4, APTEUR Sitt

TR BRI SR ROKELEEMR; Fed B Si*
TifRARE; EEARPR Ca2

Ho Aty AT Mg?

BRRATAURG Es BL BRI K FEAT M 2R i
BHEARH Lits BT R ME 2%

PR Aoy AEA R Nats i fME AR
G4 TIVEUR Sitt

B eI B3 U Si*
H N IESIEES ALEART IR FIA NI s RMEE R i
% 2-2 AR FUTR IAARS AL A (5] B Miller et al., 2012; Guo et al., 2019)

0 O sty O
I | EgE® |
Si Si i
e ” ~
0\ /0 0\ /0 0\ /0 0\ /0
Si 4 4 i Si Ge"
Bt A | ' I !
I 322 O 0 K, 0
l%‘AW Si L Si
e ” s ~ ’
0. !o 0\'/0 > I SEH”Quh o,
L e 3 Si_Z=mrErgn
HE—M
0 0 0 O Xefrsfepy
| | q I K
Si Si - Fe"
\ V4 > Y 7 ~
o ~ /O 0\ /O 0\_ /O 0\ /0
N _//’0 0 0 )
AENEF | | | |
& #e, [ o140~ —> AL Si Si Si
T oGl o 0 o 0o Yo
AN s / 7/
‘lﬁ -T?{I \*\Beh \Si X i
| | I
0 0 0o

B 2-1 Bl o E A A S dis TP AR TR 2N S5 A il 1

Figure 2-1 Schematic diagram of the existence of trace elements in quartz lattice
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2.1.4 S ARTFREE

AR B TT R 2 BRI SR AL RE , B Bl<e & (Na's K\ Li™)
B IE A JEBIE A RS, BRI O i R R AR, e R T
R IENRPOEM AL, miE MR OSSR, TROERS AR
I, — 5 T B SRR B e, 53— U5 T AR S 3R LA Tk
BRI, A S LR B2 VRIS P A i 4

2.2 BkAFEIREAM = (Difficulty in Purifying Vein Quartz)
2.2.1 RIxBEK

A SR ) PR B A PR IAE A JE AR ) 24 e 0 S i R R DR BRE PR R A e
AU EILNEDFCIRE T LA . AR R AR AR RS
RN = A AR T R AR L], 2T R R h 2 i 3o v A
Wik, PABGIEEL PR, S AER S T AL . R ERSETY), R mal
A A 5 B R 2 — 1,

FALE 28500, A B0 AR RS R A7 2 20 R e DU o L B B f o
RATTIAR LR, X3 BURM BRSO R 2 A 98 fh R I SRR E R 3R 2 —
DOl A H A A AN R BR A B RAR R ITET L CA, BAE R R RSBV
TR TTH A AR BISA RO S AR ORI RN, P DLk PR A5
50 S B R NSRS N P R

R ' :
2-2 Ay AR A

Figure 2-2 Fluid inclusions in quartz
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2.2.2 @gER

SRS S R T 2 R AR ST R AT R A AR I B, BB 2 TR (T AP
Ti*", Ge*, Ga*", Fe’'\ P*45) HUARESANY i 5 Sit #E N f i T8 e ah # 12 J
Jit, IREEAR R RO, (HEEREREARR . XL TR T, Al SRR,
HHM Al JGRKEAZIER, Liv K. Na SRFUCRM S EWSHEB S, &
1 ICER AR BN L R A S i 24 PR i R P T LA SRAE T Z MR IR
Ve, BEWS O & 2 S ORI LB PR ISEE A2 LR 225K Al el .
SRR AR AR PEAETTR B KR

2.3 BkAZEA AERAE(Vein Quartz Industry Standard)
2.3.1 RIRASHARE

Y5 GB/T32649—2016 M, JefRk A Seib — S AbRE & B N K T 85 T
99.99%, Bl 4N ZZLL Ersglifr oihd, RBUTR B & EN/NTEEET 25ug/g, H

BLOEE. VS ESAVNT 2.5ug/e, BRTUGR HEITE:
R 2-3 SR i Serd
Table 2-3 High-purity quartz sand for photovoltaic

i SV (ug/g)
FR(AT) <20
£5(Ca) <1
B:(Fe) <0.5
H(Na) <1
H(K) <1
BH(L1) <1
B (Mg) <0.5
5 (Cr) <0.1
B1(Ni) <0.1
Wi(B) <0.1
%%(Mn) <0.2
4i(Cu) <0.1
ER(Ti) <15

2.3.2 RESHHREAHER

FRE AN [FAT b A7 Sk ] v 4l S b R s s ZER U T
R 2-4 ANFAT AT St s 2 e
Table 2-4 High-purity quartz sand for quartz crucibles in different industries

P TR FEAR L TR LT L PR f ik
) a5 bhz o= bhz 5 b=
Al 9.00 13.50 13.50 18.00 7.70 16.00

Ca 0.80 1.20 1.20 1.20 0.80 1.20
10
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Mg 0.10 0.10 0.10 0.10 0.05 0.10
Ba 0.05 0.10 0.10 0.10 - 0.10
Cr 0.05 0.10 0.10 0.10 - 0.10
Cu 0.10 0.10 0.10 0.10 - 0.10
Fe 0.05 0.05 0.05 0.05 0.20 0.05
Ni 0.05 0.10 0.10 0.10 - 0.10
Mn 0.10 0.10 0.10 0.10 - 0.10
Li 0.50 0.80 0.80 1.00 0.10 1.00
Na 0.50 0.80 0.80 1.00 0.20 1.00
K 0.50 0.80 0.80 1.00 0.10 1.00
Zr 0.50 0.50 0.50 0.50 - 0.50
Ti 1.50 2.00 2.00 2.00 1.40 2.00
Ge 1.50 1.50 2.00 2.00 0.70 0.70
P 0.05 0.05 0.10 0.10 - 0.10
B 0.05 0.05 0.10 0.10 <0.10 <0.10
SUM 15.9 224 22.9 28.0 11.4 20.0

Si02,% 99.9984 99.9978 99.997 999.9979 99.9989 99.998
2.3.3 BFERASagAER

MR e N RS FNE B AT bRdE SI/T 3228.1 € B 177 i FH A b ) #i

€, PR IR TR SRR LT
R 2-5 WL A e
Table 2-5 High-purity quartz sand for electronic products

S Q B febn B
—% géﬁ :é&

A >99.991% >99.990% >99.998%
RIFITCER VR E E(ug/g)
ER(AD) <8.00 <8.00 <16.00
£5(Ca) <0.50 <0.60 <0.80
2k(Fe) <0.15 <0.30 <0.30
£4(Na) <0.10 <0.60 <0.90
H1(K) <0.10 <0.50 <0.60
H(Li) <0.30 <0.50 <0.90
B:(Mg) <0.05 <0.10 <0.20
54 (Cr) <0.05 <0.05 <0.05
L (NI) <0.05 <0.05 <0.05
ill(B) <0.04 <0.06 <0.08
£i(Mn) <0.05 <0.05 <0.05
Hi(Cu) <0.02 <0.03 <0.05

2.3.4 EXEIERA 10TA =R EEIR

11
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FHEICE AR (Unimin) £ s 4 B2 A SERP I & . AR = Rt N 55 7 T B A0
R ai A FERMAT AR AE, e ERR 28 B W & #rJR A (Spruce Pine) 7K, A
P RIRIR ML . TOTA R Al B A G b AR iRy 4 BT . AR AR it & AR
SE it Ji O R R ADGRAT I A AR TR E AR, TOTA R 51 ARFRAE WL
T

%% 2-6 KEJLIEW] IOTA 7 b B4R bR
Table 2-6 Product Quality Index of IOTA

& uE  10TA4 10TA6 IOTA6-SV  I0TA 8 IOTA STD-SV  IOTA CG IOTA STD
Al 8 8 8 8 14 14 14
B <0.05 <0.10
Ca 0.7 0.7 0.5 0.4 0.3 0.6 0.6
Cr 0.007 0.003 0.002 0.001 0.004 0.007 0.006
Cu 0.004 0.001 0.001 <<0.001 0.003 0.019 0.028
Fe 0.3 0.2 0.1 <0.05 0.1 0.3 0.3
K 0.4 0.1 <0.1 <0.05 0.5 0.5 0.5
Li 0.2 0.2 0.2 <<0.05 0.5 0.5 0.5
Mg 0.07 0.07 0.02 0.01 0.01 0.04 0.04
Mn 0.013 0.008 0.004 0.001 0.007 0.029 0.039
Na 1.0 <0.1 <<0.05 1.00 1.00
Ni 0.002 0.002 0.001 <<0.001 0.001 0.001 0.001
P 0.1 0.1 <<0.05 0.1 0.1 0.1
Ti 1.4 1.4 1.3 1.3 1.1 1.2 1.2

2.3.5 BB TQC A BT mBREETR

MBAT AT (TQC) A BR Al B A b AR T Az —, H R
Bk A TR R A% (Drag) , &b S0 1) R AR A0 BE v HLAR BTG 2595
i$s5), D IRk R E 3 B B S k& (Spruce Pine) 17 PR. TQC [ NW R
H A B e e A B A R, FE RS TR AR AR PR B

ik, BARBRHE WL H 3R
# 2-7 PR TQC A W™= i i B i Aw
Table 2-7 Product Quality Index of Norway TQC

TR NW-4A NW-4X
B * *
K 1.17 0.23
Na 1.03 0.10
Li 0.26 0.35
Ca 1.27 1.88
Al 13.85 12.37
Mg 0.15 0.13
Cr <0.05 <0.05

Cu <0.05 <0.05
12
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Fe 0.52 0.21
Mn * *

Ni <0.05 <0.05
o 18.40 15.42

13
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3 BARRANLE

3 Vein Quartz Purification Test

AYARE UK A S 0 SRR EAT 52 40 T2 T 78, SR FH BB kR e . JEIIKA
gi, SRR SR T I A 9L, PR GRS
% 3-1 FEdbg 5 J it

Table 3-1 Sample number and place of origin

TR i
1 LQBS-1 AR Pk A 5
2 LQBS-2 EITRE Jok A
3 LQBS-3 St M KA L
4 LQBS-4 S AN CEE
5 LQBS-5 Ly RN CEE

3.1 ME#E-7KZ (Calcination-Water quenching)

A G AERR - K AR T, RSS2 B A N S AR 1 R AR . Y
A GER G 7 el B S RN K B, JHG P 2 DAL Ay 3l ) B V8 44 T R A R 20T
AF, T AT A RS E IR A, SRR AN S A, T
VR 55 DX I B SR S B B R A o X 8 A P D . 3 PRI T A S PR B AR LA
&, 8T fa ek

AHEH AR S K AR RIS, EEET, Ak
B AR N BRI Z 0T SR, BN E VR, A S UGR EER, R
VB AR B = R P S B BB X T R T S, T A S A A
KRB ZE 5, TR P 28 AL 2T S 1R XK. iR E S B =R
SRS KT, A8 FAb = A FUR o IR 17 A AR R A R B A E A SR A )
R R, RS IR IR T PRt T R 1.

g LRTIR, Bk T A R B = AME

(1) ffif g g AR = A SR IR, BRI A S PR LR 52

(2) BT B A A

(3) RNFEEBRA R ) ORI A,

WORTFURRT, JeXt g A AT ME, 2R SR AR, BT
JEHATIRRE . W B BREIRE 1050°C, BRI K 120 Z04h. Bbe e BuE, R s
NIKH AT K
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3 KA SR A

- y;
3-1 JKPEET A

Figure 3-1 Sample during water quenching

b e v A, R RERR O TN T R AT, SR T RAFE A .

32 JE A R A
Figure 3-2 Sample after drying

3.2 BEH %4 (Grinding-Screening)

HBEATBER - o TAE, fREIRARTE 60-150 H AR, A BB A1 H AR kg
AT DL P RO, 38 2 [ B IR 18] ) ARG N B ARRr g i 7 5, i A B
I TADRE S BOL B, 15 HARRLZ ™ A FRARD,

TR 5 B PR AR AN [F) R 20 o JsURL R S AL 3. 28— SO A i e - /K i L
SRR AT, HATEE H AR T IR EORAR A A T JR S el Ty, 35 3K
NARGHRE-KERAA SR, B H T 65 1 R . BB RN AN RIS
R4 e SRR I RSB X LU o0 i SRR T ) 55 AL B AT DA SR AT RE i 22 Ak
R, TR PP 2R A S g AU .
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K 3-3 HYIERIFAA A 0

Figure 3-3 Agate mortar and sieve
3.3 #4i%k (Magnetic Selection)

W] G UG . IREYER PR ERREYER ), 3 3-2 N L
LY )R
R 3-2 WA PRy R

Table 3-2 Magnetic classification of common minerals

LA 38
BRILTED ) WAL BBRE 4R
IR A4 MR MRS BB, B4 BB JRERTAE
PURETED 1) A BRA TIRA B BERASE

fh3 2 By BOUE, MIRIA RS NS R 25, B iMnsnste
RPRASFEIR )7 8 o S B2 R S e, 1A S AN RER AL, R Lk 5
PR AR MR R B SR S AR U R B, (BRI S R B
EMLPED PIIBR IS ROR A, 2k — D IRAA S0y, IE T AT 55 5 S0,

3.4 ;2i% (Flotation)

FUGE R Y R sKEZE S, SRR & BRI S A e
IR IR0 SR R R 2, BRI IR IE . ZRDRLRE IR FE AR 9
IS I) &, 5 B (R VA% 5 (9 PHLELS 245770 R 2B M .08 2 b 7 BV R 24701
PP E TSR E, PR Z RG] PH R 0I5 R
MRS o A AR 2500 H IR0 T3 K B A A AR Mgk PEZ= 57, A
A AN R O AR i e A T R BL AN R B BRI, 152 H AR .o
AR PR L B A A A S W B BA 5 S N, A E Rt 020K, A B o AL
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) Ji B S PR B H ARt AR, S E b R I 5K, RERSREE I L
PEEN IR, SEHLTE . H R SOGTAT A A R AN  JhIRAN  HR ek A A
HERAWGRIP, 42 18 H AR eI i R i B BRI SR, ) 70 N IR
BE AN S 110, AR R R Dy IR, A% B B U
FEIERE,  E DT IR SR S i

BE%E
- | | o,
5k 4 o ° ‘/) AAE A
° o /
Wi ° 4
@
®
S5 ® o . podail ik
(X
RERE ¢ @ ik ER
@
0% oo Ve

K 3-4 kL TR E R

Figure 3-4 Schematic diagram of the flotation machine

FRE R H B 2R B A SR MR B Y, R A KA A
SR BER 2 B A g KA R s BERT0G 23 75 32 SEAROURE TE A0 B T Y
R 22 A AN ZGFRE FEEAE Y o R SRR PRI oI N SR A s A7), S0
MR BRI N = BER T, ik AR SR S MR AL AL (i APY) A S ek
AL RS E , WP RE T8 55 . LEIPINASYGR, 7 IE B AR R 7 7 LS
PR A AT 2= BER BRiE P A b, AR BRK, 1A S PR SR Z X i R A HL
BANBIFIREE, URFRAKMER, e R T, = Bl T RR S F o f 22
T R AR KYERSE, BN BRSO RS, 2 U0SERTE e i IR K
PR AERF ST IGTIE N 2K, 8 IR IR B . AR iR A
DRI 2K VE B M0 T PR AR SR T

AU HE 1F09 PHOR557, 306075 A A G B BEAT L

3.5 B&i%k (Acid pickling)

R Ve AL — i HI 3R A0T BLo MR AN 10655 T ik R e 25 B S b R T 5 1Y
TR, o A S PR S ) % S U R EEREAT PR U AR B . BRUE A A S T
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IR BRI, 25 R A DERORE N <8 Ja8 2% ot S 3SR A 2 AT W A 2807 2 BRI S
W FE RIS R BE B [A) S5 8 22 Ml [ i ORI, IR I PSR AL HE IR . SRR AN
TR S o 70 SERR IR Ve SR A AR 1, v T S8 B U (M BB SR AR L BR A R4,
— M FH SRR N b SRR Y TR A R ) 4 Al S 0 e b S 40 o &5
FEEE MR BIAMK IR N BRI ] > BRI 5 FE > PRV &2 43 0 > [ 7E R e iy
Wb BRI, T AR A SRR () R TR 54, A4S 0 N R R o 22 8,
B02% 5t 5 B R B T AR, AT AR R 3 i BRI R AR AR o BRUEAR M AN [F] ) &
15N 5y o BB 5 R FR Be RS . 5 IR IR e 2 e AR 18 8 Tk 1 R iEAT IR
Yo, TR TR R M5 % B ey A RS AN R D3RR, DL o s ek 28 42 g it afl
LVE

MR A, RAEMKS HF FERAAEMIE T, 40T UEERZ Fe. Al
Mg. Ca &R, (HFREEGH HF &, BN HF 2@ A s, —#
HF AR SR ER 10% .. MARPSEEREASZAM TREAR, Hrh HCI
5 HF JRER 1IN TROR B 4r 7.

Pk, A3 LA HCLHF:HNO3=3:1:1 fic. & s 11R -G TR iR i, & S EE 90°C,
SN ] 24h.

ARUGRIE R a0~ 3R
% 3-3 IR
Table 3-3 Acid for test

1&g TE%)
HhiR 36.0~38.0
MR 65.0~68.0
AR =40.0

Kl 3-5 BRUEPI I IO 3
Figure 3-5 Reactor used for pickling
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3.6 S4k (Chlorination)

FEHUVE SRAE L E, A g (28 07 2% AN U B 2 A AR RE NS AT R 5 KR
(B R A% 2% i FR) 25 R AT SR A7 A8 B Sk i ST el 98 T 1) ) 8 A A AL BRI 7] £
FECAR P EREARE M, G R TR, B, EPGE SRR EAA R, &
BAEIA T2 B NIRRT Z.

ALK — MR SR A T2, HFREEE I HREE . RS, PR &AL
R Gy e 70 2% e AR N AL, R I SRR )R T 5 Y R AE R U
YEF R P A AL AL BE L, A W N AR R A I 510, A SThL R 2
i< )EeR (Naw Ko Li) AR BRI RE M T 5 &R M A RES
W, MHERTHMERBET, Al B MRMIEEEC, &R SRR s )i
TEER ALY BP0 A BT A% o A A2 Ry URH B SRR AR, T it 28 S
PR RAFBIFRR, SEBLRBESRALM H B,

P B AR B AR T2 =R R FARTRE . i AR5 UL
—Etr, HEARXAI T R:

K 3-4 AFEMKEBR X )

Table 3-4 Differences between different chlorinated roasts

A TRz e

HRR &R R EREAREAY), Eemtr Tl ENHEE, TERA
(FAERE — =2 i) FRVE 2% . B, AH R R BRBCRER
AR AR e )

L . SRS R &AL R P T4 g B,
(R EIE R

FM— BTk R E R, e L

N7

KA N AR E AT RS AR E AT, EAR SRS NaCl. KCL. CaCl,
F1NH4Cl, SRS HE HCL A Clhe VA CL N, Cl fE &R N BA i
Bt 5 ALOs. FerO; & BRI RAESTA N, # M 5FEzin F:

AlLO3+Cl21—AICI31+021 (3-1)
FeO+Cl21—FeCl21+021 (3-2)
FeCLy+Clt—FeCl31 (3-3)
Ti0,+Cl21—>TiCls1+021 (3-4)
CuO+Cl21—CuCl21+021 (3-5)
MnO>+Cl21—>MnCl41+021 (3-6)
CaO+Cly1—CaCl1+021 (3-7)

MgO+Cl,1—MgClL1+021 (3-8)
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Kl 3-6 AL
Figure 3-6 Chlorination equipment

3.7 ARE /& (Chapter Summary)

R EFRAT T A IR T 2050, @B KA B -5y Wik
Fik B AENETLF, ERBASERTLR.

(D)Be-7K A 18I 1050°C mriljBtbe Rk dab B, A S~ R e, H
RN L AR, N JE S e 3R Al 01 16 A R 5% 1

Q)BER-57 4y WIEER 7y, 315 60-150 HEPKE, W4l BB S EU> R IEL.

Q). FIFIRENE 2 S 22 BRI BB S S R

(AL FERRYESCAT TR A GRS, B A a b,

(5)ERYE: KA HCI-HF-HNO; VR &R, RBRA S &8 xR,

O)Ff: BT ERATN ERMEE (Nayw K. LD

A FE A R B & A JERD I T 2R BT R T RIS AR
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4 PRSI HTRR A
4 Analysis and Testing of Finished Products

4.1 FErZA 5347 (Analysis of Hand Specimens)

TP MTFRRASE N T R PG IR O S8 (1 R RS S VR BRI FUR
FAEFIWTRT 1] 8 E RO EREMSUE a5H . MG, BEE SR,
FID G0 R AT 5 S8 H AR IRE DB AN IR A . FARA IR R WM 52 45 R g
SO R Lot R MEEAH T ENE, a0 TZRCR.

R A1 SRR TIRAD T

Table 4-1 Analysis of each sample hand specimen

G MR T

BUEELORMEKE,

LQBS-1 REEH, UVISSIRWTE, i
JE 6
BARE TR K, W
LQBS-2 PR GER, SRR
/N,
BARIEAR, AR
LQBS-3 mn I HUIRZE R L BT W,

=N H =
DK AR
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BERREG, YuREH,

LQBS-4 TREZHM. WA YR
R B,
|
3o
N
, I- BIRR I, PoRgh .
LQBS-5 & HBHRRE L . WA
e PRI . I,

T FHA5Hr, LQBS-1 5 LQBS-2 #{kiE>=, LQBS-3 BiK&EH M, F/ik
W/ EK e, LQBS-4 1 LQBS-5 275, #mK%.

4.2 $E 434 (Microscopic Analysis)
4.2.1 R$th

T AT NG KA JERE B, A HTRE R T AR B A R R L AR
BT & oA BRATRAE B 9 SR BRIG S, TIOIRE S b Al B2, P4l JE
MG E, W TRERE, FBACSA B gl gk,
(DLQBS-1: i NG, & 5 b b kA5 .

e w

% i
WL b 5

f ikl

4-1 LQBS-1 #R5t F F e
Figure 4-1 Photograph of the LQBS-1 probe piece

o
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(2) LQBS-2: & ML UR AR, J& T ik fisemw.

g \' i

l4ugm2%ﬁH%TMH
Figure 4-2 Photograph of the LQBS-2probe piece

GﬂQ%3 ﬁTE%%EE@,m§ﬁ$@%%

l4ngm3&ﬁH?TMH
Figure 4-3 Photograph of the LQBS-3probe piece

@44LQB&4%ﬁ¢% Tmf%
Figure 4-4 Photograph of the LQBS-4probe piece

(5)LQBS-5: i M AgeiEi, WM aEEk.
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o= = o e Wy | L Fol” ) TSR T
. . A . il A
= . N - o .
5 A -, ke j 3 .?-. % ;
[ . .b, .' s;& -1 5 \ - ; \:_r_
4 b, il =, '. . . 373
g ~: & N T =N Y T \ il g z
;2 . -y 4 g =t
T e o A s SRR SR
.5 '~ < N -
i o g ey e S
e b, S, A v —‘__.
- N, € {1 ¥ st
SR =L
iy - g _‘ {? +
i -, - 3. :
on_ e s s ST
L & -‘h.h”:ﬁ g
N B | ;
s e S 200um
il 12

K 4-5 LQBS-5 #R4t s R A
Figure 4-5 Photograph of the LQBS-5probe piece

4.2.2 BMERy

BT RS N WY, XA TR R BRiRd R Sl
FEHEATHOR M, R EAN L 2R A5 N AL AR ) L BRAUR
* 42 ZBRMEE T AT

Table 4-2 Analysis under sand microscope at each stage

P D R e b AL IR

d Vi epsinkl : . . | i T 4

PRI AESE T T WK R R ZEAE, BRUERD T R E R B W] BRI, (H
VAR iR, A R AR EE N D, DU IR AR BT & B Bt
TR, 5 R 2 - TRR - L2 AR, Ao AR Rl 2 BEEL
BRIEID, B ZT VIR 285 B BUR B SR A5 B 2 4R 7T

4.3 |CP-0ES 47#fr (ICP-OES Analysis)
4.3.1 [

PR & 55 B3 T R SR TS VR (ICP-OES) 19 i B2 1| FH 0 i e 8 R S5 it )
R E IS RV HEAT T0 R 70 e B A G I 254 R e N R IRORORE, FAR S
N R R & 5 B AT R R R R R . R B, JFEE—
AALJR T AN BT RO B BEAS o M IX UGS I HL T s BE D ERAT [P BE 2%
I, SRR R B ROEHRST, T BURFIE TR 2. RRI I H K R, tiot
LA I A BB A 5 2 (CCD) TIEE s . BTk 9 8 5 R il TP T R IR L AE
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4 i s il

—EJEHEN 2RO R, @S CHIREERIARHERE ST b, BRI AT ST 2R B e P
F5E & HTi,

FL R & 25 B8 PR R B 6 iR (ICP-OES) L A L R4 i

(HZ LR FIRALD . ICP-OES R H I 2 — o BRELASM E AR FAZAE
JLE, #REHE FH ICP-OES Kuill, w] LAYE— YCHERE Hh A Bl 2 20 Fh o R & &
KIGHRTH T 20K

()RS PR AN AE 43 BTG Bl 5« 0 38 A R P 48 K 2 B0s 3= 7KV 1
& HFRIE 0.1-100ng/ml. ICP-OES K LAERh£E W B 5~6 M E LMK
B, XEWRELER Mg, ICP-OES BERE MR E LR, tAs B sk g
Wy, WOFEMMREBURAINIDIR, BIREERE.

G ae SR MEE FiE YL . ICP-OES A B m &R JH T B K
BE77, THARFIEBAR. FTaHTifs RTINS o B RE i i) s i gk AT
ST, AT DAY BRFE & W S5 R LR ST

4.3.2 |CP-0ES Z5 R4 4R

it ICP-OES #iAR, XHEEMAEIRN . ik, BRUEASEMM BN CR & i
ATREIN, B EF O UG R AEAN R T E R PR EARAL, 5650 4 & m50E R
R LRI . TRYE. S =AM PR A Je A B T 2 I B R AUR

(1) LQBS-1

200

—Al

—— B (249.772 nm)
Ca (396.847 nm)
Co (238.892 nm)
150 Cr

Cu (327.395 nm)
Fe (259.940 nm)
—K (766.491 nm)
Li (670.783 nm)
— Mg (279.553nm)
Mn (257.610nm)
Na (589.592 nm)
—Ni

JUR & &/ppm
=
S
T

so L Ti (337.280 nm)
sum

0 | ———— e |
R 1Tk 73 Atk
TZhE

] 4-6 LQBS-1 Ff i & LE M Bt R &M
Figure 4-6 Elemental changes in each process stage of the LQBS-1 sample
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4 Jdh s

WE R, LQBS-1 Ff & FFik-IRYE-F4b T2 5, SRR S EY]
WK, Hr, BRFUTER S ERE<SOppm, Al<30ppm, Ti<lOppm, #F&7E X
iE - R N (w4 B A S (HPQ) I AR HE , S102 411 99.9991%(5N 2%).

10* 102
—Al Ca (396.847 nm)
T £
£ E
& &t
a0 F 510 F
12 R
s s
E] g
100 r,-l., ‘,I‘ ,I, 'I 100 ,_l - ‘_I. l. - 'l
JEH be5 bk Eeia JEH I ik e
TEhk TZif
§ 10'
Fe (259.940 nm) K (766.491 nm)

/

log1 0(JG % % Ht/ppm)
=)
T
log10(JG % % t/ppm)

100 1 — »,{,l,, . .l, 1 1 1 1 1
56 g Mt A ik 3 el
T TERRE

10' 10'
——— Mg (279.553nm)

Na (589.592 nm)

log10(JG % %5 #t/ppm)
2
T
log10(JG % %5 #t/ppm)
2
T

lofl 1 1 1 1 lofl 1 1
S ik 474 A SR ik 474 A
L2 T

10' 10'
Li (670.783 nm)

Ti (337.280 nm)

10° 10°

log10(JG % %5 #t/ppm)
log10(JG % %5 #t/ppm)

lofl 1 1 1 1 lofl 1 1
S ik 474 A SR ik 474 A
TR T

K 4-7 LQBS-1 # i % T2 BRI TR AR
Figure 4-7 Changes of different elements in each process stage of LQBS-1 sample
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% 4-3 LQBS-1 £ ICP-OES Jt # il 45 1
Table 4-3 ICP-OES element test results of LQBS-1 sample

FE i Al B Ca Co Cr Cu Fe K
(249.772  (396.847 (238.892 (327.395 (259.940 (766.491
nm) nm) nm) nm) nm) nm)
LQBS-1 Jifi~  39.86 0.2 9.63 0.02 0.15 0.17 124.28 4.53
LQBS-1{#it  10.68 0.05 5.88 0.02 1.67 0.06 5.73 0.72
LQBS-1 |l 6.37 0.03 3.15 0.01 0.02 0.02 0.12 0.22
LQBS-1 &4k 4.68 0.03 1.64 0.01 0.09 0.02 0.53 0.09
FE 25 Li Mg Mn Na Ni Ti sum
(670.783 (279.553 (257.610 (589.592 (337.280
nm) nm) nm) nm) nm)
LQBS-1 i#lm  0.73 4.75 0.31 3.89 0.18 0.8 189.5
LQBS-1 /%t 043 0.3 0.06 3.15 0.68 0.62 30.05
LQBS-1 |l 0.37 0.07 0.01 1.44 0.01 0.53 12.37
LQBS-1 &ft  0.33 0.08 0.01 0.68 0.05 0.51 8.75

WK 4-6. 4-7 K3 4-3 fiior, LQBS-1 JEH B4R ER: Y Al S &N
39.86ppm, Fe 4 124.28ppm, & FE IR G & A A )5, Al &5 M 39.86ppm
%% 10.68ppm, EFRFN 73%; Fe M 124ppm (&% 5.73ppm, EFREN 95%.
TXUF BRI AN 30 W DA 20025 o o AR R A PR R A

KRRV G, Fe Al #E—28 K. Al M 10.68ppm F& % 6.37ppm, %
B 40.3%; Fe M 5.73ppm [&Z 0.12ppm, ZEEEF 97.9%; Na M 3.15ppm [&E
1.44ppm, ZFRFIL 54.3%; Cr M 1.67ppm FEZE 0.02ppm, H£[EHZHiE 98.8%. iX
TP B A SR M &R A4, 1B A28 oA SR LR A S
. 2840EE, Naf K S8 T, XEHTEHEFTEIEMESRE
Na. K. Li) SO AE R R S ALY, U0 S A XTI 4 8 2% 5t 22 B U R B 4T

AR IR AL K, M2 5 M 189.5ppm [£ % 8.75ppm, it R %Ik 95.38%,
Wi R mAiA T (HPQ) M4 Fi<S0ppm FrifE. Al F2+% & 4.68ppm i & - T4k
FACARG A A FRb BSR, (H Ca (1.6dppm) i T T IHE . S,
R 2 B R SR RO R s AR SR I S 7, BB TRAE Ca S &
M EhaEtE Lit— =,
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/ppm)

i)
41
&
1R

log10(

log10(JG % % #:/ppm)

(2) LQBS-2

250

200

g
gwo
il
4

\

1B 100

T

50

—Al

—— B (249.772 nm)
Ca (396.847 nm)
Co (238.892 nm)
Cr

Cu (327.395 nm)
Fe (259.940 nm)
—K (766.491 nm)
—— Li (670.783 nm)
— Mg (279.553nm)
—— Mn (257.610nm)
Na (589.592 nm)
—Ni

— Ti (337.280 nm)
sum

JE A 7 i%k fRke
TZHE

K 4-8 LQBS-2 #f il %+ L2 BUt R &M
Figure 4-8 Elemental changes in each process stage of the LQBS-2 sample

WE TR, LQBS-2 FEfh &Ik -FRvE T 2 MG, {8t R & & BRI,
Hor, BARFCR S EIRE<S0ppm, Al<30ppm, Ti<lOppm, &€ X NEH T
RN R A AT (HPQ) HIARHE, SiOx ZHFE 99.9990%(5N 7).

—Al
10* |
10' |
10° |
10*1 1 1 1
e ik (75
T2
10°
Ca (396.847 nm)
10"
10° |
10 1 1 1 1
J5 ik Bk
LZmfE
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=1
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R TRk ek
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10°

10°

Li (670.783 nm) ——— Mg (279.553nm)
~ \ —~ \\\\
£ =} \
g g \
= - =
s B 1 \
5 5 \
B B \
s s \
2 Ey \
g g \
\
\\
L%'llw" élné E&;?E L%'llw" /%—‘m E&:ﬁ
CEE L
10? 102
Na (589.592 nm) —— Ti (337.280 nm)
\\\
g 10' \ g 10'
&1 \ gt
# i [
15 15
ERT 2k
10" —L L 10" L —L L
ik e/ JEA" Ik e/
ey ey
K 4-9 LQBS-2 # i % L ZMr BRI TR AR
Figure 4-9 Changes of different elements in each process stage of LQBS-2 sample
# 4-4 LQBS-2 £/ ICP-OES Jt & A 45 3
Table 4-4 ICP-OES element test results of LQBS-2 sample
FE it = Al B Ca Co Cr Cu Fe K
(249.772  (396.847 (238.892 (327.395 (259.940 (766.491
nm) nm) nm) nm) nm) nm)
LQBS-2 5~ 130.37 0.33 8.06 0.03 0.09 0.07 1.65 17.05
LQBS-2 ¥k 9.81 0.22 1.19 0.01 1.18 0.05 3.47 2.06
LQBS-2 gl 4.82 0.14 0.55 0.01 0.03 0.04 0.27 0.11
FE 25 Li Mg Mn Na Ni Ti sum
(670.783 (279.553 (257.610 (589.592 (337.280
nm) nm) nm) nm) nm)
LQBS-2 J5if~ 0.58 0.93 0.09 81.38 0.01 4.19 244.83
LQBS-2 ik 0.38 0.14 0.03 1.85 0.44 3.16 23.99
LQBS-2 Bl 0.36 0.05 0.01 0.77 0.02 2.77 9.95

WK 4-8. 4-9 3k 4-4 flion, LQBS-2 JEH FE i Al &84 130.37ppm, Na
EE KA. BB
W, MR YIS ERAK. SRS Al A 130.37ppm fFZ 9.81ppm, %
BRIk 92.5%; Na M 81.38ppm F&Z 1.85ppm, EFRFIX 97.7%, UE W% X} 44
KA BER 7 B R M o B TRVEAL PSS, AL M 9.81ppm [% % 4.82ppm, 2

N 81.38ppm, Fe & &N 1.65ppm, XFKHAIEH H[H
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B3 50.9%; Fe M 3.47ppm [%2 0.27ppm, ZEEF 92.2%, UiHHRIEN &)@ THR
ERMIREE .

MEEAR L TR AL KT, HZ4 R 244.83ppm [ % 9.95ppm, M ERRFRIE
95.94%, ¥ & A g (HPQ) M 2R ii<50ppm brifE. &I S, LQBS-2 i
CLHA HI & SR SOGR B Al b 138 7

(3) LQBS-3

150

—Al

—— B (249.772 nm)
Ca (396.847 nm)
Co (238.892 nm)
Cr

Cu (327.395 nm)
Fe (259.940 nm)
—K (766.491 nm)
Li (670.783 nm)
—— Mg (279.553nm)
Mn (257.610nm)
Na (589.592 nm)
—Ni

Ti (337.280 nm)
sum

100 -

JUR & &/ppm

50

¥

0 ) = ——
JEA ES R
T2
K 4-10 LQBS-3 Ff i % L Z M Bt R A2k
Figure 4-10 Elemental changes in each process stage of the LQBS-3 sample
M 7R, LQBS-3 FEfh A Fk-IRE T 24 G, BRFUTR S EIRE
<50ppm, Al ##ix 30ppm, Ti<10ppm, AL ER & ERITEH T S RHER B

i A9 (HPQ) HIbRHE, SiO: 4 99.996%(4N6 2).

2 \0
10 \—A' 10 ——B (49772 mm)
£ 1o E
2 =
] o
&1 41
I 1R
= £
g 2
10 1 ‘I 1 1 1 1 1
JEH ik ke R Ik [ivai
L 2R L2
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10°

logl0(JG % 7% #/ppm)

3

log10(JG % 7 #/ppm)
=

10°

log10(JG % 7% #/ppm)

10°

log10(JG % 7% H/ppm)

10'

——Ca (396.847 nm)

10°

logl0(JG % 7% #/ppm)

J5A

Bk

10'

——K (766.491 nm)

10°

log10(JG % 7 #/ppm)

J5A

Bk

—— Mg (279.553nm)

3

log10(JG % 7% #/ppm)
=

J5A

Bk

——Ti(337.280 nm)

J5A

T

K] 4-11 LQBS-3 FE i &% L E R BOAN R o KA

Bk

——Fe (259.940 nm)

Li (670.783 nm)

Bk

——Na (589.592 nm)

Figure 4-11 Changes of different elements in each process stage of LQBS-3 sample
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% 4-5 LQBS-3 £ ICP-OES ju # Al 45 1
Table 4-5 ICP-OES element test results of LQBS-3 sample

JE T TR Al B Ca Co Cr Cu Fe K
(249.772 (396.847 (238.892 (327.395 (259.940 (766.491
nm) nm) nm) nm) nm) nm)

LQBS-3 il 92.23 0.44 6.02 0.02 0.04 0.11 4.5 9.67
LQBS-3 Fi%k 42.08 0.24 2.28 0.01 0.99 0.03 2.97 3.42
LQBS-3 #£ 1 8 30.73 0.17 2.15 0 0.02 0.02 0.17 1.67
LQBS-3 ¥ 2 | 31.12 0.15 2.05 0.01 0.02 0.02 0.21 1.68

FEfdn 5 Li Mg Mn Na Ni Ti sum

(670.783  (279.553 (257.610 (589.592 (337.280
nm) nm) nm) nm) nm)

LQBS-3 il 1.75 0.63 0.15 14.66  0.09 0.64 130.95
LQBS-3 Fi%k 1.08 0.15 0.02 5.32 0.35 0.14 59.08
LQBS-3 F£ 1 /M 0.98 0.1 0.01 3.9 0.02 0.11 40.05
LQBS-3 #+ 2 fRilll 0.99 0.1 0.01 4.02 0.01 0.1 40.49

W 4-10. 4-11 23 4-5 iz, LQBS-3 JEH M4 & &N 131.03ppm, Al.
Na fl K 2 F 25, Al. Na K S8 G . @FR0E 5, Al A 92.23ppm [%
£ 42.08ppm, EFRFN 54.3%, Na fl K FIEBRRDHIN 63.7%H1 64.6%. LR
VoAb 5 , 24 2> & 40.05ppm, Fe M 2.97ppm [% % 0.17ppm, 2= 31k 94.3%,
{H Al M 42.08ppm [£% 30.73ppm, ZFRFAN 26.9%, & FRHaLEFET I I 2
. PRIRERVE RIS 45 SR s T — 3, ERH T L 2R e iy, FEAMERTE/S Na
TEISE R, KA 4ppm, K EEN L.6ppm, HEESEILE S, MR
MHRAERETEREZ, SARZHERAMESREITE.

LQBS-3 7E Na. K fl Fe L EBRFCRHE, HE Al S EIE S, ©F 5]
N FMNER SR BRI )7 45 7 i — A Brdk, LQBS-3 BT H B ERrE, wIiifE
Vo NSE

(4) LQBS-4 #1 LQBS-5

% 4-6 LQBS-4 £ ICP-OES Jjt & il 45
Table 4-6 ICP-OES elemental test results of LQBS-4 sample

FF it 9 5 Al B Ca Co Cr Cu Fe K
(249.772  (396.847 (238.892 (327.395 (259.940 (766.491

nm) nm) nm) nm) nm) nm)

LQBS-4 £ 1 ]l 118.24 0.39 0.46 0.01 0.02 0.03 1.48 1.8

LQBS-4 ££ 2 Bl 114.94 0.39 0.47 0.01 0.02 0.04 1.44 1.72

32



FE S Li Mg Mn Na Ni Ti sum
(670.783 (279.553 (257.610 (589.592 (337.280
nm) nm) nm) nm) nm)
LQBS-4 # 1 [l 5.38 0.2 0.24 6.97 0.01 17.4 152.63
LQBS-4 # 2 FRill 5.23 0.2 0.24 6.75 0.02 17.01 148.48
% 4-7 LQBS-5 Ffi ICP-OES JLER KLl 45
Table 4-7 ICP-OES elemental test results of LQBS-5 sample
JE T TR Al B Ca Co Cr Cu Fe K
(249.772 (396.847 (238.892 (327.395 (259.940 (766.491
nm) nm) nm) nm) nm) nm)
LQBS-5 ¥ 1 f&M  112.57 0.51 0.43 0.01 0.02 0.03 1.4 1.59
LQBS-5 F£ 2 |0 111.72 0.4 0.56 0.01 0.02 0.03 1.43 1.61
FE S 5 Li Mg Mn Na Ni Ti sum
(670.783 (279.553 (257.610 (589.592 (337.280
nm) nm) nm) nm) nm)
LQBS-5 F£ 1 /M 5.06 0.19 0.23 6.43 0.03 16.38 144.88
LQBS-5 F£2 iR 5.05 0.21 0.23 6.37 0.02 16.33 143.99

LQBS-4 1 LQBS-5 ¥ fh 1 - H R4 s ALK, $RAGRCRZIR, @il — &5
AL Z)E, AUTE VKRR, Lt S ELRPIUTR BN maia
yebriE, BABUEEAL 140ppm o, XSRS HEHE ML & A KER
TR AR mEM . SR B ER R Z AR, UESEH A B2 %

N A IR ANS A R T T .

LQBS-4 Al LQBS-5 U BL{LAE A T3 TALRESUS, #5484 3U T
G OB AT, TP TR — R 5
LI B R R EL SRR L, Stk K.

4.4 t#mmITEE (Sample Comparison)

HRPEZE DY & ICP-OES #4553, X HAFEM (LQBS-1 3] LQBS-5) ) 524
LB R EE UK LBRRIAT N, RN ARE R SC 2.3 AT H I FRHEEXT Bk

S BT 2R,
4.4.1 BEFRERREITEL
% 4-8 BFEN B R

Table 4-8 Total impurity removal rate of each sample

PR JEH S (ppm)  BRVEJA BB (ppm)

BARERE (%)
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LQBS-1 189.5 12.37 93.5%
LQBS-2 244.83 9.95 95.9%
LQBS-3 130.95 40.49 69.1%
LQBS-4 - 148.48 -
LQBS-5 - 143.99 -

LQBS-1 1 LQBS-2 7%t £RZFILE 90%, &2 maifaiinit (g
<50ppm) . LQBS-1 &t/ 544 %% 12.37ppm, LQBS-2 FRYL /G B4 % 2
9.95ppm, LQBS-3 E[EH A 69.08%, MZ4F &% 40.49ppm. LQBS-4 Al LQBS-
5 R AR, BRVESE SR 150ppm, Joikip 2 m i Eik .

250
—=—LQBS-1
—=—LQBS-2
—=— LQBS-3
200
g. 150
£
)
41
ik
1= 100
50
0 T T T T I
JA” 7% [rer
TZifs

Kl 4-12 FFEm AR L 2R SRS &
Figure 4-12 The total impurity content of each sample in different processes

442 FETEEBREILE

(1) Al
49 FhE Al BERE
Table 4-9 Al removal rate of each sample

FE g JZH & & (ppm) W ESE (ppm) EEEXR (%)
LQBS-1 39.86 6.37 84.0%
LQBS-2 130.37 4.82 96.3%
LQBS-3 92.23 31.12 66.7%
LQBS-4 - 114.94 -

LQBS-5 - 111.72 -
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)

(2) Fe
R 4-10 HHEdh Fe RPRAE
Table 4-10 Fe removal rate of each sample
5 JFEH &&= (ppm) WHESE (ppm) EBRE (%)
LOBS-1 124.28 0.12 99.9%
LQBS-2 1.65 0.27 83.6%
LQBS-3 4.50 0.21 95.3%
LQBS-4 - 1.44 -
LQBS-5 - 1.43 -
(3) Ca
R 411 SFE Ca KERF
Table 4-11 Ca removal rate of each sample
Ff it i 5 JRH & & (ppm) WHEEE (ppm)  EFREER (%)
LQBS-1 9.63 3.15 67.3%
LQOBS-2 8.06 0.55 93.2%
LQBS-3 6.02 2.05 65.9%
LQBS-4 - 0.47 -
LQBS-5 - 0.56 -
(4) Na
* 4-12 BFESD Na ZFRE
Table 4-12 Na removal rate of each sample
(EETE TR JZH & & (ppm) W ESE (ppm)  EEEXR (%)
LQBS-1 3.89 1.44 62.9%
LQBS-2 81.38 0.77 99.05%
LQBS-3 14.66 4.02 72.6%
LQBS-4 - 6.75 -
LQBS-5 - 6.37 -
ST
R 4-13 HFE T RERE
Table 4-13 Ti removal rate of each sample
FE i dm s JRH & & (ppm) WHESE (ppm) EEEXR (%)
LQBS-1 0.8 0.53 33.8%
LQBS-2 4.19 2.77 33.9%
LQBS-3 0.64 0.1 84.4%

LQBS-4 - 17.01 -
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LQBS-5 - 16.33 -

H EERF1S, LOBS-1 i Al £BR%FN 84.0%, LQBS-2 Ffit Al ZFRZFN
96.3%, RHJZ L X Al LR EZE, LQBS-3 1 Al XFRZFEAUHN 66.7%, Al
R R Al e BN R 2R, Fist— 2L T Z. LQBS-1. LQBS-2 Al
LQBS-3 =41 i I8k 22 B Za S IR ¢, 1F B T 200k 25 B e 77 058 . LQBS-
1 1 LQBS-3 () Ca & &AL RHE, FTHBELL T2 LEE. LQBS-2 ff Na 2k
9 99.05%, R T ZXT KA S5 070 B8R %% . (5 LQBS-1 fil LQBS-
3 I EFRFEMIC, PIREZ Na BAFAE A 98 kg ohofE Dod i 3L 2 LB

10?
B LQBS-I
= LOQBS-2
® LOQBS-3
= LQBS-4
0 LQBS-5
10!
=
o,
= [
[+
10°
]
i
]0—| . Loa oy el " s el M N AT | L M T
107! 10° 10! 10° 10°

Al/ppm

Bl 4-13 i L 2 SEbm
Figure 4-13 Samples and high-purity quartz standards

4.4.3 5l RAFRESTEE
FRAR 2.3 B L BRE, T AMVEESL (LQBS-1 | LQBS-5) 4:#itn

T
(1) LQBS-1
% 4-14 LQBS-1 5V iy bniExT Eb

Table 4-14 Comparison of LQBS-1 with industry standards
PR KT R BRI EMMFAIE AU
pA N RTEA SN Ca (1.64 ppm)>1 Ay F& Ca Ja AT H Toutkb
AR )ZE Ca(1.64 ppm)>1 WA E Fr Ca J5n] T MR A JZ1b
T AR 90 Ca (1.64 ppm)>0.8 e Fr Ca Ja vl H T2 21k 1>
JtJEHI 10TA-8 Ca(1.64 ppm)>0.7  HHFH FEi TIOTA-8 byt
TQC NW-4A Ca(1.64 ppm)>1.27  ¥HFE $EiE IOTA-8 Fpife
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Zi b LQBS-1 Ff i &VFiE-FRve-A A 5, S8 & &N 8.75ppm, SiO;
EE1A5 99.9991%, B SN Zofdikb, 40 E PRI maifa 9emb /K F, nf&id it
— k& Ca JG1E NN SR R alia S .

(2) LQBS-2
# 4-15 LQBS-2 5k I AxEXT Lb
Table 4-15 Comparison of LQBS-2 with industry standards

PR KEICREIR I RO EAME &k

etk H malioa gemb / e CING RN

AEHIREAAZED Al FERK HoNE HATH Al T2 a0 H RN ER
N PR = i ERD / iy AE R AR

JtJE B I0TA-8 / FE 1 IOTA-8 Frife

£5 . LQBS-2 FEAAIFIE-IRULMEL R, B & BN 9.95ppm, SiOx &
1% 99.999%, B SN A 5Eth, B A wdtinmai N EER, Al & &
K, AI{EREEIMAE Al TEMk, B AL{E Al LR S EIAE] 7-8ppm J5 A[1EN
N FAR SR = A A SR A

(3) LQBS-3

K 4-16 LQBS-3 5k I AxEEXT LL
Table 4-16 Comparison of LQBS-3 with industry standards

brift S RETEMET REHOE SRS
HRFAFAAHRD BT 4049 ppm ARG BT
FSHHARANZT BT 4049 ppm AR R T 8
FRAREAGYR BT 4049 ppm  AHE B FIT 8
JLJe B 10TA-8 BAR 4049 ppm  AFFL AR T 2
TQCNW-3A BAT 4049 ppm A ARHE T B

Zx b: LQBS-3 FRAMETFIE-BRULALELS, SIABUS BN 40.49ppm, SiOx &
A 99.996%, HEZ WA LR & B, WENEL EIeRHE .

(4) LQBS-4 1 LQBS-5

Fifisc& (Al Tiv Liv Na. K %) Biml ¥ asibek, (08T Dbk,
PR I, TEEH T SR EOR R U

4.5 KE /&5 (Chapter Summary)

AEBLFIRADH. B FW %K ICP-OES &, 204 T AR TEM B A
FLA R ERRBCR, N T 2R RIS S .

() FFrAI . A ZERFAEHAIWT LQBS-1 5 LQBS-2 A i 2 & it A2 4FAIE
M LQBS-4 1 LQBS-5 K&k & &5, W15 H e A AL R .

Q)5 Fortr: XIARMEMIEATE T i, KIBEE TE0#T, O E8E
BERD, B TR -F A T 2 AR A A R

P4
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(3)ICP-OES 43 #7: LQBS-1 J= 2% 5 FH 189.5ppm P4 % 8.75ppm, K FE3H 95.38%,
SiOx F &L 99.999%, FAEANF 4k KGR E mai A s mb i A, LQBS-2 H
244.83ppm P& % 9.95ppm, EFRZF 95.94%, SiOr & EIE 99.999%, AJVE NGk
FAARG oA JErb ;. LQBS-3 [RLE 24 i G 25k B 8 i Ak 3 4, mr i
FLEEEL; LQBS-4 Al LQBS-5 FEH™ an 74K, ek % Bk R, A3 H T 41 .
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5 Conclusion and Outlook

5.1 Z51(Conclusion)

M T LKA FEON R RE, Wit T — 8 WY EES B AR A ZR A L 2R,
IR LQBS-1 %2 LQBS-5 W45 R0 #r, 45t AN [F] 7 bk A 9 SR 260 ) &
T FH A

(1) BEHIBRE- /K . R -0 40 Wik V3% BRI M EAL g B 4Ra T 2.
-7k (1050 CO) R T A e INLIRGERE, A R BB e iR 24k, wkik
R VIR, LBRERBAVEA I, PR/ BRI 2 A A SR Al ), R
B AR A . BRI Y), BYeRH HCL:HF:HNO: 4 3:1:1 KR
G, P EBRATENIRAR, SR ESRES, HEEE (Na. K. LD
FARIEREE NS, BT E R A0

(2) KRHFIEADHr B F WSS ICP-OES #&ll, Xt Eu b AR F T Z B B
AR LB RR . LQBS-1: SR % 8.75ppm, SiO: F ik 99.999%, Hf
SN f Jelb, G5t it — P Bk Ca Ja AT AE A2 SR BB AR G i 4 e b A8 4 . LQBS-
2: BARBEZE 9.95ppm, SiOx & EIA 99.999%, B SN A Hwb, 5 Al J5rfE
b SR R AR P A A TERM A ] . LQBS-3: SRS B A 40.50 ppm LAF SiO2
TEIX 99.996%, B 4N6 Jifdehb, AN HIERME A . LQBS-4 1 LQBS-5:
B e g Bmi@An e, TovH T2 SRRSO R

(3) KFEEAF BT AN IR 7= 1 ) Jik oA 9 B b A S B s 28R . AE9H (LQBS-1) -
JRA i rEr, BT EPRTO K BIFE (LQBS-2) « iR, (H Al
TRIRC, FEFHTE AL LE; PESIM (LQBS-3) : Fi &/ &K, B
BN S4B T E YT (LQBS-4/LQBS-5) R4l A R, Lirttz,

5.2 FREE(Outlook)

ARSI T kA el a6~ TR LR = alq Serb i L2, Bk
TIBGe-AKVE S BER-T > WAL k. BRVE A EMEGE LA, JfE
IR R T AR P2 H KA S 3R 200 ) o SRS T B BOME R, 5 i T A
RESIA IR, IEAFAE— L) AT F5 7L

(1) A LZX Ca ERTIATE, Tt —DIRAERE LT Z.

(2) PRIt BEARAREE 11, 2T s oot 2l e ¥ 70 KA 9y PR i 2k

(3) LZENA SRS, AR, AR IRR s OE AT %,
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Abstract: Quartz samples of different origin from 10 localities in the Southern Ural region, Russia
have been investigated to characterize their trace element compositions and defect structures.
The analytical combination of cathodoluminescence (CL} microscopy and spectroscopy, electron
paramagnetic resonance (EPR) spectroscopy, and trace-clement analysis by inductively coupled
plasma mass spectrometry (ICP-MS) revealed that almost all investigated quartz samples showed
very low concentrations of trace elements {cumulative concentrations of <30 ppm with <30 ppm
Al and <10 ppm Ti) and low abundances of paramagnetic defects, defining them cconomically as
“high-purity” quartz (ITPQ) suitable for high-tech applications. EPR and CL data confirmed the
low abundances of substitutional 'Ti and Fe, and showed Al to be the only significant trace element
structurally bound in the investigated quartz samples. CL microscopy revealed a heterogeneous
distribution of luminescence centres (i.c., luminescence active trace elements such as Al) as well
as features of deformation and recrystallization. Tt is suggested that healing of defects due to
deformation-related recrystallization and reorganization processes of the quartz lattice during
retrograde metamorphism resulted in low concentrations of CI. activator and other trace elements
or vacancies, and thus arc the main driving processes for the formation of TIPQ deposits in the
investigated arca.

Keywords: quartz; cathodoluminescence; electron paramagnetic resonance; trace elements

1. Introduction

Quartz and other silica minerals are some of the most important rock-forming minerals of the
Earth’s crust, and are important industrial raw materials. Qwing to their abundance and physical and
chemical properties, natural silica raw materials have a wide range of industrial and technological
applications [1,2].

In particular, high-purity quartz (HPQ), with less than 50 ppm of contaminating trace
elements [3,4], is of high economic value, resulting in prices up to 20 times higher than those of
low-quality (“common”) silica raw materials [5,6]. TTigh-purity quartz is of strategic importance
for the high-tech industry, because it is a critical material for the manufacture of crucibles used
for single crystal growth of silicon metal (needed for solar panel and micro-chip production),
high-temperature lamp tubing, telecommunications, optics, and semiconductor materials. Because

Minerids 2017, 7, 189; doi: 10,3390,/ min7 100189 www.mdpi.com fjournal /minerals
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of the increasing demand for HPQ there are increasing exploration activities underway to search for
potential deposits worldwide.

The specific quality requirements of the quartz material are challenging with respect to analytics
due to the very low concentrations (from 0.1 to 50 ppm) of impurity trace elements [2]. Natural silica
materials, in particular quartz, are characterized by specific properties—including lattice defects,
abundance of lattice-“foreign” trace elements, degree of recrystallization, etc.—which are the result
of the regional geological history and the related specific conditions of formation. Therefore,
the knowledge of the interrelations between genetic conditions and quartz properties can be used both
for the reconstruction of geological processes and for the prediction of deposit location and quality as
well as for specific industrial applications [7]. In particular, information about the number and types
of defects is important for the processing of the raw materials and the potential technical applications.

The present study presents results of a comprehensive mineralogical and geochemical study on
potential HPQ deposits of different genetic types from 10 sites in the Southern Ural region, Russia.
The investigation aims to obtain delailed information about the type and abundance of lattice defects
and contaminating trace elements of these quartz materials in order to determine the critical processes
and conditions responsible for the formation of HPQ) deposits. This aim is achieved by a combination
of multiple high-sensitivity analytical techniques ranging from cathodoluminescence (CL) microscopy
and spectroscopy to electron paramagnetic resonance (EPR) spectroscopy and trace-element analysis
by inductively coupled plasma mass spectrometry (ICP-MS) and laser ablation ICP-MS.

2. Materials and Methods

2.1. Geological Background and Sample Material

Potential high-purity quartz from 10 different localities of the Southern Ural region northwest of
Chelyabinsk (Russia) was investigated (Figure 1, Table 1). The sample material includes quartz from a
pegmatite, hydrothermal quartz veins, tectonically deformed and partially recrystallized hydrothermal
quartz, and quartz from two quartzite occurrences.

e e e
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Figure 1. Topographic sketch showing the investigated quartz occurrences of the Southern Ural
region northwest of Chelyabinsk {(Russia); 1—Berkutinskaya (Berkut), 2—Kyshtym (sample Ky-175},
3—Argazinskoe (Arg), 4—Vjasovka (Vja), 5—Itkulskoe (Itkul), 6—Bolotnaya (Bol), 7—Kuznechikhinsk
{Ku-414, Ku-2136), 8—Yurma ridge (Yur), and 9—Taganai ridge (MT-09). Numbers relate to the
locations and quartz types in Table 1.
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Table 1. Investigated quartz samples from the Southern Ural region (Russia}.

3of19

Location Type Sample
1 Berkutinskaya Pegmatite Berkut
2 Kyshtym Hydrothermal vein Ky-175
3 Argazinskoe Hydrothermal vein Arg

4 Vijazovka Hydrothermal vein Vija

5 Itkulskoe Hydrothermal vein Itkul

6 Bolotnaya Hydrothermal vein Bol

7 Kuznechikhinsk Hydrothermal vein, metamorphic overprint Ku-414
7 Kuznechikhinsk Hydrothermal vein, metamorphic overprint Ku-2136
8 Yurma ridge Quartzite Yur

9 Taganai ridge Quartzite MT-09

All quartz bodies occur within the Ufalei metamorphic (gneiss—migmatite) complex, consisting
of two tectonometamorphic units which lay on top of each other. Highly metamorphosed Upper
Proterozoic rocks of the Ufalei suite belong to the lower unit and form the core of an anticlinorium.
The hydrothermal vein deposits from Kyshtym (sample Ky-175), Kuznechikhinsk (10 km southwest of
Kosli, samples Ku-414, Ku-2136), and Argazinskoe (on the southwest coast of Lake Argazin, sample
Arg), and the quartzite massifs of Yurma (north of Karabasch on the Yurma ridge) as well as the
Taganai ridge (north of Slatoust, sample MT-09) are situated within this unit (Table 1). The pegmatite
body of the Berkutinskaya deposit is situated within the Berkut ridge near Kyschtym. The upper unit
of the Ufalei metamorphic complex comprises Ordovician and Lower Devonian sequences represented
by terrigenous schistose meta-sediments surrounding the anticlinorium core. This unit hosts the
hydrothermal vein deposits Vjazovka near Vyschnevogorsk, Bolotnaya and Itkulskoe (north coast of
Lake Itkul) (Figure 1, Table 1).

All quartz bodies were formed during long-lasting and multi-stage metamorphism in the Ural
region [8]. Two main stages of metamorphism can be distinguished in the investigated area: (1) the Late
Cambrian stage, which correlates with the formation of the Ufalei anticlinorium and is subdivided into
two sub-stages—an early phase of progressive metamorphism (sillimanite-almandine subfacies of the
amphibolite facies), followed by retrograde metamorphism; and (2) the Middle Paleozoic stage, which
is characterized by metamorphic transformations of the gneiss core and schist frame (staurolite—quartz
subfacies of the amphibolite facies). Silica mobilization and formation of hydrothermal quartz veins
and bodies are supposedly related to the retrograde stages of both metamorphic events [9].

2.2. Analytical Methods

Polished thin sections were prepared for microscopic and cathodoluminescence (CL)
investigations from all samples listed in Table 1. Polarizing microscopy was carried out using a Zeiss
Axio Imager Alm (ZEISS Microscopy, Jena, Germany) to document the grain-size and microstructure
of the different quartz types. Micrographs were recorded using a digital camera MRc5 and the software
Axiovision (ZEISS Microscopy, Jena, Germany).

CL microscopy and spectroscopy were performed on carbon-coated thin sections using a
hot-cathode CL microscope HC1-LM (LUMIC, Bochum, Germany) [10]. The system was operated
at 14 kV and 0.2 mA (current density ~10 pA/mm?) with a defocused electron beam. Luminescence
images were captured during CL operations using a peltier cooled digital video-camera (OLYMPUS
DP72, OLYMPUS Deutschland GmbH, Hamburg, Germany). CL spectra in the wavelength range of
370920 nm were recorded with an Acton Research SP-2356 digital triple-grating spectrograph with a
Princeton Spec-10 charge-coupled device (CCD) detector (OLYMFUS Deutschland GmbH, Hamburg,
Germany) that was attached to the CL microscope by a silica-glass fibre guide. CL spectra were
measured under standardized conditions (wavelength calibration by a Hg-halogen lamp, spot width
30 wm, measuring time 5 s). Irradiation experiments were performed to document the behaviour of the

45



Minerals 2017, 7, 189 40f 19

quartz samples under electron irradiation. Samples were irradiated 5 min under constant conditions
(14 kV, 0.2 mA) and spectra were measured initially and after every 1 min.

The paramagnetic centres of quartz-powder samples were investigated by EPR spectroscopy
using a Bruker EMX spectrometer (Bruker Corporation, Billerica, MA, USA) operated with the X-band
microwave frequencies at both room temperature and liquid-nitrogen temperature. Experimental
conditions for room-temperature EPR included a microwave frequency of ~9.63 GIHz, modulation
frequency of 100 kHz, modulation amplitude of 0.1 mT, and microwave powers from 0.02 mW to
20 mW. The spectral resolutions were ~0.146 mT for wide scans 50-6500 mT and 0.024 mT for narrow
scans 300-350 mT. All samples after room-temperature EPR measurements were irradiated at room
temperature in a “Co cell for a dose of ~10 kGy. Low-temperature (85 K) EPR measurements were
made immediately after gamma-ray irradiation, with similar experimental conditions used for the
room-temperature analyses except for a microwave frequency of ~9.39 GHz.

The chemical composition of bulk quartz samples (dissolved powders) was first analysed using
solution ICP-MS. The samples (400-500 mg) for [CP-MS analysis were milled to a grain size of <30 pm
using a pre-cleaned agate mortar. The powdered sample was digested in a glassy carbon vessel
with 5 mL concentrated HF and 3 mL concentrated HNQO; at 50 °C (35 min). Rhenium solution
(1 mL of 100 ;,Lg-L_l concentration) was added as an internal standard for the ICP-MS measurements.
The analysis was performed using a Perkin Elmer Sciex Elan 5000 quadrupole instrument (Percin Elmer
Inc., Baesweiler, Germany) with a cross-flow nebulizer and a rhyton spray chamber. The precision
and accuracy of the ICP-MS measurements were evaluated by analysis of the glass sand reference
material UNS-SpS. The relative standard deviations for most analytes were below 10%. The ICP-MS
results showed procedural limits of detection ranging from 0.22 pg-1. ! to 3.1 pg-1.~! for Na, Mg, Al,
K, Ca and Ba. Elements such as Li, Mn and Sr had procedural limits of detection ranging from 0.02 to
0.04 ug-L~1, whereas these limits range from 1 to 7 ug-L™! for the other elements investigated [11].

In addition, 200-um polished thick sections of the samples were prepared for laser ablation
inductively-coupled plasma mass spectrometry (LA-ICP-MS) to determine trace elements of individual
quartz crystals in situ. Concentrations of Li, Be, B, Na, Al, P, K, Ca, Ti, Mn, Fe, Ge, Rb, Sr, Ga, and Sb
were analysed with a double-focusing sector field mass spectrometer ELEMENT XR coupled with a
NewWave 193-nm excimer laser probe (Thermo Scientific, Waltham, MA, USA) [12]. The laser had
a pulse rate of 20 Hz, a speed of 15 um-s~!, a spot size of 50 pm and energy fluence of 5-7 mJ-cm >
on the sample surface. Raster ablation was applied on an area of approximately 150 pm < 300 pm.
The approximate depth of ablation was about 50 um. The carrier gas for transport of the ablated
material to the ICP-MS was He mixed with Ar. External calibration was performed using three
silicate glass reference materials produced by the National Institute of Standards and Technology,
USA (NIST SRM 610, 612 and 614), In addition, the NIST SRM 1830 soda-lime float glass (0.1% m/m
Al,Q3), the certified reference material BAM No.1 amorphous Si0; glass from the Federal Institute for
Material Research and Testing in Germany, and the Qz-Tu synthetic pure quartz monocrystal provided
by Andreas Kronz from the Geowissenschaftliches Zentrum Gottingen (GZG), Germany, were used.
Each measurement comprised 15 scans of each isotope, with a measurement time varying from a
0.15 s/scan for K in high resolution to a 0.024 s/scan of, for example, Li in low resolution. A linear
regression model, including several measurements of the different reference materials, was used to
define the calibration curve for each element. For the calculation of P concentrations, the procedure
of Miiller et al. [13] was applied. Ten sequential measurements on the Qz-Tu synthetic pure quartz
monocrystal were used to estimate the limits of detection (LOD—30 of 10 measurements; see Table 53).
The analytical error ranges within 10% of the absolute concentration of the element.
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3. Results

3.1. Cathodoluminescence (CL)

CL imaging revealed heterogeneities, intra-crystal micro-structures and micro-inclusions in the
quartz samples. The detected micro-inclusions include carbonate (orange CL) in quartz from Bolotnaya,
and feldspar (microcline—bright blue CL, albite—bluish-violet CL) in sample Ku-2136, as well as
zircon/monazite (bright radiation halos) and mica (non-luminescent) in sample MT-09 (Figure 2).

A
calcite

\__t/

Bolotnaya

Ku-2136

zircon

£ e

MT-09

Figure 2. Micrograph pairs in transmitted light {(crossed polars—FPol) and cathodoluminescence
{CL}) showing micro-inclusions of minerals in the quartz samples: (a,b} calcite in the hydrothermal
quartz from Bolothaya (Bolot); {c,d) microcline {micr) and albite (alb) in metamorphically overprinted
hydrothermal quartz from Kuznechikhinsk (Ku-2136; (e,f) mica (non-luminescent) and zircon with
radiation haloes in the quartzite from the Taganai ridge (MT-09).

The micro-inclusions can be related to the composition of the host rocks (e.g., hydrothermal
carbonate veins) or the educt material of the metamorphic rocks, Heterogeneities were detected in
quartz grains of almost all samples, which appeared homogeneous under polarized light. Moreover,
features of alteration and recrystallization/reorganization as well as trails of fluid migration could be
revealed by CL (Figure 3).
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Berkut

Vjazovka

Figure 3. Examples of micro-structural heterogeneities detected by cathodoluminescence (CL) in the
investigated quartz samples mostly invisible in transmitted light (crossed polars—FPol): {a,b) brightly
luminescing sub-grain areas in the pegmatite quartz from Berkutinskaya (Berkut); (c,d) trails of
reduced CL intensity (arrow) due to migration of fluids in the hydrothermal quartz from Vjazovka
(Vija); (e f) dislocation planes in the hydrothermal quartz from Itkulskoe {(Itkul).

Pegmatite quartz shows a more or less homogeneous bluish-green CI. with a characteristic CI.
emission band at ca. 500 nm (Figure 4a). Sub-grain areas with strong CL (Figure 3b) have the highest
intensities of this 500 nm band indicating the highest amounts of the luminescence related defect(s).
The intensity of the 500 nm emission strongly decreases under electron irradiation. The resulting CL
spectrum after 5 min of electron bombardment consists of an emission band at 430 nm and a weak
band at 650 nm (Figure 4a).
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Figure 4, Representative CI. emission spectra of quartz of different origin (blue spectrum = initial,
red spectrum = after 5 min of electron irradiation): (a) pegmatite quartz; (b) hydrothermal vein quartz;

{c) quartzite; (d) tectonically deformed and partially re-crystallized hydrothermal quarts.

Quartz {rom hydrothermal veins exhibits a typical short-lived blue CL. The initial spectra are
mainly composed of a strong band at 500 nm and a second emission band at 390 nm, which is only
visible as a shoulder (see arrow in Figure 4b) because of the spectral transmissibility of the used
equipment {absorption of the spectral UV region due to glass optics). The CL spectrum after 5 min of
electron irradiation is dominated by emission bands at 450 nm and 650 nm, respectively. A conspicuous
feature of CL imaging in most hydrothermal quartz samples is a heterogeneous pattern (Figure 3d).
Brightly luminescent areas alternate with areas of low CL intensity. Interactions of migrating fluids
with the host quartz left their traces in trails of reduced CL intensities (Figure 3d). Moreover, features of
deformation are visible during initial electron radiation, but disappear during electron bombardment
{Figure 3f).

With increasing deformation degree of hydrothermal quartz the lunminescence intensity decreases
and the visible CL colour becomes more homogeneous. The typical luminescence emission bands
for undeformed hydrothermal quartz at 390 nm and 500 nm are missing. The spectra of deformed
hydrothermal quartz are dominated by two bands at 450 nm and 650 nm, respectively (Figure 4d).

Quartzite samples appear commonly heterogeneous under CL and may contain micro-inclasions
of minerals probably originating from the primary source rocks (sample MT-09; Figure 2e,f).
The quartzite from Yurma does not contain any visible mineral inclusions and represents high-purity
material. Quartz from the quartzite samples is characterized by a deep blue CL showing emission
bands at 450 nm and 650 nm (Figure 4c).

An orientation-dependent behaviour of the CL during electron irradiation was observed in the
hydrothermal quartz from Kyshtym (Ky-175, Figure 5). Sub-grains which are cut perpendicular to the
c-axis in thin section (dark in polarized light} show a change of the initial blue Cl. colour into red-violet
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{increase of the 650 nm band), whereas sub-grains with other orientations show only a decrease of the
initial blue CL (decreasing composite blue emission band).

CL CL
initial X \ after 300 s

Intensity [counts]

1230 10
11 Ky-175 190 Wo175
100 " 1000 2
- milial
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Figure 5. Micrographs in cathodoluminescence (CL} and transmitted light (crossed polars—Pol} of
the hydrothermal quartz from Kyshtym (Ky-175); the images and related spectra show the inifial CT.
and the CL alter 5> min of electron irradiation. Note the different CL behaviour of quartz sub-grains
with varying crystallographic orientation; sub-grains cut perpendicular to the crystallographic c-axis
(sce arrows) have a lower initial blue CL intensity and develop a reddish CL (650-nm emission band)
due to the electron bombardinent.

3.2. Electron Parmnegnetic Resonance (EPR)

Figures 6 and 7 present the EPR spectra of all quartz samples measured at room temperature.

The EI'R spectra are essentially featureless, except for the presence of trace and variable amounts of
the rhombic Fe** signal at the cffective g value of ~4.38 (Figurc 6) [14,15].

——Ky-175 Es
Ku-414

Ku-2136

Arg

50 100 150 200 250 50 10 180 200 250
Magnetic Field (mT} Magnetic Field (mT})
Figure 6. Flectron paramagnetic resonance (FPR} spectra of investigated quartz samples taken aft

room kemperalure showing the weak rhombic Fe™ signal at g = 4.38; the intensities are given in
arbitrary unils.
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Cbviously, the intensity of this signal is low in all samples (i.e., low signal-to-noise ratios) and
is variable between samples. Even without a proper standard, it is apparent that the Fe* signal is
exceedingly small in the samples Berkutinskaya (pegmatite), Argazinskoe, Vjasovka (hydrothermal
veins), Ku-414 {metamorphically overprinted hydrothermal quartz), MT-09, and Yurma (quartzite).
The Fe signal is somewhatl more elevated in the samples Ky-175, Itkulskoe, Bolotnaja (hydrothermal
vein), and Ku-2136 (metamorphically overprinted hydrothermal quartz).

The spectra in Figure 7 show the rescnance signals at the central magnetic field region. Again, all
spectra have low signal-to-noise ratios. Indeed, none of the radiation-induced defects at the effective g
values of ~2.00 are present [16-19]. Even the common E’; is exceedingly rare. It should be mentioned

that the silica tubes used as sample containers show a very weak B’y signal, which contributes to the
weak B’y signal in the measured spectra (Figure 7).
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Figure 7. EPR spectra of investigated quartz samples taken at room temperature showing a slight Ey
but a general absence of other radiation-induced defects at gu5 = 2.0.

The EPR spectra of gamma-ray-irradiated samples, measured at 85 K, all show the presence of
varying amounts of the well-known [AlO4]” centre with the characteristic 27 Al hyperfine structure [20]
(Figure 8). The paramagnetic [A10,]° centre in quartz has been shown to form from neutral [A1O, /M* °
M = H, Li, Na, K) precursors (i.e, the monovalent charge compensators migrated away during
room-temperature irradiation) [20,21]. Figure 8 compares the individual spectra using the sample
Ky-175 as a common reference. The intensities of measured [A10,]° signals of samples Argazinskoje,
Bolotnaya and Yurma are netably higher than those of the other samples.
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Figure 8. EPR spectra of investigated quartz samples taken at 85 K showing varying quantities of the
[AlO41° centre.

51



Minerals 2017, 7, 189 10 of 12

EPR spectra measured at 85 K show again the presence of the Fe® and the E’; centre but a
general absence of the Ti- and Ge-associated defects with diagnostic # Ti, **Ti and 7*Ge hyperfine
structures [16,19], confirming the results observed at room temperature.

3.3, Trace Elements

“Bulk” solution ICP-MS: Trace-element concentrations of all investigated quartz samples
determined by solution ICP-MS are summarized in Tables 51 and S2. The data illustrate that most
quartz samples have low concentrations of most trace elements compared with average concentrations
in natural quariz [5,7]. Al concentrations are generally below 100 ppm, and those of Fe and Ti are below
10 ppm. An exception is the quartzite from the Taganai ridge (sample MT-09) which shows elevated
concentrations of Al, K, Mg, Ti, Fe, Mn, Zr, U, Th, and Hf. Based on microscopic investigations the
elevated concentrations of Al, K, Mg, Ti, Fe and Mn are caused by micro-inclusions of mica and those
of Zr, U, Th and Hf by zircon (Figure 2e,f). There are similar effects of micro-inclusions of feldspars
(albite, microcline—Figure 2d) in quartz from Kuznechikhinsk (samples Ku-2136—XK, Na, Al and Fe)
as well as carbonate (Figure 2b) in the sample from Bolotnaja (sample Bolot—Ca, Mg and Te).

Sodium, Sr, K, Mg, and Rb show positive correlations in the different samples (Figure 9).
The abundance of these alkali and alkali earth elements can predominantly be related to the presence
of fluid inclusions, although mineral micro-inclusions of feldspar and mica (e.g., samples MT-09,
Ku-2136) can also influence these correlations. However, in most of the investigated quartz no mineral
inclusions were detected.
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Figure 9. Element ratios of selected alkali and alkali earth elements in the investigated quartz samples
{the labelled samples are those with detected mineral inclusions).
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The rare earth element (REE) concentrations are listed in Table 52 and illustrated in Figure 10.
In some samples (Berkutinskaya, Bolotnaya, Ku-414, and Ku-2136) the concentrations of certain
rare earth elements are below the detection limit of the applied ICP-MS analysis and, thus, their
chondrite-normalized REE distribution patterns are not shown in Figure 10. The REE patterns of
the two quartzite samples are different to the patterns of the hydrothermal quartz. In particular,
the quartzite sample MT-09 has high absolute REE concentrations with a typical crustal signature of
enriched light REE (LREE) and depleted heavy REE (HREE) (Figure 10a). The REE enrichment is most
likely be related to micro-inclusions found in this sample. The quartzite from Yurma has much lower
REE contents but shows a similar LREE pattern. However, the HREE are slightly enriched.
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Figure 10. Chondrite-normalized rare earth element (REE) distribution patterns of quartzite (a) and
hydrothermal vein quartz (b) (normalization according to data of Anders and Grevesse [22].

Three of the hydrothermal quartz samples (Argazinskoe, Vjasovska, Itkulskoje) are similar both
in absclute REE values and in their chondrite-normalized REE patterns, which correspond to the
common crustal distribution (Figure 10b). Only a slight negative Ce anomaly (Vjazovka) and negative
{Itkulskoe) or positive (Argazinskoe, Vjazovka) Eu anomalies are detectable. Quartz Ky-175 shows
comparable LREE patterns but steeply increasing HREE (Figure 10b), which is most likely caused by
Zircon or xenotime micro-inclusions.

Summarizing, the “bulk” solution ICP-MS provides concentrations of lattice-bound trace elements
plus concentrations of elements bound in mineral and fluid micro-inclusions, which could not be
removed during sample preparation.

In situ LA-ICP-MS: Element concentrations determined by in situ LA-ICP-MS are generally
lower than those determined with solution ICP-MS, except Ge, Ti and Li (Tables 51 and 53). This is
mainly due to the fact that during laser ablation the analyses of visible (>0.5 nm) micro-inclusions
can be avoided by choosing clear, inclusion free ablation areas. Thus, concentrations measured by
LA-ICP-MS reflect almost the values of latlice-bound trace elements.

Aluminium concentrations analysed by LA-ICP-MS are consistently low (<15 ppm) for all
samples except sample Vjazovka (from 21 to 32 ppm). Titanium has more variable concentrations
(compared with its general abundance in quartz, e.g., [5]), ranging from <1 ppm to 37 ppm. Lithium
concentrations are very low in all samples (<2.3 ppm). Boron and Ge were also found in low
concentrations, except in the sample Argazinskoe, which has up to 5.3 ppm B and 1.6 ppm Ge.
The Berkutinskaya sample (pegmatite quartz) has high F concentrations, of up to 7.6 ppm.
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4, Discussion

4.1. Trace Element Incorperation Into Quartz

The applied combination of CL, EPR and ICP-MS methods permits the identification of types of
structural defects and provide insights into their incorporation and/or transformation mechanisms
during quartz crystal genesis. In addition, the results provide first indications concerning the very low
trace-element concentrations and show the potential of the sampled quartz deposits for high-purity
applications in the industry. These data are essential for the prediction of theoretical limits of the
processing procedure, assuming that impurities from mineral and fluid inclusions could be minimized
or completely removed during refinements.

Figure 11 shows the concentrations of Al and Ti measured by laser ablation ICP-MS (LAICP-MS)
and the field defining the quartz economically as high-purity quartz (HPQ) in accordance with
Harben [3] and Miller et al. [4]. It can be concluded that all quartz samples except MT-09 plot into
the HPQ field. The best chemical quality is of quartz of the hydrothermal veins at Kyshtym (Ky-175)
and [tkulskoe.
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Figure 11. Ti and Al concentrations from laser ablation inductively-coupled plasima mass spectromelry
(LA-ICP-MS} analyses of the quartz samples plotted into the field of high-purity quartz (HPQ) according
to Harben [3] and Miiller et al. [4].

Some elements (Ge, Ti, Li) show more or less constant concentrations when comparing the data
from solution ICP-MS analyses of bulk quartz and LA-ICP-MS measurements of selected inclusion-free
areas. For these elements it can be concluded that they are preferentially incorporated in the quartz
structure. Because of the very low concentrations of these elements no EPR signals were detectable for
potential paramagnetic defects.

In contrast to the above mentioned elements, Al concentrations measured by LA-ICP-MS are
much lower than those analysed in the bulk quartz by ICP-MS. Although the EPR data show that
the paramagnetic [A1O, P centre is the most frequent in the investigated quartz; not all of the Al
measured by solution ICP-MS seems to be structurally bound. The paramagnetic [AlO4]” centre and its
diamagnetic precursors [AlQy/M*1? play an important role as imperfections in quartz. The monovalent
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ions H', Li', Na" commonly charge-compensate the Al defects. However, Na (together with other
alkali and alkali earth elements) seems to be mainly related to fluid inclusions (see Figure 9) and the Li
content is low in all samples. Data from literature show that hydrothermal quartz mineralization and
pegmatlite quarlz often contain elevated concentrations of Li [23], and Li isa common charge-balancing
cation for Al [24]. The data of the present study, however, indicate that the charge compensator of A3
substituting Si*' is predominantly H', This is in accordance with the results of Miyoshi et al. [25] who
detected a preferred incorporation of H* as the charge-balancing cation of Al defects in hydrothermal
quartz. Miiller et al. [26] have already shown that igneous quartz preferentially incorporates HY asa
charge-balancing cation in lieu of Li, K and Na. Similar findings have been made more recently for
pegmatite quartz [27,28].

Although the comparison of EPR and trace-element data reveals a general trend of an increasing
number of paramagnetic Fe centres with increasing contents of chemically measured Fe concentrations
(with the exception of sample MT-09), there are nevertheless variations in the absolute values.
The differences could be explained by two different facts. First, Fe-bearing micro-inclusions are
the reason for elevated Fe concentrations in the bulk quartz samples. This is especially true for sample
MT-09, where a couple of mineral inclusions (e.g., mica) have been detected by microscopy. Second,
Te is known to occur as both Fe?' and Fe?! in quartz [15,29]. However, Te?! is not detectable by EPR
at X-band frequencies [14]. Therefore, 1:1 correlations of the Fe™ EPR signal with the total Fe contents
from chemical analyses are not expected.

4.2, Cathodoluminescence and Structural Defects

Characteristic luminescence colours of quartz with different geological history, and associated
spectral CL measurements together with the results from the EPR spectroscopy provided information
about the defect structures and incorporated trace elements, primary growth conditions, and processes
of secondary overprint. These features not only influence the properties and quality of the potential
quartz raw material, but also allow insights into the genetic history of the quartz cccurrences.

According to Ramseyer and Mullis [30] and Gotze et al. [31] the activation of the visible
greenish-blue CL of the pegmatite quartz from Berkutinskaya is associated with cation compensated
trace-element centres in the quartz structure. The intensity of the luminescence emission falls off rapidly
after electron bombardment within 30-60 s, which can be related to ionization-enhanced diffusion of
luminescence centres as was shown by Ramseyer and Mullis [30] with electro-diffusion experiments.
However, the absolute concentration of Al in this sample is low (<10 ppm). This is confirmed by
the low abundance of paramagnetic trace-element defects of Al, Ti and Ge. Also, the contents of Li
and other cations are far below the common abundance of such elements in pegmatite quartz [24,31].
The heterogeneous CL textures of grains indicate a heterogeneous distribution of trace elements
responsible for the CL (Figure 2b). Only areas with higher intensity (brighter CL) of the transient CL
point to elevated contents of responsible trace elements (e.g., Al, Li). Moreover, a possible role of I*
for the 500-nm luminescence signal must be taken into consideration.

All hydrothermal quartz samples show a characteristic short-lived blue CL, which is elicited by
two main emission bands at ~390 nm and 500 nm. According to Ramseyer and Mullis [30] and Perny
etal. [32] these luminescence bands are activated by cation-compensated [AlO4/M*]-centres in the
quartz structure. The strong decrease of these emission bands during electron irradiation is due to
the interaction of the cation-balanced Al centres with the electron beam and indicates elevated trace
element contents in areas with high CL intensity [30,33] (Figure 4b). Such heterogeneous pattern is
depicted in the quartz from Vjazovka (compare Figure 3d), which has an elevated concentration of Al
compared to the other samples but shows no remarkable EPR signal for the [A104]° centre.

The relatively low contents of Al and charge-balancing cations in some of the investigated
hydrothermal quartz suggest that either the [AlO;/M™] defects are effective CL activators (i.e., even
low abundance of [AlOy/M™] can activate the characteristic CL), or that other activators exist for
this specific luminescence. Gorton et al. [34] found the typical short-lived blue CL in synthetic
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quarlz with extremely low impurity concentrations and concluded that probably other activalors than
[AlO4/M*]-defects might be additionally responsible for the blue CL. However, the EPR measurements
in the present study did not provide any indication for other luminescence-active paramagnetic defects.
EPR measurements revealed an almost complete absence of intrinsic lattice defects associated with
oxygen or silicon vacancies (e.g., the B’ centre, 0%~ centre), and even the abundance of paramagnetic
trace-element defects of Al, Ti, Ge is in general low.

Areas of dull CL in hydrothermal quartz can be the result of post-crystallization overprint.
For instance, the interaction of migrating fluids with the host quartz left their traces in trails of reduced
CL intensity (Figure 3d). Van den Kerkhof and Hein [35] explained this phenomenon with the loss of
trace elements during recrystallization of the interacting area with the fluids. Decreased luminescence
intensities were also detected along grain boundaries. This can probably be related to the opening of
fluid inclusions and the migration of inherited fluids {especially along grain boundaries).

Indications of secondary overprint and deformation are also visible in features of apparent
dislocation planes (Figure 3f). Supplementary electron back scattered diffraction (EBSD) measurements
provided evidence of Dauphine twinning, which is preferentially initiated by mechanical deformation.
In addition, these analyses revealed low-angle tilting of sub-grains due to deformation (Tigure 12).

MAG: 63 HV: 20.0 kV. wnﬁ. " =

Figure 12. SEM forescaltered image showing low-angle tilting of sub-grains due to deformation in the
hydrothermal quarlz from Kyshiym (Ky-175).

The quartz samples from Kuznechikhinsk (Ku-414, Ku-2136) illustrate that deformation of
hydrothermal quartz resulted in a general decrease of the luminescence intensity and a homogenization
of the CL pattern. This fact can probably be related to healing of defects and reduction of trace-element
impurities due to recrystallization and reorganization processes of the quartz lattice. Measured
trace-element contents are low (e.g,, Al < 10 ppm, Ti < 2 ppm, Li ~1 ppm) and even the detected
intensities of paramagnetic defects of Al and Fe as well as vacancy-related defects are very low.
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The visible CL colour of both metamorphically overprinted hydrothermal quartz and quartzite is
dark blue, and the spectra are dominated by two bands at 450 and 650 nm, respectively (Figure 4c,d).
The typical luminescence emission bands at 390 nm and 500 nm that were detected in the hydrothermal
quartz samples are missing. The emission observed at ~450 nm is associated with O-deficiency centres
(ODC) in quartz [36,37]. It can be related to the recombination of the self-trapped exciton (STE), which
involves an irradiation-induced oxygen Frenkel pair consisting of an oxygen vacancy and a peroxy
linkage [38].

The 650-nm emission is attributed te non-bridging oxygen-hole centres (NBOLHC), which are
formed from different precursor defects [39,40]. A number of different precursors of this NBOHC
have been proposed, such as H- or Na-impurities, peroxy linkages (O-rich samples), or strained
Si-O bonds [38]. The time dependent spectra reveal an increase of the 650 nm band under the
electron bearn, which points to a conversion of precursor centres into the NBOHC. Considering the
mechanical deformation of the samples, strained Si-O bonds may result in bond breaking during
electron bombardment and thus, in the formation of NBOHC and the relalec! increase of the 650-nm
emission band.

Another conspicuous CL feature is the orientation-depenclent CL behaviour that was observed
in the hydrothermal quartz from Kyshtym (sample Ky-175; Figure 5). The initial blue CL colour of
quartz sub-grains cul perpendicular to the crystallographic c-axis turned into a red-violet CL colour
during electron irradiation (due to increasing 650-nm emission intensity). Surprisingly, sub-grains with
other orientations do not show the same effect and only the intensity of the initial blue CI. decreases
{strong decline of the 450-nm emission band).

Tt cannot be ruled out that the crystallographic orientation of the crystals influences the interaction
with the electron beam due to the relatively open structural channels along the c-axis of the quartz
lattice. An alignment of the c-axis along the microscope axis would than provide a more intensive
interaction with the electron beam, i.e., an increased conversion of precursor centres of the NBOHC
associated with a stronger increase of the 650-nm emission. Another explanation is probably the
influence of polarization effects of the luminescence light. Walderhaug and Rykkje [41] compared
c-axis orientations of quartz grains and related CL colours and found clear indications that the observed
colour variations are a function of crystallographic orientation. They concluded that this might be
due to selective absorption of light along different crystallographic directions, a phenomenon well
known from spectroscopy. Sippel [42] reported similar effects of the quartz CL when observing the
luminescence under a nicol prism. The quartz CL showed strong polarization effects with variations
of the CL colour from red to blue through a rotating polarizer. [e found that the blue oscillators are
aligned with the c-axis, whereas the red emission is unpolarized. Such a behaviour might explain the
observed celour variations in the investigated quartz sample Ky-175. The effect may be interpreted by
anisotropic luminescing centres that have oriented the oscillation in a strong internal crystal field.

4.3. Genetic Implications for the Formation of High-Purity Quartz

The investigated quartz localities in the northern Ural were all formed during multiple
metamorphism and related deformation. According to Kelman [9], silica mobilization and formation
of quartz veins and bodies can especially be related to the retrograde stage of the two metamorphic
events. Although quartz from the different locations may originate from varying processes, all types
show in general low concentrations of trace elements and low abundance of other point defects.
Blevated frace-element contents in several samples can unambiguously be related to micro-inclusions
(e.g., samples MT-09, Ku-2136).

The low abundance of structural point defects such as B’y centres in the quartz samples
investigated requires a combination of the following two conditions: (1) low intrinsic structural
imperfection (i.e., low oxygen and silicon vacancies); and (2) weak natural irradiation. This fact
implies that there was sufficient time for crystallization under more or less equilibrium conditions
during the formation of these quartz occurrences. On one hand, the metamorphic processes caused
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the mobilization of silica-rich fluids (hydrothermal veins) and melts (pegmatite), and the precipitation
as high-purity quartz. On the other hand, recrystallization, healing of defects or disintegration of
fluid inclusions under metamorphic conditions resulted in a natural “purification” of the pre-existing
quartz crystals and a lowering of trace-element contents. Larson et al. [43] and Miller et al. [5] found
that Li concentrations in quartz can be reduced during recrystallization, and Al contents may both
decrease or increase depending on the specific environment. Germanium and Ti seem lo be more or
less unchanged.

The formation of such metamorphic mobilisates appears to be an appropriate process for
the formation of HPQ deposits. Compared with data from the literature, the analysed absolule
trace-element concentrations as well as chondrite-normalized REE distribution patterns are similar to
those of metamorphic and hydrothermal quartz from other regions [44]. Even the pegmatite quartz
from Berkutinskoe (Berkut) follows this trend, with atypical very low concentrations of characteristic
elements for pegmatite quartz such as Al, Ge or Li.

The REE patterns mostly show a crustal signature indicating a source of the silica from
mobilization processes of crustal material. Only the hydrothermal quartz from Kyshtym (Ky-175)
has elevated concentrations of HREE. This unusual pattern is most likely caused by zircon or
xenotime micro-inclusions.

In conclusion, the results of the present study show a strong link between metamorphic processes
and formation of quartz bodies of high purity. If the quartz bodies are large enough and the abundance
of pre- and syn-genetic micro-inclusions is low, they may represent potential I1PQ deposits.

5, Conclusions

The investigation of quartz samples of different genetic types (hydrothermal, pegmaltite, and
quartzite) from 10 localities in the Southern Ural region (Russia) using an analytical combination of CL
microscopy and spectroscopy, EPR spectroscopy, and bulk as well as spatially resolved trace-element
analysis, proved to characterize the type and abundance of trace elements and structural defects
in quartz, and reconstruct processes responsible for their formation. Tn situ LA-ICP-MS analysis
showed cumulative trace-element concentrations of <50 ppm with <30 ppm Al and <10 ppm Ti for
almost all samples, defining the quartz economically as high-purity quartz. EPR data confirmed the
low abundances of substitutional Ti and Fe and showed Al to be the only significant trace element
structurally bound in the investigated quartz samples. Elevated concentrations of selected trace
elements that were analysed with “bulk” solution ICP-MS could be related to mineral (Ti, Al, Te, Mn,
Mg, K, Zr, U, Th, Hf) and fluid (Na, K, Rb, Ca, Mg, 5r) micro-inclusions.

CL imaging reveals a heterogeneous distribution of luminescence centres, i.e., varying amounts
of activator trace elements in the quartz grains. Hydrothermal and pegmatite quartz exhibit a distinct
short-lived greenish-blue CL with main CL emission bands at ~390 and 500 n, which can be attributed
to [ALQy/M*] (M =11, Li, Na, K) defects. Low contents of Li, Na and K indicate that 17 is the main
charge-balancing cation of Al**-related defects. Accordingly, areas with bright greenish-blue CL
could be related to higher abundances of the [Al0y/M*] defects. Meoreover, an orientation-dependent
behaviour of the CL during electron irradiation was observed thal can be related to anisotropy effects
of the crystal lattice, which results in an orientation-dependent interaction with the electron beam and
the selective absorption of emitted light along different crystallographic directions.

Certain features of alteration, recrystallization/reorganization as well as trails of fluid migration
revealed by CL in the quartz samples can be related to metamorphism-related deformation. All quartz
bodies were formed during retrograde stages of complex metamorphic processes, resulting in silica
mobilization and formation of quartz veins and lenses. Deformation of hydrothermal quartz resulted in
a general decrease of the luminescence intensity and a homogenization of the CL pattern. This feature
can probably be related to healing of defects and reduction of trace-element impurities due to
recrystallization and reorganization processes of the quartz lattice. The geochemical and spectroscopic
data demonstrate that the formation of such metamorphic mobilisates is an appropriate process for
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the formation of high-purity quartz (HPQ) deposits. Also, the quartz occurrences formed prior to the
metamorphic events (pegmalite, quartzites) were suggeslively purified during regional metamorphism
and deformation, resulting in a high-purity quartz province in the Southern Urals.

Supplementary Materials: The following are available online at www.mdpi.com /2075-163X/7/10/189/s1,
Table 51: Trace-element concentrations of investigated quartz samples analysed by solution ICP-MS (results in
ppmy, Table 52: REE concentrations {results in ppm) and chondrite-normalized interelemental ratios of investigated
quartz samples analysed by solution 1CP-MS, Table 53: Results of spatially resolved trace-element analyses by
LA-ICP-MS (in ppm).
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9. Taganai ridge VaE ) MT-09

JIr A Bk 5T Ufalei Z2RUAE B -GN 124254 HINAN 2 78 4G -32 i
BIG . NEREITN Ufalei A Eooty A m BT S, MREREZ . 0K
kWK (Kyshtym #fif Ky-175. Kuznechikhinsk #£ 4 Ku-414 5 Ku-2136.
Argazinskoe i Arg) KX Yurma L5 5 Taganai LLIFF (Ff i MT-09) [f)F o5 44
WAL TZ BN (38 1). Berkutinskaya BRI S A AR AL T Kyschtym BT 1
Berkut . EHEEITHEME RS TR IRFETRA H, RSB RZEZ O
43A4%, % Vjazovka. Bolotnaya Fll Itkulskoe 2R IKH K »

I A SRR R AE Ural # X KA 2 B0 B/ E R TR o 1 7 3 X ) A8
BRI 73 A EZRY B (1D MR, BB Ufalei B RVZTE R
HR, I NN T B Be—— AT 22 i ) R Be 54T R AR (20 Rl
AR B, HARFAESS Fr BRSO R AR AR iR AR o B S ik 5 A e 1 ek
IEAEFITE BT B 53X P A AR o A FH AT B B 6

22 AL

B CL R4 HC1-LM X kiR /2 8 4T CL BB f6iE 54t
ZRGAE 14kV 1 0.2mA IR E~10uA/mm) N6 BUE /L T 81T, £ CL
EEAEIAE ] Peltier ¥ H1 B35l (OLYMPUSDP72, OLYMPUS Deutschland
GmbH, Hamburg, Germany) i3k &K IGEIR . 1H Acton ResearchSP-2356 %+
= e EHEA N PrincetonSpec-10 HLfar# & 254 (CCD) Frl#81c 3% 370-920nm
WK FEI A ) CL i, i3 28 — Fb k- rsg 4T 4 S 1h) 35 B 85 %) CL &
fBt. ERRHEZAE FIE CL Yl Gl He K ZAT T KARHE, JaBETE B
30pum, MERE] 580 BT T 4R8BS0 DLC S B4R IR A 9pE . FRSL7ETE
EARIET (14kV, 0.2mA) HER 5 %, JFEaAZ 5 &R 1 /0Bl & — it

A& 0. EMX 354 (Bruker Corporation, Billerica, MA, USA) ifid
EPR 8 3E R 55 A7 S0k AR A S IRI R oty s U AE 25 R RV U BE R DL X O
BUMIB AR ZIEAT . il EPR HSEE %A 6035~9.63GHz HITHIE A . 100kHz 1
WHIAER . 0.1mT FITRHIIEE LA A 0.02mW £ 20mW IS ShR . XFT 58 494
50-6500mT, ik /3 #EH A~0.146mT, XF T 300-350mT, Hilk R A
0.024mT. =i EPR W& /5 A FF M 72 =i T 7E Co HLIBH LL~10kGy )55 &
HE B o 7105 5 £ B8 B e 57 B3R 47K IR (85K) EPR &, BRIMINAT % N~9.39GHZ
b, FEIR ST HTAE FH AL I S 58 2%

H e R ICP-MS Zr i B ATkt GER A MAb22 sy . T
B D K FH T ICP-MS 23 B R il (400-500mg) BIF B ili<30pm 1 ffkiE
R~Fo BAREE S FE S SmL ¥ HF Al 3mL 3% HNO; B8Rz 8 h ik, JHE
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N 50°C (35 2351 . Re VT (1mL100pg L) 1F 5 ICP-MS &) A 45 . 3 Fi] Perkin
Elmer Sciex Elan5000 VUt AT1#s (Percin ElmerInc., Baesweiler, Germany) LM
B 2 AR A thyton Z5 46 AT /b . @It 0 B BEES D 25 M KL UNS-SpS k¥
fii ICP-MS Wl & A 5 BEATEERA B o R 22 38000 B BT AR N AR v A 224K T~ 10%. ICP-
MS &5 B B R A IR Y A 0.22ug L & 3.1ug- L' 83 Na. Mg. Al. K. Ca
A Ba. Liv Mn fl Sr & o & ARG Y 0.02 2 pug LY, T HARA A
TLRMMR A 12 Tug- L
WAk, B TR 200 wm POCIEYI T, F T 0GR kR S A B T

R (LA-ICP-MS), LS E AN A S SRR E T R . SRR TE
¥ F %4 ELEMENT XR 5 New Wave 193-nm #4370 4T ( Thermo Scientific)
BEAH 70 #T 7 Lis Be. B. Na. Al. P. K. Ca. Ti. Mn. Fe. Ge. Rb. Sr. Ga fll
Sb IR EE o BB KRR A 20HZ, JEE N 15 um s, FHERSH 50 wm,
FEMRTH MR EIEE N 5 - Tm) cem?. JeMHE AN+ K29 150 1 m X 300 1 m [
X HRRREZA 50 um. et klizd s ICP-MS %<2 He 5§ Ar i
G o A0 3 B E F b k5 SR 50 I AR 77 1) = B R IR ER 3R S M R
(NISTSRM610. 612 Al 614) FEAT AR HE. HAh, EAEH T NISTSRM 1830 4}
PEEESEE (0.1%m/mALOs) & E A BT 7T 5 M 78 B K IE S 5 4 Bl
BAM No.1 JEdf s, PLAEEEHEMR 0 (GZG) 1 Andreas Kronz $24E )
Qz-Tu A LA TR BRI E IR M EIA R K 15 a6, D&
R K 0.15 B/ BN HE 30 Li 1Y 0.024 B/ . &ikRIA
B (BRFEARFSEMEN Z R E) HT e N R dEi. T
PKSE, R T Miller ZMIFEF . XF Qz-Tu & a4 JL i HEAT T 10 YZELEN
2, DM . o3 HriR 2V FE o R 4R EET 10% A .

3. &8

3.1 AR A& (CL)

CL RGN T AR B bE . b T 45 R A S . R 1 1
T F AR HE Bolotnaya FF i FH I BRER 5 (R €0 CLD . KR & Ku-2136 W KA (B4
FKA—=EE CL, KA —IE5%M CL), PLRAEN MT-09 8 A/l JE 4
(EhRiTE) Math Cokie (E2).
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Bolotnaya

Ku-2136

zircon

\

B 2.3E 58 (Pol) FIFIARETLE (CL) BonAr bt i i M e SR 1 B
(a, b) IR P (1) )7 83 (Bolot): (¢, d) Kuznechikhins 78 5 B B HG f 2 ob (R A4 K
(micr) Az £ (alb)(Ku-2136); (e, Bt CRE) A A S %=, Taganai L1H 43
A kRN E (MT-09)
MEFEATTRES 5 (HAEIRIR KD A B8R IS BRI A 5%, L
T B b ) A D UL PR I 1) S 1, T AE R AR R IX B R R 2 1
JRU) o BEAN, CL AT DR 7= Pl A8 A1 F 245 o/ 28 240 R AE DA S IE RS IR R (L 3D
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Berkut

—

Vjazovka

Bl 3B (CL) Rl A Sms S Ao & 4 S R o, 7EIESS 6 (Pol) R ILFA
A] L. (a, b) K H Berkutinskaya (Berkut) P &t A 28 b B 52 1) P s [X 43
(¢, & HIT Vjazovka (Vja) #IEATEHRATFE N FE CL ¥ FRMHILE (Fik) |
(e, ) KH Itkulskoe (Itkul) FIFE A T AL A T

Hidba AT R P SIMIE S CL, 7K%Y 500nm kb B A RFEM: I CL R 5

# (K 4a). 5% CL T &R X3 (& 3b) AT 500nm 7 B st 5, £ 5

RIACAI R I FREE R . [ TARIRT, 500nm 3 B R 5 3 5 2 0m B T B .

B2l 5 0B S5 210 CL Y6 i1 450nm (1) & 545 1 650nm 1955 & 5 4 Bl
(K 4a).



500 1100

a ¢ Berkutinskaya b Itkulsk
* pegmatite 900 J' hydrothermal
_ 4o — initial
& initial £
5 — 5 700
S 8
2 o 2
2 § 500
£ £
200 4
300
100 T T T T T T 100 . . . . . .
300 400 500 600 700 800 800 1000 300 400 500 500 700 800 900 1000
wavelength [nm] wavelength [nm]
1500 1100 l
C ' - d Ku-414
1300 rizit hydrothermal
- initial quartzite 00 initial met. overprinted
— 1100 = g
[}
£ £
5 g 700
3 900 &
2 =
£ =
g 700 5 500
£ E
500
300 4
300
100 T T T T T T 100 r T T T T T
300 400 500 800 700 BOO 800 1000 300 400 500 GO0 F00 800 a00 1000
wavelength [nm] wavelength [nm]

B 4N FRIEATSE AR TE CL RSl (Wil st R4 5 705 ).
@MEE S (D) KA S ()9 (dMIEASTEANER 7 45 i IR HB hkcf 5¢

AT K R e o IR R G Al 0 CL. IR EE BB KA
500nm F—N5EE BRI 9 390 nm [ A ST B2 . BT A A AL & D e ik
TSR (BEEDES IO RS R AR X S RO, 12 S R RELUR TR A
PO 4b HHIFT k). B4R IR Smin J5 /) CL Y6545 LA 450nm AT 650nm 1)
RSN ERZEHRBATERE S T, CL AR A — A B B0 2 7 B =X (R
3d). BAREXI K CL E XA B HIl. IR S =AM HET/ERE
CL 5BJFRRA X F TIRZE (B 3d). b, ERILE o PSR P AR RS
fETE o] W, EER TR IS, BRRE 2T k.

Bt A S TR RR B B N, R OGRREERRAR, R OL CL B AR 15 58 sy
5o RABTEHIATTEAE 390nm F1 500nm Kb L7 K R S ok . B PA
FE YGRS A B 450nm AT 650nm I MNMEEES (K 4d).

fE CL &, AyeAFEami@s 2 mtE, JFH TR & mraek A A S 1Ih
VIR (FESD MT-09;8 2, £). Yurma 47 S8 AN S AR 0 WL H )t 2
i, REE®AFEMEL . A 9CE R A S RHE 2 PRI ¢ CL, 7£ 450nm F
650nm AL IR RS (B 4e).

£ Kyshtym FIHGRA SR MEL R CL 18 1 IR SRR A 0 7 m AR s 47
(Ky-175, B 5). BE T ¢ HiY)EI B0 0 dok (FE w3l TR RIR#Iih
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Wt CL B ARNL Rt (650nm JFEELAIBE N, 1 B A HAR I A 30 R A
ARG CL B (& ORI .

CL . CL
initial , e 7Y ; after 300 s

nits]

initial

Intensity [counts]

intensity [cou
BEE8E8 884§

100 1= aﬁer:?OUs

00 400 500 G600 TO0 8O0 900 1000 300 400 500 600 700 800 900 1000
wavelength [nm] wavelength [rim]

Kl 5.5k H Kyshtym PJ#GEA 9L (Ky-175) PIBAAE (CL) FEHE (58 X#E-Pol) 1

TR G AR DO RE R oR T WI4G CL AT+ HE ST Smin J5 1Y CL. VA SR AR R A 1

ST g R AN R CL R I3 BT A2 ¢ S EI sk (L&) B BURIIBILG S
@ CL 98, JFH i T o7 &dm ™AL G CL (650nm &4 H)

3.2. BFEIHEIR (EPR)

& 6 R 7 SR T 7 500 R W& I BTG A 58 T % EPR Y. [ TIEA K
o (29 4.38 I FE AR 35T Fe3 M S B4k, EPR GIEIEA 1354 HAb S E (&
6).

B

—Ky-175 Fe®
Ku-414
Ku-2136

50 100 150 200 250 50 100 150 200 250
Magnetic Field (mT) Magnetic Field (mT)
B 6.7 Z I ™ K AE I A SERE S I L IBRE LR (EPR) O, RIRTE gen=4.38 ALA TSI
FY FS 5T M MER RN IR
B, 2B TR AR A A AR, JF BAEREAR Z )2 rT AR . R B
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i

i, 7F Berkutinskaya (ffi %5 )+ Argazinskoe. Vjasovka (A k) Ku-414 (45
JRB AW AT MT-09 1 Yurma CHIEE) FEfH, FeE53EH /. Fe'fE
STEFEM Ky-175. Ttkulskoe. Bolotnaja (FGRH fk) Al Ku-2136 (A5 & IR
FGE) S

7 HHDETE RO T O X IR G T . FIRE, FrAOGIEE R ARG
MR, S0 b, 7E~2.00 WA g T, MMEEEFAERESEE, RIS
(1) E' WA W . B — TR AR AE AR i B A% 1) — EU RS Bos 3R s 1)
EWf5Y, XIRBNECEPKEE IR (B,

bk W ey W‘ﬁ“ﬁl
f 'hlwm?m m"'l'f ﬁ]‘le ’W %’ me v M«% friW'l HIM*

ler *W ’.;M %g k\ugllhhﬁiwﬂ:“' w;" Hﬂ"’-ﬁ"ﬂ)f‘h“m’ﬁ I

LA 1A | I, il
'| -'--,l!:: r, a |
Hwn' i M L]IIl Mjl T{ J;LH(HI\' *\’“‘“IIM'J'MM H‘tm“ﬂl +glm# Jm{j&l‘gi um]rlt* |’hwt |1| |I r#i'

i S
Ku-2136 E, 5

o — ——
8ol Yur

330 340 350 360 30 340 as0 60
Magnatic Field (mT) Magnetic Figld (mT)

B 7 SR ERE AR AE IR R ) EPR B BB BN, (BAE ger=2.0 N H ANAF £ Ho A
TR 5 T Bk

5 85K il BE T I 58 1)l 2 S £ HERE A 1 BPR i 2y BORAAE AR R B = 1)
HT R A [ALO4]°, BARHEMER AL R AN S50 (B 8) o A g (IRl M [ A1O4]°
ot EAIE B 2 A [AI0/M]® (M=H. Li. Na. K) AiEK{AE . & 8 kb
BT LA Ky-175 BER R E RIS H IS 60 . BES Ky-175 fERA 5%, RS
Argazinskoje. Bolotnaya 1 Yurma JI45F¥I[A1O4]° 15 5 38 & W] & & T~ HAMAE: i

Ky-175 S Ky-175
W_\_'_A"]W M '
— Ku-d14. ™

g \ "y *a Ku2136
SV dm MT-09
Arg My W
- ,_,} Ber TP 5 {1y | | .., -
e . mmae I.I._,,_ — T ! | mcan So |f.-‘i\_lmlrﬂmF
S Nt Bol T e ™ — 1, ; Yur
e | N E.. S
f 1
| L
TR
320 325 330 335 340 20 325 330 335 30
Magnelic Field (mT) Magnetic Field (mT)

8.7 85K T RAHIFITHE 78 41 S i ) EPR 1 7R 1 AR AR I [A104]° b
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7F 85K T EPR it FE vk 7~ Fe Al B O AELE, (HilH AfELE Ti
A Ge tHRBRIE, BALWYER Ti. Ti M Ge MAEAILEH), WESE TSR s
B4R,

33. =L E

F S1 RS2 Y& T E I ICP-MS M3 K gs R . BERY, 5R%8A
IR BEEAR LG, K2 H0H SERE i P R 2R T R IR BRI . BRI
f&F 100ppm, Fe I Ti FIKZET 10ppm. —/MlFM &R EH Taganai 1L A 5%
& FEE MT-09), %A% AEH Al. K. Mg, Ti. Fe. Mn. Zr. U. Th Al Hf ]
W . AR S T, Al Ko Mg, Ti. Fe 1 Mn KRBT 2 i = BE K
RLEEAR GRS, T Ze. UL Th A1 HE BB S A 51 A2 (Bl 2e, Kuznechikhinsk
A9 CFEh Ku-2136—K. Na. Al Al Fe) FIKA GNKA . fpHa—A
2d) LK Bolotnaja ¥4 (Ff 5 Bolot——Ca. Mg Al Fe) HImREEE (B 2b) [
T 2 Pt A7 AL IR 20 o

B4 Sr. K. Mg fil Rb 7EAFIRE i b R IEAHSC (B 9). IX L e+ 2 1
FEFESREQEARAEG R, REKAMS BT Wa g (i, #
it MT-09. Ku-2136) WM LA CHE . AR1T, 7ERZHEWT A

Rl EIPTRE7/KCIe =3 s
10 10 T
MT-09 MT-09
= 1 = 1 o
& &
o a
=y Ku-2136 Sl Ku-2136
o a
4 * e -
01 0,1 4
* ¢ *
* " " *
+ *
¢ ot
* +*
0,01 0,01 + . .
0,1 1 1 10 100 1000
Sr (ppm) K [ppm]
® pegmatite quartz B quartzite & hydrothermal quartz
10 100
MT-09
Bol L]
MT-09 *
ez | " 10
g E i
a
2 Ku-2136 2 L
o
[ « g *%
01 1
@ ®
.0
L J ? i
&
0,01 0,1
1 10 100 1 10 100
Na [ppm] Na [ppm]
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B 9B 7T R S it v g 5 B C 23 ANBR 0 3R I T 3R EUAG (R T XA o 2 S e U 28 ™
VIR ADHIFE i)

F S2HH T #i L IR RER) I E, Wi 10 fioR £ — 24 5 (Berkutinskaya
Bolotnaya. Ku-414 fll Ku-2136) /1, F:e8 -+ o R KT ICP-MS 7417k 1)
RORE, PR, B 10 R Bonedil. A SEAFEAR R REE 70/ B 5 #iiA
PR . FERE A TUAFEAR MT-09 () REE 465k i, BAEER
REE (LREE) fl# REE (HREE) #7524 E (&l 10a). =4EM REE R1]
e HiZRE S R I AL ZE KA 55 . Yurma (A JEE K REE S 8EKE%, H
EoRHZEIR LREE #50. 4A1, HREE BEHE 4.

100 10
a b -+ - Ky-175

- - & - Argazinskoe
.

= =& - V]azovka
10 1 Tu, © - Itkulskoe

sample / chondrite
F

sample / chondrite
@
-

.
\ Yurma

. _—
] “», - 8-
as " JUpres b B

- B P

L — 0,01 . .
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

B 10 A 9A5 M o0 (REE) BUEAL A (a) i kA 9¢ (b)) (AR¥E Anders £
Grevesse 3R TG

Ho Z AN JERE S (Argazinskoe. Vjasovska. Itkulskoje) 7E44 %) REE {8
A REE My AL 73 A d s EARARALL, X 55 DLt e s A AR . (B 10b). A g
6 BRI Ce 7% (Vijazovka) FIEHE (Ttkulskoe) BXBH 4 (Argazinskoe,
Vjazovka) Bu 5% . A9 Ky-175 Won 28U LREE #3X, {H HREE ZURI34m

(B 10b), IXARATBESE B s A Bt SR 51 1

MIME Z, ICP-MS $fit fn s 45 & Tl 7o 3= IR BE DL R A ok B 2 A
HEEERITCRIRIE, RETTRAR M H SR LR

JANL LA-ICP-MS: [& Ge. Ti Ml Li 4k, Jifz LA-ICP-MS 7€ H) 7 R IK Ll
WHALT I ICP-MS ME MU EIRAE (8 S1 M S3). X F 22 RNTEROL e
REFE, IR EEW . JCRAMI BB X S8, AT DL AT L (>0.5um) R
FEI 5. PRk, JEiE LA-ICP-MS W& K LT B T s 4 & E TR
[RIAE -

HId LA-ICP-MS 73 #7 i) T A B i B BRI P 4R 4 I (<15ppm), i
Vjazovka (M 21 2| 32ppm) k. ERAIREARE K, 5 A<1ppm E] 37ppm.
FIT A5 BE i rh R B R A AR AR (<2.3ppm) . B RN A MR E B ARAK, (HRE
Argazinskoe FR4), FH B & & &L 5.3ppm, Ge &= =i 1.6ppm. Berkutinskaya
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FEf (FEEb A AT0) B9 PIREEIR S, ik 7.6ppmo
4.7
4.1 ARFHHETER

¥ CL. EPR H ICP-MS =F77ikg5 &M, 7 LA E A s ilE nRm e
FIBREAIEAY, IR TR EA A 8 S AT U 2 3B AR/ AR . 1t
Gb, RS T ARSI E T RIREWIPIE R, JFRIR T REA TN IRE L
b b A RE R BT ) o IR S E R T N0 T AR B B AR PR oG E, (RiX
FERG M It A2 H ] DL oK B B8 b s 2D B 58 4 22 BRI W) FH I A4 e 2 0 Hh 1 2% o

K11 BoR T EOE e ICP-MS (LAICP-MS) & A A ERIRE, LA
FR¥E Harben 1 Miiller 25 N £ 55 UK A 55 8 ONE2EE AT (HPQ) WA, A
PAFF 58, B MT-09 4b, FT A A9kt i )E T m 2l B A 0% 5 i B i i 1 =2

Kyshtym (Ky-175) £ Itkulskoe FHGRA ik 147 5%
20

Q} & Berkut @ Bolotnaya
® Ky-175 ® Ku-2136
QO Argazin 0O Ku-414
15— B Vjazovka < Yurma
+ itkulskoe < MT-09
g
(- N
:10— O 1
i 0. o HPQ
oy o
= &%
° eer _© o -
«dy” 8 .
® &
o
0 T I |
0 10 20 30 40
Al in ppm

K 11484 Harben A1 Miiller &5 A\ A7 A S AT O G Re vl f BSR4 25 2 R it (LA-
ICP-MS) 43HTHY Ti F1 Al 3R

TE LU HRIR A FE IR ICP-MS J3 i 8l 5 3k € oI 289 X 4511 LA-ICP-
MS Ml EH PR, —2%50R (Ges Ti. Li) B/aaHEZE/DHERKE. HTiX
eIt R, PR L, BT B N A R a M o BT IX B0 R R EE SRR,
AT b Ty A ) 280985 75 1) IR SR BF () EPR {55 o

5 ERITTEAM X, LA-ICP-MS W& 1) Al I T ICP-MS 7EHeA g bl
H Al IRE . RE EPR B BT [A104]° O AE BT A FC I A o8 o
W EIEAEFTA @ ICP-MS WIS Al #R2 L5456 1. IHE[A104]° Hro0 R Hodt

73



g

HERTIRAR[ALO/M+]° FE A7 JEHE NG LS EEAEH . — MBS H. Lis Na il
X Al BRIGIEAT AT AME . ARTT, Na (DA HARBRAIIR 703 7 EE SRk
BEERAR LE 9, FHHAER &S L & ERAK. SCREdE R, #Wl
A GET AN B A ORE S A =R EER Li, T Li A2 AL B LA P87 P 55
T SR, AW T BRI, AL BUR Sit s s kM2 88 £ 22 HY . X5 Miyoshi
NI T4 IR — 80, TERGRA R R HAES AL SR 0 s P18 BH 2 11
oA . Miller FTARM, KA TEMRIB N HAE B P BH 21k AR
B Liv K Nao sdfn b4 d a8 A et A A & 31

JLAE EPR A& 7o 3 E0E 16 LU AR 7 1 IIREYE Fe WO 3R I S E S, B
B LA Fe WRFEHINIIN CBES MT-09 FRAb),  MRTRE:k HpCs i Hi s 2 5t
EAIRAFAEA . X722 o] DU AN A RIS Sk iRt . B2k, SEkmm s
PR HURA SR S Fe WS TR IR R X T4 MT-09 JudLanitk, oy it
BRI E] T — ey I e (Bl R . Hk, B Fe AR DL Fe? il Fe®*
[T AE A S8 R A AE o SRTTT, EPR 7E X BUIER R J0vAa il 1) Fe?*. K1, Fe*"EPR
G5 5 E TR IR Fe & &2 BT REAELE 1:1 [FAH G HES

4.2. PRI S FNLE A TR PE

HAT AR b 5T Iy 52 A S Y Rp AR RO e, DL R D1 CL il & A
EPR P45, 424t TACBELS BN E TR . WIREKZMAM X
SRR G B o X ECRRAE AN S M E A o SRR R A BT B, 1T HLE A BT
RN T A SR R I8 5

¥ Ramseyer A1 Mullis PL A Gotze 55 NI 5T, K H Berkutinskaya £ &7
HATER] LR SRR B CL IS S5 A a5 it b B & T AME M E T wm O H
XK. Hy&tfa, KAGCKSHIRELE 30-60s WIRH TR, XA aE5 KO H
EIEEEY HCA %, W Ramseyer Ml Mullis 78 LY BUSL L0 R . SR, 1ZFES
Al XTI BEARMC (<10ppmD. Al Ti F Ge AR 0 2 B AU 3= BEIE
SET X e HeAh, Li AHARBH B 1) B B AR T A A A R SR T R I E L
FRE. EERHR CL S0E R CL ETCR R0 (B 3b). AR
CL 58JE40m (CL B850 HIXIME M ME TR (Bl Al LD & ER .
Ak, A2 EE HOXF 500nm & Y6155 T REAEH -

T B JERE A RN R E I A G A 5 0 CL, X & H~390nm
500nm HIPAS FEE RS 51 E AT . AR #E Ramseyer A1 Mullis A& Perny %5 A\ P
Fi, IXEE R A TSR I PH B AME[ALOL/ M+ H L BE 1 . 78 HL T i
IEFREA, IR T ) R Z R O T RH B P AL RO S ORI AE AR

FATEL XERIATE CLBRE M IIX I, METRESERE (K 4b). Vjazovka fi
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g O ECE 3d) B R xR R AR . 5 AR S AR LG, B ALIRBETE &,
B [AlO4]° H0¥% A Eon H B2/ EPR 155

TE— LR A A S, AL T H far P4 BH 2 10 B AR O B, 1X 3R
[AlO/M+]° BRFEZG R CL 37 CEIMEEE B AT ALO./MA] 1 AT DL 4R 1E
CL), B IXFhRRE RICIBAFAEFHAIEFA] . Gorton SE7EG BRI T LA ¥ 50
FFfn i CL A A ARKI R PR E, JH1SHEL, PTREFR[AIOL/M+]® B2
AR HARTEAL R AT RE 2 S BUE € CL BRI . SRT, A8+ ) EPR &R A R
oAt e P B R AT HR R . EPR M RoR, JUP e EAEE S E
TEZS A A S A s BRI, 2 AL Ti. Ge MRS YE & T R BGE A 32 B
AR -

P LR IR ) CL XK Re R 45 i G B EVIIEE 3. flln, TRniAsS 3
FHEIA EAE AR CL 58 B REARIAL B B~ TIRZE (B 3d). Van den Kerkhof
Al Hein RPN G2 15 S MAAH BAE X 3805 45 f i AR rP s e = ik
IR o T AR I B A R AR . X AT B S A L AR B FT R AR IR A
WiE# OUHZEWTD AKX,

FE W] B AL RS P TR AE AR AT DUE B RS ISR R R (K] 36, Fh78
P EUSATST (EBSD) M 124 T Dauphine 25 & (RS, &5t LK AE

12.SEM FiBUH % Eox, BT Kyshtym (Ky-175) $GifaSi28 %, 5k BN f
FE AR

3k F Kuznechikhinsk (A FFES (Ku-414. Ku-2136) FHBH, A FEAR
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TS BUR G i K, CL FRETYA) . XalES T4 o8 ks 1 45 &
AR B 2 e R T A B R o 8 AR TG 3R A B R O IR e R 5
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