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(RI = refractive indices, SG = specific gravity, SWUV = short wave ultraviolet,

LWUV = long wave ultraviolet)

Sample no. | Weight RI Colour SG Luminescence
(c) | Min | Max SWUV | LWUV

PC1 0.486 | 1.761 | 1.769 | Yellow | 3.950 inert inert
(Sri Lanka)

PC2 0.723 | 1.761 | 1.769 | Yellow | 3.940 | Moderate Weak
(Sri Lanka) orange orange

PC3 0.773 | 1.760 | 1.769 | Yellow | 3.964 inert inert
(Sri Lanka)

PC4 0.491 | 1.760 | 1.768 | Yellow | 4.025 Weak Very
(Sri Lanka) orange weak

orange

PC5 0.744 | 1.760 | 1.769 | Yellow | 3.951 inert mnert

(Sri Lanka)

Mn 2.2 udaslSinasna (% lagnwiin) Tuwasaysnauaiainienusnd

a & a = L g .& i
WU 5 Lﬂﬂ ﬂﬂ']ﬂ'li'][ﬂ?l:ﬁﬁ')ﬂlﬂ’iﬂ\:ua EDXRF

Sample no. ALO, Cr,0, Fe, O, Tio, V,0, Ga,0,
PC1 99.7664 | 0.0076 0.1052 0.1132 0.0000 0.0075
PC2 99.8296 | 0.0000 0.0968 0.0611 0.0066 0.0058
PC3 99.7930 | 0.0128 0.1360 0.0431 0.0000 0.0152
PC4 99.7511 | 0.0000 0.0868 0.1398 0.0166 0.0056
PC5 99.7962 | 0.0026 0.1661 0.0135 0.0016 0.0200
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WnauFUNASHMaIMIMAaaIaanNNFUARSNNAUMSNAAEY Aulnasufindauanadnuns

(WNDULAH



trammao Ly WA lpuiues e fuaed
£ GEM AND JEWELRY LIBRARY
mmemmam The Gem and Jewelry Institute of Thailand

15

Abs
Il |
(| Before Exp
= ||| ~ “ Hter beating at 1650 *C,
! Reducing stmosphere £ hours)
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sUfl 2.6 alnasumsganauaduuadlugig UV-Vis (o-rays) 9a9eiagn PC1 ihmsianauua:

WEINNINGEDUE LUaNMZUSSENMALLUNADBNFRUN BN 1.650°C (Tlunan 5
as N

‘ \ Hrer heating &t 1650 'C,
r Reducing atmosphere 5 hours)
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il 212 @neSumsganduaauuaslugng UV-Vis (o-rays) 28962088 PC4 Mnmsianau
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Before Experin

| fter heating 2t 1650 *C,
Reducing stmosphere (5 hours)

S e

e, O RS e—

T T 1 e T — —nm

T
300 400 =00 600 700 8C0

=
=i

2.14 SUNATUMIAANEUATUUEIUEN UV-Vis (o-rays) 28468EN PC5 #inmalanau

waswasnmamaasum lugnmsussnmanuumeaandiaunigamall 1,650°C Wunan
&
5 Tl

r hal
‘ \ After hesting at 1650 'C,
Reducing tmosphere 5 hours)
E
N T I LE B S RGNS S R L (i e e o | iR oUEE R S il
300 400 500 600 700 800

Ui 2,15 awnasurindezesiiagin PC5 #lannmadinausinasunainisnaaaesanain
aunasunaumsnasaslusUi 2.14



20

2.4 mﬁwmzﬁmqém'saﬂmﬁﬂm’%’aﬁﬁa LA-ICP-MS

dasninuamsiansidaianaasuatlwg drewasaaiia EDXRE uiRenaidusznay
MUATBI BENIGINANIRENAI N q PSR semi—quantitative result #6095 3 standard less
cibration waxyiimMsUuisulimanmuauniu 100 % dnmmshaneidianiasiia EDXRF
n"ﬂn‘mmsamU‘%mmmqﬁtmmn By wiaden war wuniideals Fannadnelyssorudan
wh sinsaasiiumnlumsibifiedmdasluwassyunduin dnivlunisishanudila
wsadEMRedndasnnmaunauaGyilaa i lumideil Sesuiuaiabe fasdash
mﬁmmﬁﬁ'auﬂizﬂamaqmqéaﬁaaﬁéﬁmlﬁud Be, Mg, Ti, Cr, V, Fe. Na, Mn and Ga - 88

AAVADNASI AIBLASDIND LA-ICP-MS

WaagUEANATAIMTA 5 i Tdinmsenaiofiinamasassesiididy dagnaz
5 ULHTWARHMELATANIE LA-ICP-MS  TunsnsIadauunumaaisiaiassammaniugons
iad Tududoainmaminalinmsia cations BAWNG 2N ppr T(ﬂmfﬁﬁﬁﬂﬁwg e atom mole
ppm (amp) IWNTMSYNUHATENWI U JANWUETZMINEI061 vudatulaginnuazeayn iy
Testhwiin vatiansorlglagmsuSudiou 5100 cations navualimAy 40 wom mole %
WispiAuIIUsaNFAY 60 atom mole % TulASIETNYEY ALO, 100 alom mole % S1YAASIN
Uﬂ%‘?ﬂﬂ;ﬁ'\ﬂﬁﬁlﬂﬂzﬁ ﬂ%ﬁd'\ﬂ!ﬁ‘l@l(ﬂ"%ﬁ 9 ﬁLﬂU ppm IG\U’t{’mJﬂ o mﬁ"ﬁwmmtﬁu atom mole ppm
(amp) sauﬁammﬁmwa‘lugﬂﬂaonﬁwwdw 9 waratildupiwansusania Iﬁﬁmaaﬂuguﬁ 216
- 2.25 LAY 2.3 ~2.7

NNIULAZAITNEING ) WUTIWARENA 5 e1ame HUSinusgmanaanaie (ke ~30
- 350 amp) LLazU‘jmgthﬁu%mmmquunﬁvﬁuwwnﬂimwﬂmmﬁuumn (Mg > Ti §4n3 ~20

amp Full) Raunnafivimsitesssndiutiganaemniufiianiavmiiy
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uaaNe eI M eiiuIn 5 391ne [ uumMumNEBIwNa oEUBTIANAS
s ar 1 s A =] 5
MM B PC1 oeAIaeila LA-1ICP-MS

r

Atom Mole ppm
2 B 8 & 8 8 & B

—&— Mg-TI

PC1 | =% =

Atom Mole ppm
5 & B8 8

e

1 Point 8
Pl  Poit?  Poitl  Poimtd  Points Point Paint 2 Point 3 Point 4

Uit 2.17

WEAFN NG9 895RBATIATIIMTIATIziUNMBEN PC1 luguhl 2.16 s
enzinum HUFINSIemanAauee (Fe ~ 85-120 amp) waslUInnme
uwuniidsusnnnhaalnndlsnagnasmnaanhmsienzd (Mg-Ti = 36-64

amp)



A o s « LY o s s [l Vv
AITNN 2.3 ummﬁ:mﬁmmmQsmsaiﬂuwaaﬂqﬁﬂﬂummm Mmaen PCl oy

35 LA-1CP-MS Wsadana Mg/Ti ratio GaNuINNT 2 nnaenitesizi

PC1 Point 1 Point 2 Point 3 Point 4 Point 5
Cations (ppm by weight)
Be <0.221 <0.171 <0.169 <0.112 0.092
Na 3.45 10.67 1.96 <0.85 0.77
Mg 59.73 85.44 47 .04 68.41 49.62
Al 529250.44 52925044 529250.38 529250.44 529250.44
Ti 24.58 16.87 6.40 11.41 12.65
Vv 7.58 5.26 3.68 4.71 591
Cr <0.91 0.90 0.74 0.52 0.91
Mn <0.207 <0.154 <0.176 0.10 <0.074
Fe 322.89 263.72 234.05 264.83 291.81
Ga 37.66 40.52 35.73 37.37 37.19
Total % 52.97 52.97 52.96 52.96 52.96
Cations ( Atom Mole ppm)
Be 0.00 0.00 0.00 0.00 0.21
Na 3.06 9.46 1.74 0.00 0.68
| Mg 50.09 71.65 39.45 57.37 41.61
Al 300804.52 399801.18 399858.45 399828.07 399832.02
Ti 10.46 7.18 272 4.86 5.38
\ 3.03 2.10 1.48 1.88 2.36
Cr 0.00 0.35 0.29 0.20 0.36
Mn 0.00 0.00 0.00 0.04 0.00
Fe 117.83 96.24 85.42 96.65 106.50
Ga 11.01 11.85 10.45 10.92 10.87
Total (Atom Mole %) 40.00 40.00 40.00 40.00 40.00
Mg-Ti 39.63 64.47 36.73 52.51 36.23
Ma% 28.08 40.93 30.92 36.11 27.11
Ti % 5.86 4.10 213 3.06 3.50
Fe% 66.06 54.97 66.95 60.83 69.29
gl 373 5,58 1335 T1.82 AL

< = below (he detection limit of which 0.00 value is used for calculation of atom mole ppm



23

Tt 2.18 wamdumisihmsilesnsihuu 5 enniellan vudmumhzsswasusNanes
bl ar 1 A -~
&M 60eNe PC2 MeLAsasiia LA-1CP-MS

PC2 I'_—-_—h? N —aV g —F

Wi 219 waanamasassasassaimsienziuudais pe2 luglit 2.18 nwa
Siamsinuh fhnamamindouineeh (Fe ~ 90-310 amp) wasiUSnnsig
winiliennnhnalnisyaginnifounngaimhmsiiensd (Mg-Ti ~ 17-23
amp) anciuqadi 3 diideanindntien (Me-Ti ~ -5 amp)dguiiauazagasuinm
wdihduIN
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i 2.4 wadlensiviinusnsassagluwasayunAuasanm @adn PC2 fiu
38 LA-ICP-Ms Wsadane Mg/Ti ratio fiMagssyinszana 1 6 2 \iaunnies

oz

PC2 Point 1 Point 2 Point3 _ Point 4 Point 5
Cations (ppm by weight)
Be <0.118 <0.138 3.06 <0.134 0.193
Na <0.89 1.1 <1.12 <0.97 <1.09
Mg 62.09 113.52 88.26 67.06 150.56
Al 520250.44 520250.44 520250.38 529250.44 529250.44
Ti 68.82 173.06 185.46 91.01 253.81
Vv 7.93 17.22 9.49 8.29 28.23
Cr <0.44 <0.49 <0.54 0.48 <0.54
Mn <0.103 <0.121 <0.133 <0.114 <0.128
Fe 243.81 433.39 284.58 245.44 847.01
Ga 22.40 27.43 24.61 23.35 33.48
Total % 52.97 53.00 52.98 52.97 53.06
Cations ( Atom Mole ppm)
Be 0.00 0.00 6.92 0.00 0.44
Na 0.00 0.97 0.00 0.00 0.00
Mg 52.07 95.16 74.00 56.23 126.14
Al 399810.95 399657.26 399725.37 399805.14 399435.66
Ti 29.28 73.61 78.90 38.72 107.89
Vv 3.17 6.89 3.80 3.32 11.28
Cr 0.00 0.00 0.00 0.19 0.00
Mn 0.00 0.00 0.00 0.00 0.00
Fe 88.98 158.10 103.83 89.57 308.81
Ga 6.55 8.02 7.19 6.83 9.78
Total (Atom Mole %) 40.00 40.00 40.00 40.00 40.00
Mg-Ti 22.78 21.55 4.90 17.51 18.24
Mg% 30.57 29.11 28.82 30.47 23.24
Ti % 17.19 22.52 29.93 20.99 19.86
Fe% 52.24 48.37 39.38 48.54 56.84
Mg/Ti 178 123 0.93 135 T17

< = below the detection limit of which 0.00 value is used for calculation of atom mole ppm
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il 2.20 ugasdumisiivhmsliengiiiuu 5 annteldam vusunihraswassyyAnes

a s 1 i ‘L
89N M9EN PC3 018LA5p3ia LA-ICP-MS

PC3

&

]—-O—Hw T —a-WgT |_...n¢ T —aV -m-C —aFo

Atom Mole ppin

g

Atom Mole ppm

8

cBNEEBE IR R R

Point 4

©

Point 2 Point 3 Foint 4 Polnt &

Ui 221 waeaUSInasgIassasaiiimsitensivudatn PC3 lusu#l 2.20 anwua

Ienziwud dSinamgwanaauing (Fe  ~185-245 amp) uazivinmee

winiiiFouinnniong lnndlguagnnasimngadirimaienmy (Mg-Ti ~ 27-66

amp)



NN 2.5 R ssdUSime nsassaglumaapyesausEdam diegn PC3 g

75 LA-ICP-MS Wsodune Mg/Ti cdio H6mWmnT 2 nniewiw s

PC3 Point 1 Point 2 Point 3 Point 4 Point 5
Cations (ppm by weight) '
Be <0.100 <0.130 <0.122 <0.151 <0.099
Na <(.82 <1.03 <0.94 <1.09 20.80
Mg 107.88 50.83 43.31 57.47 54.53
Al 52925044 529250.44 52925038 529250.44 529250.44
Ti 57.74 21.15 22.54 17.72 21.15
Y 7.21 5.37 9.21 4.56 4,35
Cr 0.42 <0.50 <0.46 <0.55 0.47
Mn =0.097 <().125 <0.112 <Q.131 <0.099
Fe 653.02 492.58 672.47 534.63 541.57
Ga 82.99 72.04 79.02 75.07 72.06
Total % 53.01 - 52.98 53.00 52.99 52 .99
Cations ( Atom Mole ppm) 3
Be 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00
Mg 90.42 42 62 36.31 48.18 45.72
A 399619.53 39974545 399682.00 39972545 399724.71
Ti 24 56 9.00 9.59 7.54 9.00
Y 2.88 2.15 3.68 1.82 1.74
Cr 0.16 0.00 0.00 0.00 018
Mn 0.00 0.00 0.00 0.00 0.00
Fe 238.19 179.73 245.33 195.06 197.59
Ga 24.25 21.06 23.09 21.94 21.06
otal (Atom Mole %) 40.00°  40.00 40.00 40.00 40,00
Mg-Ti 65.87 33.62 26.72 40.65 36.72|
Mg% 25.60 18.42 12.47 19.21 18.12
% 6.95 3.89 3.29 3.01 3.57
Fa% 67.44 77.69 84.24 77.78 78.31
[Wg/Tt i 3.68 173 3.79 5.39 5.08

<= below the detection Ll of which 0,00 valde is used tor calculation of acom mole ppm

26
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Uil 2.22 wdasihuwmiinmsilanziinu 5 wnndellen uumunihaiwasy UENANAS
ar ar i w '&
8401 $BEN PC4 MBLA3IaNia LA-ICP-MS

PC4 —— Mg BT —a—Mg-Ti PC4 |-4-Ia+“ ——V - O - Fo
©r 140
% 12 |
2 E |
Q u a
2 2 ®
O x| [=]
= z
Eu| E
8 oy
< o B Z
s »
(R 0 -
Point 1 Point 2 Point 3 Polnt 4 Point § Point1  Pointz  Poimt3  Point4  Point5

Uil 2.23 uEenlSIs193a9308059NMMTIeiuNBEN PC4 lugufl 2.22 Mnua
Jenzdiwui SUnasgmanaauiie (Fe  ~90-115  amp) uazlu3nuse
wuniFaunnnineng lnmilisuagnnasmnenim ey (Mg-Ti ~ 18-30 amp)



MR 2.6 waldNilinnsasassasluwasayrHIARNASIIN 61981 PC4 dIn

38 LA-ICP-MS Tusadane Mg/Ti raio fi@annni 2 ninyaidasis

PC4 Point 1 Point 2 Point 3 Point 4 Point 5
Cations (ppm by weight)
Be 0.206 <0.123 <0.157 <0.126 0.134
Na 9.47 <0.85 <1.03 <0.84 <0.95
Mg 42.07 33.24 24.37 3960 41.35
Al 529250.44 529250.44 529250.38 529250.44 529250.44
Ti 12.93 11.89 6.55 10.69 16.24
V 9.38 8.35 6.50 9.45 9.01
Cr <0.43 0.72 1.02 057 0.58
Mn <0.104 <0.102 <0.121 <0.099 <0.112
Fe 311.96 287.49 244186 31538 289.54
Ga 30.18 28.80 26.15 30.66 30.01
Total % 52.97 52.96 52.96 5297 52.96
Cations ( Atom Mole ppm)
Be 0.47 0.00 0.00 0.00 0.30
Na 0.00 0.00 0.00 0.00 0.00
Mg 35.28 27.88 20.44 3321 34.68
Al 399832.32 399850.10 39987701 399834.17 399839.83
Ti 5.50 5.06 2,79 4.55 6.91
\Y 3,75 3.34 260 3.78 361
Cr 0.00 0.28 0.40 0.22 0.23
Mn 0.00 0.00 0.00 0.00 0.00
Fe 113.85 104.92 89.12 115.10 105.67
Ga 8.82 8.42 7.65 8 96 8.77
Total {Atom Mole %) 40.00 40.00 40.00 40.00 40.00
Mp-Ti 29.78 22.82 17.65 28.66 27.77
Mg% 22.82 20.22 18.19 21.73 23.55
Ti % 3.55 3.67 2.48 2.98 468
Fe% 73.41 76.11 79.33 75.30 71.61
Wg/Ty 6.41 5.51 7.33 7.30 5.02

< = below (he detection limit of which 0.00 value is used for calculation of atom mole ppm
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3l 2.24 uaeesumisi MmN 5 enntheldsn vuduvihasswassyunanad
et @ 1 i d AL ~
&M ¢hathe PC5 cetaTasiia LA-ICP-MS

PCS —— Mg —a—Ti —a—Mg-Ti PC5 —— Mg -8—TI ——V @ Cr -@-Fe

5
B¥Egg s

3
Atom Mole ppm

Atom Maole ppm
-]

5
8

o B

o

Point { Point 2 Poimt 3 Paint 4 Point 5

sl 2.25  wdevUSinamaiessasaTeihmallensiuudadn PCs lusih 2.24 nnwa
Jienzinud fUSinusgmandaudie  (Fe ~30-350 amp) uaziiUinwsig
winflFaumnningg lnndisvagunifiaunniadinmsiassd (Mg-Ti ~ 35-54

amp) 6n1IURaT 5 Aidinnniuiesdntay (Mg-Ti ~ 4 amp)
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Myt 2.7 waliengilinamesassaslunasgyenAnaiain drads PC5 ane
38 LA-ICP-MS TUsadune Me/Ti ratio si@mnndy 2 nneavidtanzy

PC5S Polnt 1 Point 2 Point 3 Point 4 Point 5

Cations (ppm by weight)

Be 0.131 <0.144 <0.27 <0.154 0.017
Na <0.70 <0.93 <1.61 <1.10 <0.087
Mg 43.46 60.01 67.84 56.35 4.85
Al 529250.44 529250.44 529250.38 52925044 529250.44
Ti 4.51 8.45 7.94 2.47 0.52
\Y 1.13 1.50 1.66 1.04 0.16
Cr <0.34 0.48 <0.80 <0.53 0.06
Mn <0.083 0.14 <0.186 <0.129 <0.0101
Fe 678.05 796.16 952.39 680.06 81.65
Ga 93.47 98.71 114.79 94.20 10.48

Total % 53.01 53.02 53.04 53.01 52.93
Cations ( Atom Mole ppm)

Be 0.30 0.00 0.00 0.00 0.30
Na 0.00 0.00 0.00 0.00 0.00
Mg 36.43 50.30 56.85 47.24 3.90
Al 396686.06 399626.25 399558.24 399675.68 399962.46
Ti 1.92 3.59 3.38 1.05 0.22
\ 0.45 0.60 0.66 0.42 0.06
Cr 0.16 0.00 0.00 0.00 0.18
Mn 0.00 0.00 0.00 0.00 0.00
Fe 247 .37 290.41 34734 248.09 29.81
Ga 27.32 28.84 33.54 27.53 3.06
Total (Atom Mole %) 40.00 40.00 40.00 40.00 40.00
Mg-Ti 34.51 46.71 53.48 46.19 3.68
Mg% 12.75 14.61 13.95 15.94 11.50
Ti % 0.67 1.04 0.83 0.35 0.65
Fe% 86.49 84.35 86.22 83.71 87.09
Mg/Ti 18.59 14.00 16.84 44.96 17.

< = below the detection limit of which 0.00 value is used for calculation of atom mole ppm

2.5 ahUsaea

3 ar 5 =3 6 o Al o & =4 C.IGI &
PNMNNWABIYBNANLNLUUAILANNI 5 GI1aE194INaTaIm (RawasaRiuImnusioman

P o Mo @ Mmoo v @ ¥ a E 4 A4 X a
i wiatiSend wasauuvatuiisndeduwusiuiiuuds) neneseinilangamad 1,650 °C Tu
“ £ I=~¢ L5 ¥ ¥ o
anmzussimecuumeaandiay (lulasauudans) Wunm 5 dalie wuihdwasens 5 (e
& P - ' Vot o & & A Vo w '
Wasvnnidunildmdsmasnaummeaas Wdulifidudamsuneseivids  uazwasglidoanan

A . & L a - a a_ L0 0A a

whinenasidasluammsussMauuusandauwaies (sandauuigns) Naumgll 1650°C
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Puom 10 $1he  wuhFssweasdsunaulTudiviamaamnisudamdasnefifises was
wuinfudimdaeiitafioTaan fade st MararosmInnaulindusnvidesasaugas mdae
naefiafysaswaaeyANAIAINTIFN DM TELUUAIGI azuldgaaenTuamis
ussMALUUBENBIIUWaLRE T D AT Facriy useshasnduiiidihliidaquinared
fonan Sudaysaseilifhufinnuiudlusmsenwasylng

adnadumsganfuaiuuasludn  UV-Vis ooewaoens 5 diaianaunassiuaesns
@uanﬁuﬂguuaaﬁtﬁqgﬁuafiwmaLﬁmlﬂmqﬂ%u%ﬁg’m%aﬂgué%u uazusasdnuaslnarussnn
460 wiluwas dnvoraUnaduuuvilifuiivousudih ennanunwias (defect centres) Tu
Tasvafnmasudn ALO, WdeRiEent audnandiiaiies (stable colour centres) Wia Audneed
Winemhes (stable yellow colour centres) ﬁwu’luwaaﬂquﬂﬁm‘éé’qm (Schmetzer et al.
1983; Hager, 1992, 1993, 1996, 2001; Emmett and Douthit, 1993) uanaSsBIWaDEA 5
datandaunasiusnunngiiuduesinudsuilivaamsganiuae wnnfuwaaalsd dody
damsvnaudidnasumdsnassusnaanmnanaduiaumsnesas wui aundusivdafae
inunzanlneufidendy qudnaedvdasiiaiss duiee

KEIATIITEATaNEa LA-ICP-MS uufatuwanens 5 ifia 9 ax 5 auIuaduwh

' v A < 1 ¥ . & 3 o arr
Waoy wuhwansnauliusinumadnAaua e (Fe ~85 - 350 amp) Futumisdudui
waaguynanaiam dsamandnldunuiagiideslulasadin A0, Aautniey Faluuuy
amawasehddudeduwusiviuwls  waziiviinamauundd@asannniaig lnmdisusgnn

daunnganinmsitanz (Mg-Ti >~20 amp) snciuungediviinalnddasiy den 3 vas

o

e pC2 Awuhiinamalnonisannnhnauunii@euedidndas (~5 amp) iaiie
mﬁauiwasvju'%nm‘mﬁifwﬁumq 9

mmswaneaast iz haguunii@suvaaniiiutusalmndenluglass
(colourless) MgTiO, clusters aulaifisna lmnmiismdadnuar Mg™ Mmvdinniuwe susar st
Weguinaedimdasiiadesld viariGundudndaniieh “quinmedfiaiilosuuniifon (Mg-
apped hole colour centres)” 1i{BLENWABEGINEN IUEAIZABNBIAUNALIAEN (c.g. Kvapil et al.,
1973; Andreev et al., 1976; Wang et al., 1983; Emmett and Douthit, 1993, Hager, 1992, 1993,
1996, 2001; Emmett et al., 2003; Schmetzer et al. 1983, 2004; Pisutha-Arnond et al., 2004,
2006) uazdivdasaenanansaiaela fenluansnesandiau udmsiiogudnaedinia
fadesloy Wldiissamzmnawanii@uuiesdidin mimnznnmmassduansinass
AdSuaN 789 Kvapil, et al. (1973), Wang et al. (1983) waz Higer (1996, 2001) wuiiii
wmenauunliFsnciseidn lulasedsie ALO, azldwassfinunanhana Lilddindas damn

0 o 'd = A:Ii =4 Vv 5 o R = 5 of of
Higer (1996, 2001) ‘mmm'sLnmquﬂnmﬁmammaoﬂﬂmuu ntludasiinesrquuniidunuas
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winhuagielulasain ALO, (Ui 2.26) Hilunsdivaswasssssumn@andfasiisiaman
fwuvikegians  SuiuiinhGinamaiassessswsssnguilusasluamumasy  Me-Ti-Fe
diagram Tuguit 2.27 Unngheniiuaasdulugonaguinadmdadlusuii 2.26A uanilahunio
uanaly Mg-Ti Cross plot ‘lugﬂ‘?‘t 2.28 eiilddnlvajanagmiiodu Mg:Ti ratio # 2:1  (uas
danrsaatudate YSRIH illuwasaeiasmumnudizny ans $n wsswon) uaidosniiudmiu
A PC2 il Mg:Ti ratio agssninadu 2:1 84 1:1 udfdousasdivianduda duly Saasuld
1 dmdasiiAesunnmssndsnilunassundniiinunamind  wiandumidiouuy
fufusiuiuuls Snmasnannenuunwiaslulasienamdn ALO, WiEanh quinansdmias
[#065 (stable yellow colour cmtres %38 Mg-trapped hole colour centres) ﬁ'ﬁﬁﬁﬁ]u&mﬁrﬁﬂuﬁﬂﬁ

wies (lagdisamansaneeiinniiuwa (Mg>Ti) Mt Mg:Ti ratio asiiannnindszanas 2:1 3

o

linail Tagfigaawnlugnmzoandauwaiesinaumgiis

u

+ ALO,

Mg

Mg.Fe,, _ Mg, Ti,

5 e
il LS Ti
I Feu T, Fe\m. 0t
A
N (A) .
* colour centre due to Mg g colour centre due to Mg and Fe
= 3 ) 24 b 54
#*  yellow due (o Fe E¥x PFe” /Fe -charge transfer green due to Fe

. 2 A ¥ 2 b . .
**** Fe /Ti -charge transfer *x#x== precipitation of TiO,

il 2,26 MwidesanuFuWuSIaIgsavsatlusuy Al-Mg-Fe-Ti (gUmdsudu) angy
wizndmutdannuiudumuasldstanumassiidueiisusdunusinumgluae
Fuduluszau ppm §1Jmmw§'aumqﬁm'ﬁm (A) uwuu‘dﬂlwimﬁqmwgﬁi 850°C lu
anzaanflauwalies diusuneemn (B) Lmuumllﬂ‘s'umﬁqquﬁl750"(: Tuanme
1ADBNTLIY Higer (1996, 2001)



100

0
Fe total

Uil 2.27  udasdayanaliazy luauaN Mg-Ti-Fe diagram 299nguwasgyssAu
A389M (PC1-5) FilSsnausiamane wiawuuatuidmiiinduwusnuiiy

wils
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Mg-TiCross Plot ePC1 mPC2 APC3 ®PC4 mPC5 ®YSR1H |

£

140

'20 ﬁ 2:1 o

1:1

[
o
(=2

80

L'f

Mg (atom mole ppm)

o
(=]

ny
(=]
@

0 20 40 60 80 100 120 140

Ti (atom mole ppm)

R 2.28  uaNEBNANAIATIEH T Mg-Ti cross plot ZBINGNWARBUNTIANASAIN (AIDEN
& & o ' & w s 4
PC1-5 MNMSAN IUATIT Uazeae YSRIH Nnumuns an 50 wsswin) 1i

USnamqunandvisawvuatundmladuwusiuiuuls
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@ at e I~
WAL AMNHUSIIASIMAN G
(wuuatuniddieduwusiuiugun iMgtiaustaad )

3.1 uni

dasnndafidamdoh aumazasmsfiodzaawaasuendy HiUTnneqmangs viad
Gonh “wapsuuuaturdibeduiusiunuguen afiourgead HundeiFsng viawnui
Taglisinsianansle q adltluthin  saffuneduilinsysnohiinns Namdseilénnmaen
\Jiﬂaifu Wan  Fe'' Wumnan theeathauden (Lehman and Harder, 1970; Krebs and Maisch,
1971; Ferguson and Fielding, 1971, 1972; Nassau and Valenwe, 1987) ﬁ%atﬂumaiwﬁﬁmm
Fe' ﬁuqus‘fﬂawﬁmﬁmﬁmﬁm (Schmetzer et al. 1983; Higer, 1996, 2001) waiwsd il
msdnmagaBusuy Tasdvliiimseuauiiamanisieiiaie weiesunaiunsaaniuaiu
LA DSWADEN DUUATHAALDENAWD snmadsldiimsamalensinnisssasluwasuiio
Usznaumsadinamaiiod  sssuluuniifueiiauensnunsiss  feimaapysNAusani
Fnasigmings waniuwuuaiiindiedmiusiviugmnlusiouzeoad 20 2 unasly
Usznlng  Tembamasaasludanmzaandinuwadion (Waassaumsulisuulasnasd uas
anaiaaulnasumsaanduuadludng UV-vis  manauwasmanin  smiiensidinuse
$pesREVAINIGIATagEa LA -ICP-MS WA TasanaasuNENEINET Tava

rmstiedinassuuule? daendssnunaiengisiamaniiniali? agals?

3.2 MIDLINUAANURNUFIU

wasgiinndAnmiunguildun wassuwnAuaa 20 o, UNNzaz 4. unud w5
et warwansugUlWsaalidan 1 @rathe 1n e, Vawass 2. mapuyd AiUGNnumamings
wsonsaniuifiuwaasyendy  “wnvaduiimideduwusiviugenvsiiouzgead®  @uia
Fupnuzaswasene 6 el waadlumand 3.1 waseiningaz dmdheguan (YCH1-3) 1y
Yoo ENAuIARINADIBaUNAT  IUWABHUNNAK IO NAAAEN  (YGCHL-2) 1Tiunass
u‘ﬁﬂﬁnamﬁmﬁaqdauuazﬁunuﬁﬁﬁu&ﬁm(cyan) USnnaaudunia mmqﬁ‘a‘anwaamﬂmﬁé
wawndnen fiiiasnninslddumndisuwlanesdindasuaniiudidnmdum haaandas

fvaalnadunsaandumauuadluzie UV-Vis uasUBinmuoigsassan wiali?  agwls?  wa



a -y & P P = v ar ' ¥ P
Wenzinmuefiaasasidas EDXRF waasluensiil 3.2 Funagh madunimuaiiling
Fe,0, fidauinags

l.i ey x ar o . L ar o =4
NnMn 3.1 uamanumwugmﬁmwaaﬂqmmua@ MUIU 4 Lﬁﬁ VAUV UNNEAE mmmu‘nqs (Rl =
refractive indices, SG = specific gravity, SW UV = short wave ultraviolet, LW UV = long

wave ultravioler)

Sample no. | Weight RI Colour SG Luminescence Picture
(ct) Min Max SW LW
uv uv

YCH1 1.909 1.760 | 1.769 Light 3.99 Inert Weak
UNnEAY yellow orange \t&

—

YCH2 1.460 1.762 | 1.770 Light 3.96 Inert Inert

UnNnzAE yellow

YCH3 0.930 1.760 | 1.768 Light 3.90 | Inert Inert

UNNERe yellow

YGCH1 1.859 1.762 | 1.770 Light 3.97 Inert Inert
1NN Yellow

with blue

zone

YGCH2 | 1.852 | 1.760| 1.768 | Light 3.98 | Inert Inert :
N bk Yellow
with blue

zone

YKB2 0.564 1.760 | 1.769 Color 3.97 Inert Inert

Uawane less

L
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Med 3.2 udenUSnnsg (% logihmin) luwasesymdnae w4 e Mouvannngas
o o~ @ o M s o Iy & P
RMAUNYS MhmIwNsiaiswasaaila EDXRF

'7 Sample no. ALO, Cr,0, Fe, 0, TiO, V,0, Ga,0,
YCH1 99.62 0.01 0.33 0.02 0.00 0.01
YCH2 99.40 0.01 0.56 0.02 0.00 0.02
YCH3 97.62 0.00 2.31 0.04 0.00 0.02
YGCH1 98.70 0.01 1.26 0.01 0.00 0.02
YGCH2 97.41 0.00 2.50 0.04 0.00 0.05
YKB2 99.05 0.02 0.85 0.02 - 001 ” 0.05

3.3 HaUINMINAIDILEN

waaﬂquﬂﬁuam%’a 6 L@ 'lo%’ﬁwmsnmamxmﬁl'qmwgﬁ 1,600-1,650°C (e 6-10
#lus TuannzoanBiauwaiies (meldameund w’%amsmmﬁaaﬂ%wuu‘%qwé) PURLDYONS
tnuazuan aedidouliraswaasudande usasly §1J*n"' 3.1-3.6

ua'l',@ﬂsnuﬂaqwaaﬂnéuﬁam‘lﬁdw WIRHUHANEN 10 8. UNNZAE 3. Juny3 S 5
i imsdeudnnmaasdaussun Wdudmdamemdedindswunmiaa (Fusilae) niaun
sthedaay  uaswuTudindsenasfiadosndar fade test (gﬂw"’ 3.1-3.5) dwmSuwassdaiil
oudhdudsn wuihduddaaesadnties (gth”;l 3.4 Uaz 3.5) luhuaudernuaviunass
wrUlWsaalsddn 1 ienn a. Uawasy 2. maauys Asdian YKB2 Adunsawnannlifidiiy

fndamasldaudaslugun 3.6
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UM 3.1 waeemsiSaufisudwassysnduunn:as et YCHL fidautaiiuanstu
Fudnmaetne denwassnauuwndmdasdauiulidviunsuSeudiou dusu
Tugymenn Aewasavidasniigamnd 1,600°C Juam 6 #lus lummealsné
Unngilufivdamas videdwmdnwnmnhens (Fulae) fianes (wlasan 30
WISEN war Memwlag #iien duu)

Uit 3.2 WaBHUHTIANLNZAY Bty YCH2 fillfvdssdaudauwn (sUheudasdnousnuas
nawdaselu) dnngiludvdsmas WiadmFsaunuinea (Fuadlaa) Fiades vdawnd
aanndl 1,600°C (Wuna 6 s Tusmensnd (gUrnwasnnidesslu) (enlasan
3N wasEnn usz donwles Bl auyn)



39

UMl 3.3 WaasUBTIANUNNZATEA GiegN YCH3 hildimdasdaunauwn (3Uhe) dnngdlud
waswmas viadmdasunaiinea (Fudle) Mafes vasenigomgli - 1,650°C 1y
na 10 Ml luussimaaan@iauuians (stu) (memwlesniien suun)

silit 3.4 waaﬂqsﬁwﬁuuwnmzaﬂﬁﬁLLnuﬁtf'uiimﬁm 6188 YGCH1 didivdavaaunauin (U
e) Unnglufivanmes yapdvaasunuthma (Fudlaw) ﬁuﬁ«mﬁqquﬁ
1,650°C (flunaa 10 #lua '1uussmmﬁaan%muu%qn§ (5uam) Tusadanauaudii
Gudenfidrandntasvaasn (omwlaogiien sun)

sUTi 3.5 wassysANUNNzsaaiiuouinRude drate YGCH? funudindasdan
nauwn (5Ute) Unngiludivismas wiadmBasunuiinena (Fuluq) ¥
wilgs waawnfigumadl 1,650°C Wunm 10 FTus Tuussmmasaniauuians (1
o) TusedunauauFihuidsfidaesinissvasen (donmwlas #in quyny)
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sun 3.6 wassuzUlWsaaninmoauys matn YKB2 15dnauen (5Umhe) dnngilud
midamay Wiafmdasunuihmadiades wausnfiaaumall 1,650°C 1w 10
Y ol A A : -
Il “lumsznmﬁaanm'-mmqﬂﬁ (gtlzm) (mamwles il gy

3.4 slnasunsaenauaauuadludin UV-Vis-NIR

waaEETIANUNNZALIG 5 e uaswassuaIWsmnpudan 1 wWaldhmsanaie
awnasumsgandueduuasludin  UV-Vis-NIR  manausnuasdasniishuviadeniuuarly
ANMENMTINAEINY Neaztdeaasdunesy (o-rays) Mnauuazndnrasudasdachs 1@
doslugdidendu waliaansaSeudisuiuld uas swnasuiimdaiildnnmsihanadunay
waswdaniinaun Tédeuaasliludngudaly (4 3.7-3.20)

wadgUlaasin wuhauwnasu (o-rays) FDIWADEYBTIRNUNNZA 5 1aiIanauEn
wasmMIgandupduussiiionn Fe” fishumiis 450 wiluwas ashaduiauarluinaiaaadiui
fuviie 377 way 388 wiluwms (lasaneunils absorption edge Tinlutnudia) magandu
AmuuasTimisdanam Usndinwuluwssseeuduiiivinamamanguaus duaulneiuzes
MIgANFLATULAIMAILHZBINABEFINGT fifiAsuaaemsaandufidnivis 450 fiiean Fe' i
Wudaduiy  warsnadumdusniimsendgaivagnedadiaslumedidgiviaaduduiiinnnt
anasudousn  dufuiimhainadudeuwn  vinausannnanlnaduvdan  wuhanesud
wauaaemssnefigiiuachsdaiiaslimeieded wasilinddniivazinn 460 wlumes 1y
fwnzadaiumUnasuasnsgeniueiuuasiiionn audnmedmdesiiiaies wasdawudnh
maunludnmzaanduwaiissluassil 'l;imm'smﬁé'ﬂuuﬂaommgqtlaqm'iﬂﬂnﬁuﬁl.ﬁﬂmn Fe'
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[
<

i 450 wnlumasldae fawirztnvigamvni 1,650°C Wunm 10 #Hlne Tuussenme
aan‘z‘tmuu’%qwéﬁmu

wonNNi aseoudintudenluiege YGCHI (gﬂ'ﬁ 3.13 - 3.14) wuhaunadung
POULAIMANIUAPIMIQANFuTEY Fe*  fighumis 450 wluwas uazmsganduiiionn
Fe'/Ti' way Fe'' /Fe* IVCT ﬁﬁqmgqqmﬁ 565 was 900 WluLASMNEFU wuhanasufide
10 Metal/Metal TVCT @anan vaswniimsganfuanasdniias %aﬂmngag"lumﬂnﬁuﬁmﬁaﬁ
linmsinay Fafiindanadeanasuiimdsliunnginfidiunis 450 inTuwesag

luhussd@egnudwmiuwassuzdlWwimeauy3sn 1 We  dadiatn YKB2  Alawus
pdARINU (gﬂm‘; 3.19 - 3.20)
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37 3.7 useeaUnaSuMIRANAUARULINEI UV-Vis (o-rays) aeedintuwant
qs‘;‘iﬁumqnzaxéu‘lwnﬂugﬂﬁ 3.1 (YCH1) Wenauen (Fdnduan) uariadnate
waanfdumindn (@hduduu) aunafuniauwnuammMsaanay iienn Fe'
fidumia 450, 388 and 377 TGS MUNASUNAILEOUEAIAISEN
61"3Qﬁ%uaih\wiatﬁaaﬂﬂmﬁqagﬁ waz Munte 450 wluiuesyos Re®

24
20 ‘
la l 1

| .
104} S Betare edting  Aer hesting

e '
0.0 t e
| e
0.0 [[— o s T —— =
0.0 -
e
la T T T T T T ™
£ . 500 600 700 BoC

iU 3.8 udesstnasufiida (YCH1) filsainmsinauaulnasuiianauwnaanan
o o ar L & 1 -] < o A 5 1
anasuriavdauenlusun 3.7 dnnghannesurivasudesmssnifigeuadn
' A w o4 =3 Ve AN W L = -
daiinslumeedyi uaziilnainiszanm 460 nluwas WunliGauuinm 450

1 4’ A ar
LHIMLZJ@S uw:ummqmmﬂmwuﬂmmﬂaauammﬂm
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1 1N
"Iul.:‘. ————— Befors hesting
[l i o
|

3.0~ ¥

204 ||'|\ [ 1)
\

00—t

T r g T T ~—m
250 300 azo *00 400 £o0 &80 400 680 TO0 T80 BO0

é ar -~ A 1 ar
U 3.9 udMIFEUNATNMSAANRUARUUENT I UV-Vis (o-rays) 2846208 NWADE

uyMANUNNzazlugUN 3.2 (YCH2) Manauwn (@diduan) ussindnasanaiend
l

a 1 a :’ = ¥ [ 5 1 ar = .
Mumiaedn (HNEUFUUY) SUNASHNINDULALYSIKEMNTNANA LD Fe'
s ] ar w a X ' \ A ar ot
duvie 450 Wluwes usrdlnasunsanuaasmssnegiduatvdadiaslumeedyd

>
—_—
—
f
|
|
|
|
\
|
|
\
|
{
]
f

LS

R e e e L

st 3.10 usnssnaiuiiivda (YCH2) ﬁ‘lﬁmrxmsﬁ’nauﬁmﬂnm%’nﬁ%dammaanmﬂmﬂnm‘?uﬁ
mnmmﬂusﬂn 3.9 Umnghaneduiivia mmuammiﬂnma\muamqmama\flﬂ
mesede BausHhmsiaauneiuremaseiodl ﬂvummﬂmmﬂ%aum (imgam
Bannmdagmsiansuuasmdaenililafmumininty wsaan'nvmsmw
i) Fanansodanadiuenuiadsndldnniinifiveu (negative peak) # dhumia
450 wluwas (uilufingds msezdluinfidiuininanh wssmswenwaaely
anMmeaanBlauwatiies Gy Fe' fiavsiiaglunassnausmiazanaandlodluiiu

* s g a & 4 L ~ “ﬂ - g ﬂ. o 1
Fe’* waurnannau lvdiavinau dnmsganduiitionn Fe' fiduvis 450 wluiues
Wzt uAUviasLen)
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YCH3 After Heating

Before Heating

0.0

8
§
8
8
:
8

nm

1 as i & ) _ o [
U 321 uEeNENASHMSNANAUATULEIZI UV-Vis (o-rays) 2896112E19WADY
usnAaNuNnzazluguil 3.3 (YCH3) ianauwn (@dndusn) uazindnas
yagnfisuvedin (Hinduduun) aunafunauuasMaurLaaImsganau

299 Fe'" Nhumiis 450 i0Tuiuas uazaiunaSunaenuaasmsenaIgaduas

sial.ﬁaq'[,ﬂmq%’qﬂg'i'
Abs
26 YCH3
-
6]
10 Before
M“i"“u\,‘
os \MHH‘_‘
oo
300 400 : 500 ' 00 ' 700 \ :

nm
sUil 3.12 uwdewanaSuiivda (YCH3) fildnnmsinausidnasuiianawmnaanan
anafunianawnlugdn 3.11 Unnghanasunivdanaasmsenain
dv 03 3 A g =l b o v A‘
geaduagnaaiiaslumeFidyd waziilvadnidniasndszinm 460 nluas
lisadunai bidnngiinfsiumis 450 nlunesiag



2.

2i

X

0.

45

Abs
YGCH1
& After Heating
A
d \ f L‘\
<M W
300 /00 &00 600 700 nm BOO

é s 4 é 1 o 1
U 3.13 udesEUNATUNMTAANAUARUUEIZ N UV-Vis (o-rays) 489008 NWaDE

ynanunnzazluglil 3.4 (YGCH1) Maassdrudmaasnauwn (Fibuiduy

[ o o & ar c'( o [ o= ) 9 a 1
879) UANPDNANURILENTIFIUVUNEAY (Fdnduuy) FnasunaylnuaaIns

Qanduza Fe'' Misunis 450, 388 and 377 wluines MUNOSHNSILNLEAINTS

anegvzuatvaaiialumeSedeyd uaz dumis 450 nlusasass Fe'

Abs

2.0+

(171

ll| yacH1
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Before Heating
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o ’ L4 & <l
3.9 I’Aﬁ’)Lﬂ‘i’w?“i{ﬁ'l(ﬁ!‘ia\‘iSﬂil(il')ﬂl,ﬂﬁﬂ\iﬁla LA-ICP-MS

dethawaanyendu 6 e Idhmsianasassasiididyensaiia LA-ICP-Ms
(RORTIARBULNUN BBISIgSBasDEMALLUd DM SIAGE swazndsaaaihmsiensd Uinu
ngen 4 it ppm Tozhwtin waz miduaondiu atom mole ppm (amp) TIHNIMsTAUFGIL
rasnsvlens 1 uasuaiilduaswaosudande Tduaadlugud 3.21-3.32 waza 519 3.3-3.8

uargUTaETIN WUNNAREWABEUNANLNNERNS 5 (e SURnasIanEnApuinegs (Fe
~2,700 - 3,800 amp) uazwn'h6\sqnnqm'ﬁﬁwms‘iLﬂﬂ:‘vﬂuu‘%nmﬁmﬁm‘lunnLﬁmﬁﬂ‘%mmmq
wniidassnnn g lnnden uaasmnealuwouiihGuidmasdiadie YGCHI uar YGCH2
wuihiviinasie lnndesnnnhsiauaniides

dmSuwaasuzdInsmgauyian 1 uie (;iﬂﬁ' 3.31-3.32 uazens97 3.8) wuhiiRuna
SMANUPENIYDIEIDENWAREUNNEAL (Fe ~900-1,000 amp) Sesnsoadunehwasniio
ladauun uazdivhnamauunii@aunnnihnalnnion asmnyadinnsinnsi (Mg-Ti ~

4910 amp)



sl 3.21 uaesgefivhmsienzvininihalizn S1unu 6 30 uuliwaasysIaNLNNyas

@A YCH1 eneta3a9ds LA-ICP-MS

YCH1 — Mg T —a—MgTi

. .,f*——"o——f-'—’-"
1%

"——-—A—-"‘——i‘——‘-—ij: 2

Atom Meole ppm

Point1 Point2 Point3 Pointd4 Point5 Point6

—— W m v
YCH1 —— Cr _:_ Fe i

10 i_ "

e Ly

.lr

e

 S—

Atom Mole ppm

Point1 Point2 Point3 Point4 PointS Point &

a

5Uf 3.22 uaeaNIUmN 3895880 TANYIINS

Jiansiuuag YCHI lugun 3.21

v = [~ 1 L9 )
WU FUFNUEIAMRNABUING (~2700- 2900 amp) waziiU3nwusa

unndFuannainoe s s

ﬂ?ﬂ‘ﬁﬁ?ﬂ?'ﬁm‘i’]:ﬁ (Mg-Ti = ~7-9 amp)
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My 3.3 padeneiUimnunia sessos lewaasu B IALLNINEAL MDEN YCHL @)y
38 LA-ICP-MS

YCH1 Point 1 Point 2 Point 3 Point 4 Point 5 Point 6
Cations (ppm by weight)
Be <0.190 <0.215 <0.249 <0.250 <0.27 <0 219
Na <1.51 <1.83 <1.98 <1.87 <2.02 <1.68
Mg 19.54 20.04 20.60 2018 20.78 21.39
Al 529250.44 529250.44 52325044 529250.44 529250.44 529250.44
Ti 20.78 20.97 21.57 21.38 21.38 21.80
Vv 1.29 1.27 1.25 1.28 1.31 1.37
o <0.43 233 1.08 <(0.49 <0.56 <0.45
Mn 1.10 [l B3] 1.24 1.00 1.09 119
Fe 7434 .45 7668.98 7801 47 7924 .47 7987.12  8065.40
Ga 130.7 134.81 136.76 136.85 137.36 132.56
Total % 53.69 53.71 53.72 5374 53.74 53.75
Cations ( Atom Mole ppm)
Be 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.00 3.04 000 0.00 217 0.00
Mg 16.28 16.69 17 16 16.81 17.30 17.81
Al 397240.42 397150.39 397104 90 397061.54 397036.17 397010.80
Ti 8.79 8.86 912 9.03 9.03 9.21
Y 0.51 0.50 0.50 0.51 052 0.54
Cr 0.00 0.91 042 0.00 0.00 0.00
Mn 0.41 042 0 46 0.37 0.40 0.44
Fe 2695 63 2780.03  2827.74 2872.01 2894 ~2 292271
Ga 37 96 39156 39 71 39.73 39.88 38.48
Total (Atom Mole %) 40.00 40 .00 40 00 40.00 40.00 40.00
Mg-Ti 7.50 7.83 8.04 7.77 8.27 8.60
Mg% 0.60 0.59 0.60 0.58 0.58 0.60
Ti % 0.32 0.32 0.32 0.31 0.31 0.31
Fe% 99.08 99.09 99.08 99.11 99.10 99.08
Mg/Ti 1.85 1.88 1.88 1.86 1.92 1.93

< = below the detection Timit of which 0.00 valuc is used for calculation ol wom male ppm
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Ui 3.23 wamsaemihmsitanzvnndeluan 1 5 90 vuiiwassyENANLIINZAE

MBENY YCH2 aetasa9ia LA-ICP-MS

. —a— Mg —-—Ti —a—V
ch —— My —a— TI —a—MgTi ycm = &
N SR =
10000

20 — & i - > 4 e & — &
-3 o 1000
& a
£ 5 K
o
N 2 10
€ « B— ot % —a £
Q
g e S g . . .

5 10

4 1 T T T T

Point 1 Point 2 Point 3 Point 4 Foint 5 Point 1 Point 2 Point 3 Point 4 Point 5§

Wil 3.24 udasUSinnusgseeseaagaiimMaenziuuma YCH2 lusufi 3.23
v - (=1 ' @ =t
WU AUSNUIMENABUT NG (~3,100- 3,300 amp) uariUinwsa

wunfiBessnnnhae inmdenesmnafiimaiiensd (Mg-Ti ~ 8-9 amp)



AN 3.4 wadnonlBinusiasassasluwassynduinensaz Mg YCH?

180 35 LA-ICP-MS

YCH2 Point 1 Point 2 Point 3 Point 4 Point

Cations (ppm by weight)

Be <0.204 <0.210 <0.148 <0.174 <0.158
Na <1.33 <1.28 <0.93 1.48 <0.91
Mg 24.65 24.38 24.37 23.81 23.12
Al 529250.38 529250.38 529250.38 529250.38 529250.38
Ti 26.33 26.73 26.74 26.57 26.38
\Y% 2.28 2.30 2.32 2.42 2.46
Cr 15.10 16.97 15.03 39.90 23.67
Mn 1.15 1.17 1.14 1.11 1.05
Fe 9006.14 8964.56 9086.20 9263.64 8777.32
Ga 139.37 140.10 135.08 138.73 134 .56
Total % 53.85 53.84 53.85 53.87 53.82
Cations ( Atom Mole ppm)

Be 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 1.30 0.00
Mg 20.51 20.28 20.27 19.80 19.24
Al 396660.03 396674.07 396632.59 396557.48 396741.48
Ti 11.12 11.28 11.29 11.21 11.14
V 0.91 0.91 092 0.96 0.98
Cr 5.87 6.60 584 15.51 9.21
Mn 0.42 0.43 042 0.41 0.39
Fe 3260.73 324579 328949  3353.09 3178.54
Ga 40.42 40.63 39.17 40.23 39.03
Total (Atom Mole %) 40.00 40.00 40.00 40.00 40.00
Mg-Ti 9.39 9.00 8.99 8.59 8.10
Mg% 0.62 0.62 0.61 0.59 0.60
Ti % 0.34 0.34 0.34 0.33 0.35
Fe% 99.04 99.04 99.05 99.08 99.05
Mg/Ti 1.85 1.80 1.80 177 1.73

<= below the detection Timin of which 0.00 value ix used for calcolaton ol itom mole ppm
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Wi 325 wdesgenhMITiteNzaIndeluzn 30U 5 30 UNEINEBEUEIANUNNTAY
ar ' W J! -~ X
@198 YCH3 0281858338 LA-ICP-MS

—— Mg  —a-T =V
YCH3 —— Mg —a— T  —a—PMgTi YCH3 e e
P 10000 g -
— - - L L]
3 iRy ——~ . —* g 1000
& &
2w 2 100
= =
€ * * < —————»
§ v 'q@ AR ) = e me com—
* i o=
s 3 : 3 £ i
2 0
Peint{ Point2 Poimt3 Point4  Point3 Polint 1 Polnt 2 Pointa  Point4 Point &

5UTl 3.26 uaMUBINNEIA5B9508ATIRANIIMTIATIIUUIBEN YCHS Tugii 3.25
1 of (= ' v A
wuh SlRinmsavandauigs (~3,600 - 3,800 amp) wazilUFnmee

wuniiFanannnihong nndisuasmnaanimmsiaszd (Mg-Ti ~ 9-10 amp)



MTNT 3.5 madleNzvdiinasaseiasluwassyenanuwnar 6ogN YCH3 6y
35 LA-ICP-MS

YCH3 Point 1 Point 2 Point 3 Point 4 Point

Cations (ppm by weight)

Be <0.28 <0.216 <0.233 <0.166 <0.190
Na <1.71 <1.34 14.10 <1.02 <1.11
Mg 24.03 23.84 25.08 23.31 25.19
Al 529250.38 529250.38 529250.38 529250.38 529250.38
Ti 23.89 24.09 26.42 24.97 25.88
\ 1.00 0.96 1.00 1.03 1.01
Cr 9.92 7.88 5.65 5.81 6.16
Mn 1.40 1.44 1.44 1.35 1.39
Fe 10114.03 10206.46 10464.81 10103.71 10555.15
Ga 125.95 126.78 128.50 120.73 122.92
Total % 53.96 53.96 ©3.99 93.95 54.00
Cations ( Atom Mole ppm)

Be 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.00 12.39 0.00 0.00
Mg 19.97 19.81 20.84 19.37 20.93
Al 396270.44 396237.95 396131.50 396277.37 396112.97
Ti 10.08 10.16 11.14 10.53 10.91
\ 0.40 0.38 0.40 0.41 0.40
Cr 3.85 3.06 2.19 2.26 2.39
Mn 0.52 0.53 0.53 0.49 0.51
Fe 3658.25 3691.38 3783.80 3654.58  3816.29
Ga 36.49 36.73 37.22 34.98 35.60

otal (Atom Mole %) 40.00 40.00 40.00 40.00 40.00
Mg-Ti 9.90 9.65 9.70 8.84 10.02
Mg% 0.54 0.53 0.55 0.53 0.54
Ti% 0.27 0.27 0.29 0.29 0.28
Fe% 99.19 99.19 99.16 99.19 99.17
Mg/Ti 1.98 1.95 1.87 1.84 1.92

¢ = below the detection limit of which 0.00 value is used for calculation of atormn mole ppm
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sUf 3.27 waasyarivimsilensiandellan w8 90 vuihwasayNANUNNzaz

s ] = A el dl vV 1 =
@98 YGCH1 @aw@saius LA-ICP-MS N 1-5 qwamaag’iuamﬁmam

01 6-8 agluunuF@iinduiden

Atam Mole ppm
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| - —m— Fa

YGCH1 +— Mg T Mg YGCH1

= ]
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w
Atom Mole ppm
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o

' R E Y M o o e e s
) - \/./‘ o .
s — . = - : &

Foim § Point2 Point3 Point4 Point5 Point& Polm7 Point8 Polat1 Point? FPolntX Poimd Peoimt5 Polmté Poimt7 Points

sUfl 3.28 uaanUSnasiasiavsssasRatihmTiwneiuuaag YGCHL lusun 3.27
WUl FUSINasIqmanAauiegy (~3,200 - 3,500 amp) uasiivinuse

wunfiFauannnisa nmiies asei 1-5 lududivdss (Mg-Ti ~ 6-7 amp)
widdnasauuniiFsniasninmgnndien asget 6-8 lusudindudn

(Mg-Ti = -6 8% -17 amp)



MINT 3.6 MAlANSUTINATIRsDesoE lUWRREYETIANLNNZAT MIBEN YGCH1 6
35 LA-ICP-MS

YGCHA — Point 1 Point 2 Polnl 3 Polnt 4 Points _ Points Point 7 Point 8
Cations (ppm by weight)
Be <0.26 <0.28 <0.28 <0.29 <0.229 <0.25 <0.29 <0.223
Na <1.49 <1.62 <1.77 <1.61 <1.51 <1,45 <1.86 28.81
Mg 17.69 17.80 18.22 18.93 18.33 9.08 9.35 15.25
Al 529250.38 529250.38 529250.38 529250.38 529250.38 529250.38 529250.38 529250.38
Ti 18.08 18.52 19.11 10.98 19.89 57.20 4534 4586
v 1.48 1.51 1.68 1.68 1863 1.89 2.00 1.99
Cr 1.62 T8 6.08 8,19 12.62 517 6.39 276
Mn 0.89 1.07 1.09 1.02 1.11 1.10 1.00 3.26
Fe 8875.06  9059.36 0045.02 9065.35 900369 980761 9767.67  9736.40
Ga 130.21 132.50 132.24 135.63 133.16 139.72 139.28 136.81
Total % £3.83 53.85 53.85 5385 5334 53.93 53.92 03.92
Cations ( Atom Mole ppm)
Be 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 14.72 14.81 15.16 1575 15.25 7.55 7.77 12.68
Al 396724.54 396857.30 396660.18 396650.17 396671.83 396376.30 396395.00 396402.42
Ti 7.83 7.82 8.07 8.43 8.40 24.13 19.13 19.35
v 0.59 0.60 0.87 0.67 0.65 075 0.79 0.79
Cr 0.63 0.68 2.36 3.18 4.91 2.01 2.48 1.07
Mn 0.33 0.39 0.40 0.37 0.41 0.40 0.37 1.20
Fe 321379  3279.98 327481 3282.08 3258.84 354837 353408 352283
Ga 37.77 38.43 38.35 39.34 38.62 40.49 40.37 39.65
Yotal (Atom Mole %) ___ 40.00 20.00 40.00 30.00 40.00 40.00 40.00 40.00
Mg-Ti 7.09 6.99 7.09 7.31 6.85 -16.58 -11.35 -6.67
Mg% 0.45 0.45 0.46 0.48 0.46 0.21 0.22 0.36
Ti % 0.24 0.24 0.24 0.26 0.26 0.67 0.54 0.54
Fe% 99.31 99.39 99.30 99,27 99.28 99.12 99.24 99.10
Mg/Ti 1.83 T.80 1.88 1.87 1.82 0.3% 0.47 V.59

< = below the detection limit of which 0.00 value is used for calculation of atom molc ppm
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U 3.29  waasaiivnmalenzinngielien Huau 7 30 vURINEREYENIANUNNE  as

s

0619 YGCH2 eeiaiaeiia LA-ICP-MS 307 1-2 ndeagludmdintuids
1 3-7 agluunudimaes

YECHZU - Mg - Mg Ti YGCHZU [F—mg =1 ¥

Atam Male ppm

428 460 wiB ¥l ¥

Atam Male ppm
k-1
2
.

e W i =
1 I—f—.——,f_ﬁ;._,_..-’

Point | Point I Polnt 3 Point 4 Point & Point & Point 7 Point 1 Poii} Pokd) Pointd Poit®  Pointé  PointT

sUfl 3.30 udanlBInusasavsasasaihmMienziusagn YGCH?2 lugid 3.29 wui i
UBnusiamdnAauiegs (Fe ~ 3,000~ 3,400 amp) uasivSinusauunilifauiag
e nmidisy asegen 1-2 Tudmdidudsn (Mg-Ti ~ -16 69 -10 amp) u§

Winamquunii@ausnanihsalnndioy aswqen 3-7 lududivdss (Mg-Ti ~ 7-

9 amp)
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@R 3.7 eadlansiUinasiaisesasluwapeyBNANUNNTIE GIDEN YGCH2 Mg
38 LA-ICP-MS

YGCH2U Point 1 Point 2 Point 3 Point 4 Point 5 Point 6 Point 7
Cations (ppm by weight)
Be <0.27 <0.34 <0.37 <0.32 <0.28 <(.244 <0.30
Na <1.61 <1.82 2.92 3.59 2.97 <1.51 <1.78
Mg 13.57 17.59 20.51 22.11 21.12 19.52 20.77
Al 529250.38 529250.38 529250.38 $29250.38 529250.38 529250.38 528250.38
Ti 65.01 59.54 20.13 21.38 19.72 20.96 20.88
Vv 2.37 2.39 21 2.14 212 2.30 2,18
Cr 2.87 4.85 6.07 3.33 4,43 5.17 427
Mn 1.03 1.06 0.96 1.07 0.79 0.89 0.97
Fe 9393.11 9447 17 8439.08 8304.86 8146.19 8121.45 8314.46
Ga 140.84 140.49 133.60 132.41 135.86 132.51 137.43
Total % 53.89 53.89 53.79 53.77 53.76 53.76 5378
Cations { Atom Mole ppm)
Be 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.00 2.57 3.16 2.61 0.00 0.00
Mg 11.29 14.63 17.07 18.41 17.59 16.25 17.29
Al 396518.39 396497.29 396872.47 396912964 396977.44 396990.31 396918.85
T 27 43 25.12 8.50 9.03 8.33 8.86 8.82
\Y 0.94 0.95 0.84 0.85 0.84 0.91 0.87
Cr 1.12 1.89 2.36 1.30 1.72 201 1.66
Mn 0.38 0.39 0.35 0.39 029 0.33 0.36
Fe 3399.62 341900 3057.06 3008.79 2951.74 2942 87 301227
Ga 40.83 40.73 38.77 38.43 39.43 38.46 39.88
Total (Atom Mole %) 40.00 40.00 40.00 40.00 40.00 40.00 40.00
Mg-Ti -16.15 -10.50 8.57 9.38 9.25 7.40 8.47
Mg% 0.33 0.42 0.55 0.61 0.59 0.55 0.57
Ti % 0.80 0.73 0.28 0.30 0.28 0.30 0.29
Fe% 98.87 98.85 99.17 99.10 99.13 89.15 99,14
Mg/Ti 0.41 0.58 2.01 2.04 2.1 734 196

< = below the detection limit of which 0.00 value is used for calculation of atom mole ppm
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sUfl 331 waewyanmsinzdnngelien Sau 5 30 vuiwassyeNANMyINYS

G19Ee YKB2 dena3nailn LA-ICP-MS
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Binamamangaunan (~ 900-1,000 amp)  uazdlFanauseuuniidounnni

510 nidlan a39nenihimsiessd (Mg-Ti ~ 4-10 amp)
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MmNl 3.8 WAIATIUIINNG 0529598 TUNADEYETIANUNNEAT GIatN YKB2 daeds LA-

ICP-MS
- YKB2U Point 1 Point 2 Point 3 Point 4 Point 5
Cations (ppm by weight)
Be <0.236 <0.33 <0.29 <0.31 <0.222
Na <1.80 <2.55 <2.28 <2.34 <1.82
Mg 14.75 17.05 15.43 14.59 11.74
Al 529250.38 529250.38 529250.38 529250.38 529250.38
Ti 6.42 10.23 6.24 5.65 14.49
\% 1.579 2.55 1.502 1.463 2.479
Cr <0.44 <0.61 <0.59 0.59 0.51
Mn 0.34 0.61 0.37 0.36 0.40
Fe 2583.39 2600.14 2647.73  2727.28 2781.78
Ga 110.66 110.56 110.34 112.14 109.60
Total % 53.20 53.20 53.20 53.21 53.22
Cations ( Atom Mole ppm)
Be 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00
Mg 12.34 14.27 12.91 12.21 9.82
Al 399011.01 399000.94 398987.26 398958.58 398937.77
Ti 2.73 4.34 2.65 2.40 6.15
\% 0.63 1.02 0.60 0.58 0.99
Cr 0.00 0.00 0.00 0.23 0.20
Mn 0.13 0.23 0.14 0.13 0.15
Fe 940.88 946.95 964.25 993.15 1012.94
Ga 32.28 32.25 32.19 32.71 31.97
Total (Atom Mole %) 40.00 40.00 40.00 40.00 40.00
Mg-Ti 9.62 9.92 10.26 9.81 3.67
Mg% 1.29 1.48 1.32 1.21 0.95
Ti% 0.29 0.45 0.27 0.24 0.60
Fe% 98.42 98.07 98.41 98.55 98.45
Mg/Ti 453 3.28 4.87 5.08 1.60

< = below the detection limit of which 0.00 value is used for calculation of atom mole ppm
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3.6 anUsoL@

PIMIUINEBEYHIIANTD I1IU 5 1A DNUVEILNNZAE W IAIUNYIUISWADE
wrdlwimapuyEan 1 e (FewassfiiUSinumawmings viafidenh weasuuuatuiidduio
duwusiugin Insliausyaad) mmw"’qquﬁ 1,600 - 1,650 °C luanmzaandiauwauney (lu
NMAUNG 3o ussmmﬂaan%muu‘%qwé) Wuna 6 - 10 Hlu waﬂﬂngiwwaaﬂﬁo 6 Lie ¥
msfrudnnmdasdaubelifdnouen  lUiudindamaviadiviaunuinna  wiasnaths
fany  wazwundudiniamasfiaiosvaan fade st FawaserndananifuiiiiniuFluems
wowaaslngluafind Wunassywndududlzfimansownlddeizusnd viaunuuuaudn

WUhEWNeSH (o-rays) ZDINABEMA 6 IOTHAMINBULRZVEILHN uammsgﬂnﬁuﬂgu
wiiedetuiiinnn Fe™ tansitions Tiehumis 450, 388 uaz 377 wluwes esndsinwuly
ﬂaaﬂﬂa%’uﬁnﬁﬁﬂ%mmﬁmmﬁngq (Lehman and Harder, 1970; Krebs and Maisch, 1971;
Ferguson and Fielding, 1971, 1972; Nassau and Valente, 1987) wudni1 ailnasuaainisganau
AuuamAn msondgsiuathsdaiiaslumefideiviasdudy nnnhannadutauenas
slddony  daiudiahauneduraimsganduaiuuminouen  vinsuaannnailnaiums
pandupduuasnane  wuhawnaiufivis  fdnwvazededusulnasuassmsaanduniunaad
fovn quenanedimiasiiiafies (stable yellow colour centres) FoudaMIgANAuARULE RgeY
awpiiiaslumeXedyd uasiluainiivszainn 460 wluues adesusunesuiiwuluwassan
ATRIM ﬁ%awaaﬂﬂa§u€1’a.|é’qmswxﬁﬂémwwmquunﬂL‘Ef'ﬂmtazme}mﬁmvhifu (Higer, 1996,
2001) HANINAABIL u.amdwﬁ’mﬁawmﬁ”'t.w"‘u%uwé"qLmﬂluwaaﬂh’:’ﬂﬂ%mms‘uqmﬁngq Naurau
nnenwunwasd lulassdswudn AlO, ﬁ(%'ﬂnhquzfﬂawﬁmﬁmﬁaﬁmvﬁuwé’n WastIWUanNI
maunlugmzaandiauwaiiasluasail limunson/ssuulasenugeasmsganiusiionn Fe”
fiduvids 450 wluwaslaiae ﬁmﬂiwmmﬁqquﬁ 1,600-1,650°C Wlutaan 6-10 #lue lu
UISNMADBNFRUNWLNET N

asswoudindudnludaie YGCHT wuhanneiumnauuasndaknudasmsgandui
fomn Fe'' feumiy 450 wluwes uasmsganduiimbitiebitudman  Fe/Ti" uaz
Fe™'/Fe™* IVCT #i190qeqa#i 565 uaz 900 wTuumsmud @y (Townsend, 1968; Ferguson and
Fielding, 1972; Higer,1992, 1993, 1996, 2001; Emmett and Douthit, 1993) ﬁxfn‘%mﬁmu.ﬁa
swivdndasdautiiann Fe vliunngiludider wuhawnadufiihean IVCT naaniims
penduaaaniniias Husedlusiunasuiiviannmsinaunidaiiu Fe’ /Ti' wag Fe* /Fe” IVCT
bands uAiMsganduTiAamn Fe fisumiis 450 wnluwasliindnduliauman uaasihmsenlu
wnmasanduwaiiasluasal mansofazaandlod Fe* Ty Fe™'  1dundiu uaeldly
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Fnaiiasnnaubifinaras lndsuuaimmugaaensgandudiciuonia 450  wluwasld
atalsfmunisunlugnzaenfiounaiios Fe* ffsasanmususzg 2+ agld haanminaues
US:? (charge compensaton) 283 (colour active) FeTiO, clusters 50&09\3&‘1‘!3&1@1‘!@8’3008@
fautazenluamnze ondluwatvesfani (Higer, 1996, 2001) Snulsenauiia disennnszuns
maandsy Fet/Ti' uar R /Fe’ IVCT ihunssunsmsiifianswadaoniaifedaaudnags dasiu

fawifimsuasuuraBuneas Feo isa@niaganmsin fnwalwoivdagulule

NNHAMTIANHWADHUBNENNEE 19 5 (e wazwassuzllwimuauyisn 1 e
MEINTIa LA-ICP-MS WU fiUSmnasiamangs (~1,000 - 3.800 amp Fe) guiumstiudy
h weasywnduuanzazuazwaasusl Iimapuyd  Ssaminanluunuiasiidioululassais
ALO, daudnn Fuiluwuuativasiwsssiifimdieduiusiuiuguen Msiiausgaad vananiu
mamhmsiesnsilusioadmies  wiwndeiviinasawnidsannnsalnmdo
e uglunmasafiugnu nnaaimmsienwiluoudiden wuihivnusewniidendsont
s lmniiion

dpsnluwassnguiifGinusiamanaouing:  dwuiavwaiiensin waadly
AN Me-Ti-Fe diagram Tuguii 3.33 wuhdayaninualinssandreguinnsanuassio
win warhsiadndulngliiendasiunsiiaquinand (Mnmsmeaasty waaaaaiuau
fuane fdsawsnauenidouazsinmin wuhldsmanassiisndnion wu Ussnwsa
3 50 ppm ﬁgﬁﬂawaﬁqxvﬁﬂﬁuﬁmquﬁnawﬁ'mﬁmn&maﬁﬂﬂﬁ; Hiiger, 1996. 2001) ﬁ‘f]ﬁgﬂ
sudaudananbimunselfasnemsiiedluwassiiiisnamangld  adlsfan diatdaya
mauanaty Mg-Ti cross plot 41.14§m‘;? 3.34 WUDHANAIIAINGIUEIMEDIIBMADIN 6
damnogusznondy MeTi ratio = 2:1  dueaiensinldnnuoudiniudeseawaosiiio
YGCHI waz YGCH2 anaglaidn Me:Ti ratio =1:1

nndagadanaansoawnuldh  vinamuiiludvdsssauuduniuanlddmiamas
W MSE09S Me:Ti ratio Uszsnas 2:1 'ﬁ’nmmiaﬁﬂﬁlﬁmQuﬁnawa&wﬁaoﬁgaﬁmlé’ lasu3anm

sounniiFouridsws (vasnnildduiumialmmdisalugess colourless MeTiO, ua)) $IufY

[
o

siman miAeaudnasdivi adeslessiauaniidon (Mg-tapped hole colour centres)

@
o

s uwaoandan it waasdmAainosmdneniiinamings fauvaiiienons e
(ransitions ﬁ'ﬁﬂ%mmqﬂué’waqﬁ‘iaLM}Jgiuéad)Wﬁq (Usnal¥dmdnesau) monfu fhean
quzfnmqgmﬁaqﬁtaﬁmw‘lﬁu%unﬁum sy uewaii  azdpasnluamizoaniauna i
RNGE

HmSuuinauouFindensaawsaiieo YGCHT liduensdnls (meluussormepandiay

wagauazenapaaniay) tmladihdouing wnedivinasnglnmdoumdans (waanni
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WiutumausniiiFeslusUnas colourless MgTiO, ud) fivnliianszunsmsuantasy Fe* /Ti"
we Fe /Fe” IveT I@mntuden fuflanuiudniassaufiionn e vlivnngiudiden
uATaiin maiaguinandvdesiadesliiu  ldaansofarsumindemnuiumaiadi
fudnnnnssnsmsuantszy Fe* /Ti" was Fe’ /Fe™ IVCTIH dumawaiindninud uaxily
wanaiisuned inwunassuelWsdien @wizwassiinuvaeiTUEIN U AN gL
whhinunnundsiiiSinumamine vy Mneitenias

YCH 1 {Un-heated)
YCH 1 (Heat)

YCH 2

YCH 3

YGCH 1

md440@9

40

a0 1w Tt
Fe total

A W A g i ' w 2 o
Uil 3.33 udeamadayalumunien Mg-Ti-Fe diagram 22NGNWARBUNTIANUNNZIE  Fudl
UBnamamangs vidsuuuatunfinuieduiusiuiugunWwaiiousdaad
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9Uf1 3.34 udanaly Mg-Ti cross plot 209NGUWADEUHTIANLUNNAE (FID8N YCHI -3,
YGCH1-2) WazwantysnaNmMeauy3d (1eee YKB2) UG naumeman
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o -~ = o = “f A=y I~4
waasuzl IWswmaasunudeduasdd srunuivaasnnusun UBINLHANGY
(wuuatunsisndeduwusiuiugu ivsiousdaad)

4.1 ymin

Wuinsuduluadia  deuishamsduwuiionssumsenwaasnafuduiuasusaio
athiwadnian  wassusUIWSEmdssunudenazdidoiunuydne  nuuaaanga:  wia
fund anenlasnszumsusndviacarmin. bisnsownliduiimdaldheriaoundia
Widas Taslinswamah  Aduduiuwnzerls?  dniuluuniieaiiausneaumsise
modwasurUlWsTmudasunudmnuardi@aiunumasidn Nnunanzar Janledunys loy
mmmesadiwaasaananluanmzpandinuwaiiss  tWaeRaouHinsidsuntaunedld
ioli? agwls?  wamhmsmsfnmamaduszuy Tesdimseuauiameamenidiama wa
aaulngumsganduaduuss luzie UV-Vis gaswasgiauuazuasen ymsasindensian
savsatluwapsvdaundmeiasiia LA-1ICP-MS waldasuehdnlinldamiandaulumdenm

Nildumau1nesls?

4.2 MAHNUATTNUANUFIU

3
o

waagiminndnwlunguiide  wassuzUIWsdmasanuBmuazfidenunumaas
@ 0w 7 e Nnuvdnnzar Sadadumd ivhnasaming wianidnduiduwass
ugt/Iws “uuuaﬁuﬁﬂ'mLﬂ@é’uﬁ"uﬁ’ﬁ”uﬁugijlwdﬁ@u:‘uaae{” AuARUS wDIWaaEM 7 el
wadluasnd 4.1 usskadwnzimaaidioesssia EDXRF waadluasid 4.2 #usngh

o . & o e e v
Maamaae Ui inm Fe,0, 7idoudnags (0.8 o 1.3 wio)



6

-

&4 e & ~ = o
il 4.1 waeeanidRuTuraswasuzUIWsEmiswunuidnuasfidnunuvissdn du 7 e
NNUNAIUNNEE WIAAUNYS (R = refractive indices, SG = specific gravity, SW UV =

short wave ultraviolet, LW UV = long wave ultraviolet)

Sample no. | Weight RI Colour SG Luminescence picture
(ct) | Min | Max SWUV | LWUV
Chl 0.325 [1.762|1.770| Very light | 3.961| Inert Weak
(Chanthaburi) yellow yellow
Ch2 0.294 |1.762 |1.770 | Light greenish| 3.956| Inert Inert
(Chanthaburi) yellow with
blue zones
Ch3 0.217 [1.762 |1.770 | Light greenish| 3.903| Inern Inert
(Chanthaburi ) yellow with
blue zones
Ch4 0.165 |1.764 | 1.770| Light greenish| 4.300| Inert Inert
(Chanthaburi) yellow with
blue patches

Ch5 0.252 |1.760|1.768| Very Light | 4.029] Inert Inert
(Chanthaburi ) yellowish
green with
blue zones
Ché 0.276 [1.761|1.769 Light 3.974| Inert Inert
(Chanthaburi) yellowish
green with
blue zones
Ch7 0.197 |1.758|1.764 Light 3.959| Inen Inert
(Chanthaburi ) yellowish
green with
faint blue
L patches
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TN 4.2 ugelBinasa (% lesihvin) TuwaasuzlIWsdindasunudisuasfide
WARABIFED F1UU 7 WA NNUUEILNNNZAE Javiedunyd Ihinsiened

v d
MELesaNNd EDXRF

I 1 4
Sample no. |  ALO, Cr,0, Fe,O, TiO, V,0, Ga,0,
Chl 98.22 0.02 1.00 0.72 0.00 0.04
 Che 98.27 0.03 1.27 | 0.39 0.00 0.03
Ch3 98.74 0.00 0.89 0.32 0.01 0.04
Ch4 97.93 0.03 1.33 0.64 0.01 0.05
Chs 98.62 0.00 5, 0.12 0.01 0.03
Ché 98.65 0.00 1.16 0.15 0.00 0.04
lr Ch7 98.38 0.02 1.37 0.19 0.01 0.03

4.3 NINAIDLEN

wasauzl IWsFwdssunuidienuasddisnunumiosdn 91w 7 e Mnunasunzay

ffadunys Tévhmameassuninamgil 1,650°C Tuussenmaaandiauuianias 3 a5 Taglu
assneiiunm 10 Hlue wasefadasanunadniy 24 $lue loaildrmssnwaagaan
nnniiaamniias ualdealvinsasdudanniigumaivasmeluen (Gdaluddani « wn
au”) wunlumswmiaatess wassmaawnunulindaudios ssoulumsenedsisuldyims
enlUwSannuatewaasUHNANINATAIN (uni 2) UATWRBELUHTIANUNNEY (‘uwﬁ 3)
Tuna 10 il uﬁaﬁwmiimwaauaaﬂmnmw%mwgﬁﬂs:mm 1000°C (Feaaluifizant «
unpn”) Tuudazsuaaupainisnaaaslariasiuiinnw u.a:ﬁ’mauln&unﬁgmnéuﬂ%uuaﬂuﬁm
UV-Vis nn3zas ('I,sﬂé{ﬁﬂmsmﬁqmwgﬁﬁgqmfﬁ: iasnndainfaraueild waziiasainwui
msunfiEnmMzaamn ez AEINENATELAd funspEYETIANNATIIN LazwadayENEINS

nves BlaennuiuluanGanuluassgarne)
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4.4 NAYDINITNADDILLN

nazaamIneanskwasausUlWsdmdasunadsuasdidsaunumaasan v 7 e
nurdaenzas Smiadunyd Tuanmedandim 3 a3 wuhléuandesy Aamafuawans
viasnuny Liuanannwassfauen i ldwansmlumsen 2n 10 Flue $u 24 Al
i vidalinaisenavuasmnanildualaiuansetusnnindeuaadluzi 4.1 - 4.7

4

sUfl 4.1 udasshatewanguzdlvs CH1 Nildmasssaunauwn (gUHe) viavei
o o { 1 ar = o & “‘)
1650°C Tuussenmasaninuuians Unnghddaviiawdudawnay 10 7alu (3U

newtng) Miawnay 24 Mlue (gUnaNE) uaznen 10 Ml (3U)
mMudIau

3Uf 4.2 uaesdagawassuzU WS cH2 Aidmaswnuidmnauun (sUHe) waumni

o - = X 1 o = &
1650°C luussenmeaaniauuians Unnghdduniawdniiownay 10
Hlue (FUnanhe) wiavnau 24 Hlus (GUnaNE) wasenen 10 Falae(gen)

MuAAU
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sUfl 4.3 uaeeanagawassuslIWs CH3 MlAdeunumadasnauwn (§UHe) waasny
=y ; r ar ] <y IL
1650°C luusstnmeaaaniauuians Unnghdduniauduiiawnay 10

< ~ & o
Hlue (pUnawthe) wiawnau 24 Hlus (gUnanzn) wszenen 10 7lu(sUen)
MUY

Wi 4.4 udeamathawasausIns CH4 Aildmdssdaunazuoud@musnuaunausn (i)
wiwndl 1650°C Tuu's'iznmﬁaan%twu‘%qﬂé Uninghadauvilauds iawneu 10
Hlan (sUnawthe) wisienay 24 il (sUnanz1) uaznen 10 il (U )
MuAaU

5U7 4.5 uageenatawassulIng CH5 dmaasunandenouwn (suhe) vaseni

Gl =y ; J ar - o -.)d
1650°C luussgnmeanandauuians Unnghdduvdauduiawnau 10
Hlag (gUnande) wiawnau 24 il (sUnanan) wazenan 10 1lua
(sUsn)  enudieu



sUi 4.6 usasehagawansuzl IWS CHe Hddeunumannauwn (sUHe) wawumi

o o= = A’ ’ s = < &
1650°C luusstnmeaandiauuians Unnghddaumniawduiawnay 10
& o - o &
il (3Unandhe) viawnau 24 7l (FUnaeE) wazwnen 10 #lua
(sUr)  ewdey

. - i’ - |

sUn 4.7 uamsenathawassug WS CH7 Hdmdassauussuoudnnudnauauiauin

s as & O - o 4 ' ar
(sUthe) nasenti 1650°C Tuussimeaaandauuians Usnnghdds
= o= A & - o
wilaudndnrenay 10 il (sUnawihe) viswnau 24 mlus (gUnan
771) Uasen 10 FIlug (gtlzm) MU

45 alnasunsaanduaduuaslugin UV-vis

/A

wansuzUlWsdwmdasunuiBsuasdideunuinand NUIN 7 11O NNUWEIUINNZAE

e o ar <t W o ar wr =y ;& ] i & 1 ar =
medunus lavnmsasaiaalnaiunmsganduaduuasluing UV-vis minauwnuaznaausni

1] p=3 ar L4 <~ -7 1 @ 3 c‘iw & Al
fumindennuuazlugmizmTIadeny wnuhanasy (o-rays) 1B9Wanand 7 Waflianinau

24

N 2 o P v o ]
URSHRILEN (‘g‘dﬂ 4.8 - 4.21) UWEMIMIAANAUATULNNILNANN Fe*" #ishuyiue 450, 388 and

377 wluuas Fusnddnwuluwassassuaunivsinusamangs vannnuuludmedfifiuoud

=l = r = of =l n& 4‘# =S . <4 - + C'IH
GevienGudien (Cyan) wulauMsganauaauuaariionn Fe'/Ti' uas Fe’ /Fe’’ IVCT #idl

P 5. o & ' & T o
i‘lﬂgiljﬂﬂ 565 las 900 u'ﬂummiﬂ’ma‘lﬁu lu?JQQ1ﬂ']1a2|a‘qwaﬂﬂm 7 Lﬁmmﬂlulﬂaﬂumﬂﬁm

w & A o a 1 o ar s @ & - <
W uudaihd@unesunawenunausanndilnasuvawsn  dudnasuvitvasazunngily
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dusnrudey uasdawudnimasnluansaandunaiisdlueid himmsowfsuwasany
wmms@mnﬁuﬁuﬁmmn Fe'' #iguvus 450, 388 and 377 wnlumasiay nmf\:mmq\maqms
panduasunuAduSuLiaaaIn Fe' /T uss Fe'/Fe” IVCT wasudardiatsfauinazent
aamgii 1650°C S 3 asuflunanu 44 Hlue luussmesanduuigniions (asnms
B 3 asaldNand e ARy ﬁﬁmamLawwzmﬂmﬁqmm)ﬁ 1650°C iflune 24 Hluwrini)
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——— Before heating

After hesting at 1650 *C,
\ Qridizing aimosphere (24 hours)

:L |
S After heating o 1,660°C.
| caidizing
\ (24 hours)
J ’
A
o ! N
1 ar
T T T - T T T
400 600 500

stln 4.8 anJnmnmseﬂnauﬁauuaﬂumwv Vis (o-rays) 289¢aehs CH1 mmnauuamm
Lmnamlnu 1650°C thmm 24 il 'qu'a“'imn'nﬁaan%wuusanﬁ TUsadanams
mgﬂnauﬂauummnmm Fe' ¥ishuvis 450, 388 and 377 nTuues Aauda
Luawmwaaﬂmmuuﬁmamaannﬂmﬁmnﬁmwu muu'ﬂ‘luwuunumwﬁnauau
iipanan Fe*'/Ti' uas Fe”' /Re® IVCT

Abs
i
—
After heating at 1,650°C,
oxidizing
(24 hours)
it
0=t
u
nm
g 71— T
400 500 800

1 4.9 sulnesuvivdszesdlntne CH1 AldgnnamsihdulaaSunauimiinavsananainasy
vauenlusid 4.8 dnnghiduduasenuboy
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— Before heating

After heating @t 1660 °C,
Caidizing atmosphere (24 hours)

/) |
Before Experirnert After heating at 1,650'C,
oxidizing atmosphere
24 hours)
= "“\-\.H____‘_
"“‘-——._.______H____

nm

Eeleie]

‘nJ-n 4.10 mﬂnmumiﬂﬂnauﬂauuaﬂww UV-Vis (o-rays) YA CH2 mﬂnauuawm
Lmﬂamvlnu 1650°C ulunm 24 #Tug Tuuﬁmmﬁaaﬂmwusaﬂﬁ Tﬂsmaammmi
ﬂmﬂauﬂauummnmm Fe nmwvlm 450, 388 and 377 m'lmum fgude ilasan
waammuuﬁmamumummu,a unuﬁummﬁm (Cyan) mummmmumsmanauau
dieasnan Fe' /Ti* uaz Fe''/Fe” IVCT ﬂugmqqu 565 War 900 UGS

MUFAU

Ab

oo

|

300 00 a00 600 700 G600

Wi 411 suUnaSufidasaedingi CH2 Alannmsihailnasudauwnsinaunananailnnsy

wauenlugi 4.10  UsninghfluduesinusGsu



75

———— Before heating

____ after heating 21650 °C,
Oxidizing stmosphere (24 hours)

|
1, e — o

. |
M Before Experiment After heating 2t 1 550°C,
1 | iy | 7 s oxidizing atmasphere
oY A el @4 hous)
JII“ )’ ‘ S Seas
A, = — =
MIh— .
- —
II \ \__'________’_,// —.,ﬁ__“\h“—_&_“_
0D ’
| nm
3 T ; 2 : | - ; - [
200 1000 1500

gﬂﬁ 4.12 atﬂﬂmum’mmnauﬂauuaﬂumwv Vis (o-rays) 2DNGIDEN CH3 fiva ﬂauuaw
waumnamwnu 1650°C Wuna 24 s 1umsmmﬁaanmwmawﬁ Tﬂsﬂ
aqLﬂmmwaﬂauﬂauuammmﬂ Fe** fishumniia 450, 388 and 377 uﬁumas "
LAUZR mmmnwaaﬂmﬁuuﬁmmunnmaaquawunuﬁumumm (Cyan) muumwu

LLaumsm@ﬂauamummmﬂ Fe' /Ti'" was Fe' /Fe'  IVCT nugmgqqaﬂ 565 ua
900 W TuwaIuEIaY

I e — o

Before Experiment After heating at 1 ,650°C,
oxidizing stmosphere

1 L (24 hours)
T[] Y T

—ry T T v T —r T T T | T T T T T 1
0 /OG0 200 1000 1200 1400

T 4.13 sulnasSunmdsapsiiate CH3 filemnmathaunadunausnvinaussnnnanain
waarnlugui 4.12  UnnghntwduesenuiSou



—————— Before heating

Ater heating 2t 1650 'C,
Cnidizing atmosphere (24 hours)

™ —

Before Experiment After heating a1 1,650°C,
ozidizing stmosphere
(24 holrs)

'
\ e O —

' a . . I s 44 |
&00 1G00 1500

31J*n 4,14 aanmum‘smﬁnauﬁauuaﬂumqw Vis (o rays) 7aNAIBEN CH4 YI’JGiﬂE]‘N
LLa"uammﬂamwnu 1650°C Lﬂunm 24 m'im 'lum'immﬁaanwmumanﬁ
Iﬂsmzmmﬂm‘imﬂaunauummﬂﬂmﬂ Fe'* fighumi 450, 388 and 377 W
Tuas fiduda mmmnwaaﬂmmuué‘mamaauua-'uauﬁumul.wmsnm
wau muumlnwuuﬂumsqﬂnauaummmmn Fe*'/Ti'" was Fe’ /Fe” IVCT (We110
aunasuusnanaedia

Abs

‘!: V .

& — .

After heating at 1 B50"C,

Before Experiment
onidizing stmosphere
(24 hours)

st 415 aulnasunvdseassate CH4 Alennmahannasunauwninausan
nnaneduvaumnlugli 4.14  Unngihrduduasinubeu
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Abs
20 — Belore heating

After heating at 1650 'C,
Oxidizing strmosphere (24 hours)

20

Before Experkmernt Merha.fnmgaiﬁsoc
Amosphere

10 (24 hours)

00

+ v T v - 1
S00 1000 1500

gﬂﬁ 4.16 atﬂnmsumsﬂmnauﬂauuaﬂum\: UV-Vis (0-rays) 28462081 CH5 mﬂnau
LLB“HGQLNWIE]CIM{LN 1650°C Whunm 24 5l ‘luus&mmﬁaanﬁmumﬁm T\Jm
aqmmmsmnauﬂauuaqmﬂﬂmn Fe'' 'nmu,vmq 450, 388 and 377 wluwas
LAUYR L‘u'zmnnwaaﬂmmmﬁmmu.ﬂnmaa\muunuﬁumuaau FndanuLoums
mmauaummmmﬂ Ee”' /Ti'" war Fe'/Fe’" IVCT 'nu'-gmzqu 565 uaz 900 wlu
WAIMNAINU
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oxidizing atmosphere
(24 hours)
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5 417 auwdnaduvivasyasdnagne CH5 Hlannmsihannasunsusnvinauaanain
salnadunavmnluglil 4.16  Unnghifluduassnudeu
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A0
——— Before heating

Aher heating 2t 1650 'C,
Owidizing atmosphere (24 hours)

00
nm

- S : —

gﬂi"i' 4.18 mﬂﬂmwm‘smﬂnauﬂauuaﬂuzmuv Vis (o-rays)289618819 CH8 mﬂnau way
waumnamgnu 1650°C uhmm 24 Mln9 Tumsmmﬂaanmwmawﬁ Tusadana
m‘smnauﬁauummnﬂmn Fe'' Neuvis 450, 388 and 377 uﬂumm Aeuda
maemﬂwaaEJLuemuﬁmmLmumaawmmuﬁmgwwammmuﬁﬂ FniudawuLaums
mnauautummmn Fe* /Ti" wav Fe’ /Fe’ IVCT ‘nmﬂa\aamﬂ 565 uar 900 wlu
HASMUEIOU
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Abs
30+
———— Befors heating

Afer heating at 1650 'C.
Ozidizing atrnosphere (24 hours)
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Before Experiment Afer heating =t 1.650°C,
1.0 oxidizing atrmosphers

v/\\\w
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4.6 ma’imswﬁmqs’awaﬂﬂ"wm"'iaaﬁa LA-ICP-MS
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MNf 4.3 madaneilinasiasassesludadiawaas CH1 nunnyas Saniadunys éie 33

LA-ICP-MS
CH1 Point 1 Point 2 Point 3 Point 4 Point 5
Cations (ppm by weght)
Be <0.132 <0.202 <0.176 <0.183 <0.196
Na 1.72 <0.92 <0.80 <0.81 <0.86
Mg 34.31 28.07 29.64 31.07 27.99
Al 529250.5 529250.5 529250.44 5292505 529250.44
Ti 52.35 53.76 55.16 55.38 55.32
Vv 6.33 6.19 6.33 6.37 6.02
Cr 6.06 548 5.58 5.59 5.55
Mn 0.504 0.326 0.452 0.305 0.568
Fe 5197.6 5301.52 5504.16 5488.38 5207.01
Ga 170.43 172.16 179.56 179.79 170.57
Total % 52.97 52.96 52.96 52.96 52.96
Cations ( Atom Mole ppm)
Be 0.00 0.00 0.00 0.00 0.00
Na 1.52 0.00 0.00 0.00 0.00
Mg 28.64 23.43 24.74 25.93 23.37
Al 398004.79 397973.18 397895.78 397900.17 398007.16
Ti 22.17 22.77 23.36 23.45 23.43
\ 2.52 247 2.52 2.54 240
Cr 2.36 214 2.18 2.18 217
Mn 0.19 0.12 0.17 0.11 0.21
Fe 1888.20 1925.80 1999.02 1993.31 1891.63
Ga 37.66 40.52 35.73 37.37 37.19
Total (Atom Mole %) | 40.00 40.00 40.00 40.00 40.00
Mg-Ti 6.47 0.66 1.38 2.48 -0.07
Mg% 1.48 1.19 1.21 1.27 1.21
Ti% 1.14 1.15 1.14 1.15 1.21
Fe% 97.38 97.66 97.65 97.58 97.59
g/Ti 1.29 1.03 1.06 1.1 1.00

< = below the detection limit of which 0.00 value is used for calculation of atom mole ppm
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MTRT 4.4 wadensdiinasasessagludiagiwaas CH2 Maunnzas Javiadunys aas 33

LA-1CP-MS
CH2 Point 1 Point 2 Point 3 Point 4 Point 5
Cations (ppm by weight)
Be <0.142 <0.184 <0.165 <0.158 <0.153
Na <0.70 <0.88 <0.78 <0.72 <0.71
Mg 5.04 10.22 11.09 11.12 12.04
Al 529250.50 529250.50 529250.44 529250.44 529250.44
Ti 39.65 79.93 78.90 79.27 85.42
\Y) 6.47 8.61 8.95 8.91 8.50
Cr 3.19 1.47 1.77 1.80 5.47
Mn 1.00 1.16 1.37 1.33 1.39
Fe 7727.55 8957.84 9111.48 8926.44 8740.77
Ga 174.21 215.21 215.05 209.44 203.34
Total % 52.97 53.00 52.98 52.97 53.06
Cations ( Atom Mole ppm)
Be 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00
Mg 4.20 8.50 9.22 9.25 10.02
Al 397123.20 396647.78 396592.07 396659.94 386723.76
Ti 16.76 33.74 33.30 33.46 38.07
\ 2.57 3.42 3.55 3.54 3.37
Cr 1.24 0.57 0.69 0.70 2.13
Mn 0.37 0.43 0.50 0.49 0.51
Fe 2801.07 3243.14 3298.30 3231.87 3165.16
Ga 50.58 62.42 62.36 60.74 58.88
Total (Atom Mole %) 40.00 -40.00 40.00 40.00 40.00
Mg-Ti -12.56 -25.24 -24.08 -24.21 -26.05
Mg% 0.15 0.26 0.28 0.28 0.31
Ti % 0.59 1.03 1.00 1.02 112
Fe% 99.26 98.71 98.73 98.70 98.56
Mg/Ti 0.25 0.25 0.28 0.28 0.28

< = below the detection limit of which 0.00 value is used for calculation of atom mole ppm
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MINT 4.5 walileneviUsinangiassasludatewasy CH3 Nnunnzaz Jwmiadunt e
35 LA-ICP-MS

CH3 Point 1 Point 2 Point 3 Point 4 Point 5
Cations (ppm by weight)
8e <0.238 <Q.27 <0.138 0.22 <0.110
Na 4.29 <2.85 <1.38 <1.43 <1.14
Mg 3.48 3.42 518 6.18 2.46
Al 529250.44 529250.44 529250.38 529250.44 529250.44
Ti 18.56 17.05 12.73 54.75 22.86
Vv 1.756 1.811 1.853 2.353 1.648
Cr <0.67 0.81 0.57 067 0.54
Mn 0.647 0.775 0.833 0.921 0.688
Fe 2950.52 3023 3376.35 3835.11 2893.9
Ga 185.12 188.4 198.6 205.89 170
Total % 53.02 52.99 53.01 52.99 52.99
Cations ( Atom Mole ppm)
Be 0.00 0.00 0.00 0.50 0.00
Na 3.79 0.00 0.00 0.00 0.00
Mg 2.91 2.86 4.33 5.17 2.06
Al 398856.32 398833.14 398702.34 398478.33 398847.60
Ti 7.88 7.24 5.40 23.22 9.70
\Y% 0.70 0.72 0.78 0.%4 0.66
Cr 0.00 0.32 0.22 0.26 0.21
Mn 0.24 0.29 0.31 0.34 0.25
Fe 1074.17 1100.49 1228.72 1431.26 1089.94
Ga 53.99 54.94 57.90 59.99 49.58
Total (Atom Mole %) 40.00 40.00 40.00 40.00 40.00
Mg-Ti -4.97 -4.38 -1.07 -18.05 -7.65
Mg% 0.27 0.26 0.35 0.35 0.19
Ti % 0.73 0.65 0.44 1.58 0.88
Fe% 99.01 99.09 99.21 98.02 98.93
MalTi 0.37 0.40 0.80 0.22 0.21

< = below the detection limit of which 0.00 value is used for calculation of atom mole ppm



86

Uil 4.28  usavshumisivhmsitansiiinau 5 yauuimuiidadunndeluznuasiadi cHa
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M 4.6 wadtnnziuiinasgsessaslusagenass CH4 NUNnza: FnTadunys e
38 LA-ICP-MS

CH4 Point 1 Point 2 Point 3 Point 4 Point 5
Cations (ppm by weight)
Be <0.193 <0.194 <0.177 <0.178 <0.169
Na <0.90 <0.87 <0.80 <0.82 <0.76
Mg 10.16 12.09 14.08 14.37 13.13
Al 529250.44 529250.44 529250.44 529250.44 529250.44
Ti 15.33 17.89 19.24 19.1 21.66
\Y 7.08 7.49 5.49 5.83 5.85
Cr <0.48 <0.45 0.62 0.49 <0.41
Mn 0.813 0.942 1.146 1.185 1.128
Fe 8208.57 9001.8 9374.87 9342.82 9119.53
Ga 211.74 225.25 232.91 233.88 220.13
Total % 53.24 53.25 53.28 53.35 53.24
Cations ( Atom Mole ppm)
Be 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00
Mg 8.46 10.06 11.71 11.95 10.92
Al 396946.39 396654.63 396516.80 396527.86 356611.98
Ti 6.48 7.55 8.12 8.06 9.14
\Y 2.81 2.97 2.18 2.19 2.32
Cr 0.00 0.00 0.24 0.19 0.00
Mn 0.30 0.35 0.42 0.44 0.42
Fe 2974.11 3259.11 3383.00 3381.50 3301.38
Ga 61.46 65.33 67.53 67.81 63.84
Total (Atom Mole %) 40.00 40.00 ~40.00 40.00 40.00
Mg-Ti 1.98 2.51 3.59 3.89 1.78
Mg% 0.28 0.31 0.34 0.35 0.33
Ti % 0.22 0.23 0.24 0.24 0.28
Fe% 99.50 99.46 99.42 99.41 99.40
Mg/ Ti 1.31 133 1.44 1.48 1.19

< = below the detection limit of which 0.00 value is used for calculation of atom mole ppm
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MINd 4.7 wadianziilBnusisassaaluenagansss CHS MAUNzaE Svinduny3 e 3

LA-ICP-MS
CHS Point 1 Point 2 Point 3 Point 4 Point §
Cations (ppm by weight)
Be <0.128 <0.121 <0.118 <0.134 <0.126
Na <1.34 <1.22 <1.18 <1.26 <1.25
Mg 3.78 3.77 6.35 6.88 8.25
Al 529250.44 529250.44 529250.38 529250.44 529250.44
Ti 73.86 41.29 23.13 19.51 19.6
\Y 35 3.01 2.98 3.06 3.26
Cr 0.49 0.98 0.46 0.34 <0.34
Mn 0.615 0.528 0.545 0.596 0.531
Fe 5273.31 5113.49 5812.94 6192.11 6939.56
Ga 164.91 165.07 162.6 164.62 171.32
Total % 53.48 53.46 53.53 53.56 53.64
Cations ( Atom Mole ppm)
Be 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00
Mg 3.78 3.77 6.35 6.88 8.25
Al 529250.44 529250.44 529250.38 529250.44 529250.44
Ti 73.86 41.29 23.13 19.51 19.60
\Y 3.50 3.01 2.98 3.08 3.26
Cr 0.49 0.98 0.46 0.34 0.00
Mn 0.62 0.53 0.55 0.60 0.53
Fe 5273.31 5113.49 5812.94 6192.11 6939.56
Ga 185.12 188.40 198.60 205.89 170.00
Total (Atom Mole %) 53.48 53.46 53.53 53.57 53.64
Mg-Ti ~70.08 -37.52 -16.78 12.63 11.35
Mg% 0.07 0.07 0.11 0.11 0.12
Ti % 1.38 0.80 0.40 0.31 0.28
Fe% 98.55 99.13 99.50 99.58 99.60
g/mi ~ 0.05 0.09 0.27 0.35 0.42

< = below the detection limit of which 0.00 value is used for calculation of atom mole ppm
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AN 4.8 wadanzlinumasaesaglumatiawess CHE MNUNNzI: Wniaduny3 e
78 LA-ICP-MS

CH6 Point 1 Point2 _ Point3 __ Point4 __ Point5
Catlons (ppm by weight)
Be 0.125 0 0 0.713 0.976
Na <1.38 <1.35 <1.42 <1.40 <1.06
Mg 2.65 3.87 3.83 4.75 3.93
Al 529250.44 529250.44 529250.44 529250.44 529250.44
Ti 25 14 13.54 90.76 106.82
Vv 0.592 0.66 0.662 0.965 0.98
Cr <0.35 <0.35 <0.37 <0.36 <0.27
Mn 1.058 1.268 1.158 1.399 1.336
Fe 3913.83 4552.62 4689.58 5503.53 5548.59
Ga 243.03 268.09 270.82 280.57 269.41
Total % 53.34 53.41 53.42 53.51 53.52
Cations ( Atom Mole ppm)
Be 0.28 0.00 0.00 1.60 2.20
Na 0.00 0.00 0.00 0.00 0.00
Mg 2.21 3.23 3.20 3.96 3.28
Al 398491.89 398257.09 398207.01 397874.79 397855.09
Ti 10.60 5.93 5.74 38.43 4523
\ 0.24 0.26 0.26 0.38 0.39
Cr 0.00 0.00 0.00 0.00 0.00
Mn 0.39 0.47 0.43 0.52 0.49
Fe 1423.57 1654.94 1704.51 1998.69 2014.95
Ga 70.81 78.07 78.85 81.62 78.37
Total (Atom Mole %) 40.00 40.00 40.00 40.00 40.00
Mg-Ti -8.39 -2.70 -2.54 -34.47 -41.95
Mg% 0.15 0.19 0.19 0.19 0.16
Ti % 0.74 0.36 0.33 1.88 219
Fe% 99.11 99.45 99.48 97.856 97.55
Mg/Ti 0.21 0.54 0.56 0.10 0.07

< = below the detection limit of which 0.00 value is used for calcutation of atom mole ppm
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MINn 4.9 wddleNsiUSinasnsassesludatnnasy CH7 Mnunnzas Janiaduny’ e
38 LA-ICP-MS

CHY Point 1 Point 2 Point 3 Pomnt 4 Point 5
Cations (ppm by weight)
Be <0.30 0.22 <0.171 <0.190 <0.171
Na <3.00 <1.43 <1.71 <1.87 <1.72
Mg 10.54 11.12 11.50 10.51 12.30
Al 529250.44 529250.44 529250.44 529250.44 529250.44
Ti 31.75 41.36 36.65 25.43 25.55
\Y; 6.38 6.46 5.95 6.12 5.51
Cr 1.09 <0.37 <0.43 0.52 0.77
Mn 0.58 0.61 0.66 0.61 0.65
Fe 7894.85 8074.62 7769.17 7339.12  8052.94
Ga 171.14 173.45 167.18 161.38 170.64
Total % 53.74 53.76 53.72 53.68 53.75
Cations ( Atom Mole ppm)
Be 0.00 0.50 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00
Mg 8.78 9.26 9.58 8.76 10.24
Al 397063.66 396993.71 397107.73 397269.50 397008.52
Ti 13.42 17.47 15.49 10.75 10.80
\Y 2.54 2.57 2.36 2.43 2.19
Cr 0.42 0.00 0.00 0.20 0.30
Mn 0.21 0.22 0.24 0.22 0.24
Fe 2861.29 2925.93 2816.05 2661.26  2918.18
Ga 49.69 50.35 48.54 46.88 49.53
Total (Atom Mole %) 40.00 40.00 40.00 40.00 40.00
Mg-Ti 4.64 -8.22 ~5.91 -1.99 0.55
Mg% 0.30 0.31 0.34 0.33 0.35
Ti % 0.47 0.59 0.55 0.40 0.37
Fe% 99.23 99.08 99.12 99.27 99.28
MglTi 0.65 0.53 0.62 0.51 0.95|

< = below the detection limit of which 0.00 value is used for calculation of atom mole ppm
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waRBNANiiEIMANIIN Fe™* transitions (Jumdn (laslawizdiagne CH1, CH4, CH7 fiilddas
1 [ s P -:'9 P @ ? <4 <4 © L4 e ¥
damthumanlusui 4.37) FudlannnuiihRuidim (Cvan) ilvwaasang
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copoEHq O

4+

fe total + 0 Ti

51l 436 udonaRDYaluEmIMAEYN Me-Ti-Fe diagram zasnguwassugt IWsdimaas

unud@ignuardiFeiunumass (CHI-7) Mnuvasunzas J9niadunys 7l
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it 4.37 ugesdayaly Mg-Ti cross plot 2aenauwaasusy Wsdmaasunudsuazddmunuman

(CH1-7) Mnunasunnzas Saiaduny3 wsiuihdanasiulngiazanaguinalndwiad

NNEU Mg:Ti ratio = 1:1
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uny 5
WARHYHT) ﬁuﬁﬁﬂ‘%mmmqmﬁnﬁLmnm'wﬂ”u

5.1 umi)
o ] A s ] [ ar v o v oo W oo o
gaghawassivinumamaniiuand iy flahanaasaenlaun waasuzlWs15&8
dvdasdon iy 12 dhegn NnuraswassdanIm Ussimananiams aehawaasugulns
il (ugafimanzsuilflSeudisudunassysndnnndidim  (wuuaduniideduiusiy
U3 AUNAREUETIANMNUNNAY wazmyauyd wuvatuiindiedawusiuugnlwuy
s o - o z v
39ad) tHanesaUENNATIUBIMTITEL T AT IFaTE

5.2 ANUANUZIU

quidnugiu naswaaszadenanldastadly msei 5.1 uazasdssnaumaadi Fhns
Jansiludisadudeeineila EDXRE agilu MR 5.2 MUEIGU

matawassugUlns Mnuvdawass danm Usanaanannans Lﬂuwaaaﬁaxauﬁdagi
luunsaswassiiondensl ddatuhiinifiennunadnlsunifiienuduiusiviiuds  udan
HadATsYinsdUsEnaumaail Baqwaaﬂ‘qmﬁqnén’lum’mqﬁ 5.2 uay 5.3 wulh HUSinamaman
fuandeiuaghaann MpMeIn W RnMBeNzidsaiails EDXRF wuh d188e Ymdé
W Ymd7 {0 Fe,0, agszvig 0.11 f 0.17 % Fuiludsnaviwuagluwassyynduan
Bumadssam (wuuatiuiimifeduiusuiuus) uazqﬁwuashwiaLﬁaﬂﬂwﬁqd'\qamﬂ 13U
70019 Ymd4, Ymd10, Ymd3, Ymd8 uaz Ymdll #ilen Fe,0, M10N31 0. 8 % Fafluasnan
waglunanawapsEMENTININARE  (WunaTufidiideduiusiuiuusaaad) daihdne
fn waaaﬁﬁdwmﬁnq«i‘?&ﬁw&‘aadw (Ymd4, Ymd10, Ymd 3, Ymd8 uaz Ymd1ll Tuenat 5.3) 43
windaufisaumniladauiuiagiu q Aldidussiivsinadmandini

MmN 5.1 udenaENtAWug L 2aswassugdlws 15d6edivaasdau S 12 dradie an

uagwaagdaimm Ussnanannams

Sample Weight RI Colour SG Luminescence Picture
no. (ct) |——
Min | Max SWUVv LW UV
Ymd| 1.909 [ 1.763 [ 1.769 | colourless | 3.990 | Inert Weak

orange

|
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Sample | Weight R1 Colour SG Luminescence Picture
no. (ct)
Min | Max SW UV LW UV
Ymd2 1460 | 1.763 | 1.770 | colourless | 3.964 | Inert Weak _
orange e
Ymd3 1.306 | 1.762 | 1.771 Light | 3973 | Inert Tnert '
vellow @
Ymd4 1.041 1.761 | 1.770 Very ]Ight 3.94] Inert Weak
yellow orange B
YmdS 0.990 | 1.761 | 1.769 | colourless | 3.950 | Inert Weak
orange O
Ymdé6 0.853 | L761 [ 1.769 | colourless | 3.972 | Inert Weak
orange
Ymd7 0.793 | 1.763 | 1.769 | colourless | 3.990 | [Inert Inert
Ymd3 0597 | 1765 | 1.773 | Light | 3995 | Inert Inert
yellow ‘
Ymd9 0625 | 1.762 | 1.769 | colourless | 3.938 | Inert Weak
orange o
Ymd10 0.601 | 1.760 | 1.769 | Very light | 3.972 | Inert Inert
yellow
Ymdl1 0487 | 1.765 | 1.772 light | 3970 | Inert Weak
yellow orange @
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Sample Weight RI Colour SG Luminescence Picture
no. (ct) -
Min | Max SW UV LW UV
Ymd12 0.463 | 1.768 | 1.772 | colourless | 3.973 | Inert Weak

orange C :a
s

myNH 5.2 uamaesUsznaumaail (%) apswassusdInWs158teEvaasdau Snnu 12
MBLN NAURAINADLDAINTIN USENANAINFNS MNNITILaT 1 et aeauans

4 A
LAIBNND EDXRF

Sample no. ALO, Cr,0, Fe, O, TiO, V,0, Ga, 0,
Ymd 1 99.62 0.01 0.33 0.02 0.00 0.01
Ymd 2 99.39 0.01 0.56 0.02 0.00 0.01
Ymd 3 98.99 0.01 0.98 0.02 0.00 0.01
Ymd 4 99.16 0.01 0.80 0.00 0.00 0.01

\

i Ymd 5 99.47 0.01 0.47 0.03 0.00 0.01

—YJB_ ] 99.84 _ 0.00 0.17 0.02 {_).OO 0.01
Ymd 7 99.80 0.00 0.11 0.02 0.00 0.02
Ymd 8 | 98.25 0.02 1.69 0.00 0.00 0.02 T
Ymd 9 99.31 0.02 0.63 0.00 0.00 0.01
Ymd 10 98.88 0.01 1.02 1.05 0.00 0.02
Ymd 11 98.34 0.01 1.61 0.03 0.00 0.02
Ymd 12 99.19 0.00 0.75 0.00 0.00 0.02
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5.3 MU HUNBURAIATIEHAI8LASINA LA-ICP-MS 1az EDXRF

o 'z & o M o o, 5 @ L7
HAMNMIIATER AN LA-ICP-MS filawu ppm lasiwiin lavhn
° ) S <& oS W o LYl o W w ’ ' wo N o =1 v N
mnatudasifud wazlarmsiaSasdrdumanlv laglgeuadaussddumanmnananmen
» & ar as “i A ) ol w 1 AN ¥ & 4

Wigesenudau dwdasluansed 5.3 disnmsilSsuiisusueniialddaia3asiia EDXRF
1 1 QI(U v v A o~ ; o =t 1 ar A v M ’
wnnghaidalacawsasiia  EDXRF namtua  dageniilunndioin  ualosdiulve
v Y- b as ‘ ) o Ve v A Y
spandaviuasunSeadaulilml  adwlsionuiiviedagwiteutaging  uaiiasainaiiia

A a o . o o L W .
Mueipsfia EDXRE (e semi-quantitative resull WHANUANOLAADUADUTNFTINNNIN
(LA-ICP-MS Fianziilugadn q videnugnassuiudiamzaeds Jshaanmsimnsiium
& a 3 L] L] o L] & o 's & X L} 1 Al v k24
wngaakath nudimdszasudazalnge Tuassh EDXRF Tlansiiluiuyvaini uelilels

<l o <4 S or =, 'S r!l ar
sandard wazinsusuisulvle 100%) VSRS TXVDBISIN DU q wdE luUNvAY

& < o ' . Ao ;
MINA 5.3 uaaemsildauiisuamiaierassamaniaiasasiia LA-ICP-MS waz EDXRF

Average Fe;0; Average Fez_og
Contents Fe,0; Contents | Contents (%)
Sample no. | (atom mole ppm) (%) by EDXRF Colour Pictures
by LA-ICP-MS by LA-ICP-MS
(5 spots) {5 spots) B
; A
Ymd7 51.60 0.02 0.11 colourless ! ;
-
;: :-A-_
Ymd6 193.19 0.07 0.17 colourless S
‘J
vf":‘.'
Ymdl 474.32 0.18 0.33 colourless )
Ymd5 768.37 0.30 0.47 colourless S N
Ymd9 805.28 0.31 0.63 colourless O
|




[ Average Fe,0; Average Fe,0;
Contents Fe,0; Contents | Contents (%)
Sample no. | {atom mole ppm) (%) by EDXRF Colour Pictures
by LA-ICP-MS by LA-ICP-MS
(5 spots) (5 spots)

i01

Ymd2 1137.84 0.44 0.56 colourless @

Ymdl2 1154.32 0.45 0.75 colourless ‘ _',;2;

Very light ,
Ymd4 1555.26 0.61 0.80 %
yellow =W
Very light
Ymd10 1802.19 0.70 1.02
yellow
Ymd3 1946.88 0.76 0.98 Light yellow e,

Ymd8 2064.65 0.80 1.69 Light yellow 4

Ymd11 2883.50 k12 1.61 Light yellow

5.4 MINAFBILK

z o 1 1 < as 4 VvV o

wansnzllWine 12 matn Mnuwaswaasdaimm dsamanenamy lavhmsnaass

"I‘ o - () o o A{d z z ﬂ"
sanndl 1,650°C  Tuusstnmeannauusansoe 3 a9 Toglunasausnunifuna 10 0l

5 ;;'n 4'\ =i 3 & a > L 5 o =Y ¥ oo
weasafisainnmdnidu 24 1l (gnesudoaluy Nenuenummimnaessd 2) lesdlanms
waasaanNNanmgiigy  weddsalvwassidiusasnfiasmgiviesmeluin  (nau)
; g z o F v 2 f . 5
mitlumsieniignesy  wassshulngmawwnUfsudlissannussifiezuissnuinwhuy
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dniilumsunefifisaldmmasnlunianiuiaduwassyundunnaiaim (unil 2)  wane
ynfuazwanediznenzas (unii 3 uas 4) Wunm 10 9l udrhmssnwessaannneni
aamniidszanes 1000°C (Lnwn) MAINUINMT fade test ravaanlw 100 ussiisuduna |
il lunsvduaaumasmanasas  Idihmsiuiinmw  wezansiesundumsganiuaiuua
luths UV-Vis nnszay (hildvmsuniiaamgiifignhiidamenadenduiinaniluuni 4)

3.5 HAYAINIINAADILLN

= ar 4 at ] 3’; 3’1
KannmsnaaaumwassusllWsiarnnm dsamamnanagns ludnmeaindnng 3 as
4 W L3 ar (] k4 A; O'J' (=1 ‘1" [ - = W z
wihlduaadranumnn Linldwmanalunmsien an 10 $lue W 24 Hlseudrinonu vialdng
Tunavuaseneni lonalinandeiuanniin aslineazsdoasesaluil
Wulwaay 2 MpteuINiiUIInaeImandIdn (Ymd7 ~51 uaz Ymdé ~193 amp Fe,
mnd 5.3)  dimsuwdsuwdasnnliddnsurnidludvdamewidamdasunmhmanawn (U
5.1 ua 5.2) lunnuziidiadai 3 Hilauningstin (Ymdl ~474 amp Fe, @911 5.3 wassuiail
uindnyusfiaghenanssuinnguusnuazngudall)  Imsufsuudasnliiiddowwniiug
wiawmaIuNuInamaen (3U 5.3) wasdmdasmasfitiaiunasuniudiiaamunas m fade est
I & =t 5 o " g 1 l:l(n 1 I.
(faliilazSanwanens 3 eegusnidntuwassifivSiamane, Fe < 500 amp)
or ar 1 & P e o ' P = g 1 o '
dmiuwsaemiat gy q indadn 9 datn NTAWANGIUINNNTIENIBENUIN (Ymd
59,2, 12, 4, 10, 3, 8, 11; Fe ~768 fis ~2,863 amp; M3# 5.4 FealUiazGunwasungy
iduwaasiiiUinmmmanthunany, Fe ~500 &3 ~1,000 amp 984, Fe>1,000 amp) wuid

wulin/Feunlavasvasen anduenualinmanimvaguuinlaaemeld (Ui 5.4 89 5.12)

2\!?;\ 5.1 udessmatnewapzul g yma7 Aliddawen (sUthe) wassnt 1650°C Uningiiiug
- v A A n'l L4 a‘z
MAsuANasReIuLE oLy 10 T lug (gﬂnmqmﬂ) WU 24 Tl (gﬂnawmw)
wazinen (3Uz)  mwadu 6aaeneilll Feindy 51.6 amp uaz ¥ 1.67-2.36 ux
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Ui 5.2 uaasenadwassuzllnd Ymde fil5dnauwn (sUthe) nawni 1650°C Uningidiu
P d A o w &
dmdaanashiaamuiinenay 10 Hlas (sUnaedhe) wnpu 24 Ml (gUnawen)
waznen (5UaN)  audey fpeneil i Fe way 139.2 amp uaz viunlszinn 2.38
uy

i 5.3 udavenatewassuzUvd Ymdl wl3@aawen (sUths) wasentl 1650°C Usingiilu

o . & & o &
fivGawmasuneeatiasnuiiawnay 10 #lus (Unanthe) wnau 24 Hlus (5Unas
1) waztnen (3Uz1)  MNAIAU §I9ENUN Fe 1RAY 474.3 amp uar i) 2.19-
2.76 Wy

Ui 5.4 uaassmadwassurdlWs Yymds nl3dnaunn (sUHe hmauinasauiennasiu

o = . o . - A &

aflnnan) vaseni 1650°C Uninghunuldulasudiidawnsy 10 Hl (Gunande)
wau 24 2l (QUnane) wasnen (sUn)  awdau dagnilil Fo wds
768.4 amp LAY N 1.38-2.38 U



104

gﬂﬁ 5.5 uaaematnanassusUlWs Yymd9 #l3Fneuwmn (3Uzhe) Fihenausnnouioan
aTURTNWMEN) van? 1650°C ﬂmng’hmu‘lﬁtﬂéﬂuﬁgﬁalmau 10 2l (sUnan
e wau 24 T (3Unane) wazunen (5U271)  ewd@eu ¢hathailil Fe 1ads
805.3 amp U@z ¥ 1.69-1,85 uy

i 5.6 uaasdatawaasurulWg ymd2 Alfdnaunn (3U%he Sihaaudnamauiionn
AnuaTIvEN) wasnT 1650°C UninghunubinFeudidawnay 10 Hlus (51
NaNTY) LB 24 g (sUna) wazian (slan) sy Faehaiisl
Fe 1080 1,137.8 amp UWDE W 2.27-2.44 11X

Wit 5.7 usasiatewaasuzlIWg ymd12 #l38naunn (suthe Sihesuinamauiionn
ATLATVEN) waNT 1650°C Unnghunulinlfaudidawnay 10 6l (sUnas
) wnau 24 Tl (3Un®M) waznen (gilan)  enudeu shatheilil Fe nde
1,154.3 amp U8z ¥ 1.52-1.66 u
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Ui 5.8 useadadnwassurllWs Yma4 niidmasssaumnnnawen (sudhe dihmauinm

< o o J o i [ & &
puinnnANUETIUEN) wawur 1650°C Uninghwnuliwldaudidiaeneu 10
s (sUnanihe) wnau 24 23la (3UNaN2M) wazienen (3Uz1) mudau
@10ENUT Fo 108 1,555.3 amp UaY MW7 2.12-2.65 Uy

Wi 5.9 udassnatewaasurllWs Ymd1o fiifivdasdeusnnnauwn (sudhe Sheauinm

q. a @ & ' T X
rpuiiannaNUaiuman) nasnd 1650°C Usnngihunubinlfeuddiawnau 10
Il (gUnanzhe) wau 24 BT (JUnana) wamman (5Uan) mudidu
fat WUl Fe 1088 1,802.2 amp way wul 1.59-1.81 Ny

i 510 usesdathawasuzUWs Yymd3 fifididasdaunauwn (sude Hihensvinmgau

a o o . 0 . -] P 2
ifieannauatiuuan) vaumn 1650°C Unnghunulidwdsudidiawnay 10 13lus
(sUnandhe) wnau 24 Mlue (FUaawe) usmnen (FUan) mudau ol
il Fe W88 1,946.9 amp WAL w1 2.28-2.89 NN
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gth"i 5.11 uaasenasuwangusUIWg Ymds iiddindasdaunanuien (3Ute) WAUENT 1650°C
Unnghunulsindsudidiawnau 10 il (sUnasing) sy 24 Hlus (GUnas
aM) wasEnsn (3UzN) muaeu dhathailil Fe i 2,064.6 amp WUas 111 1.68-
1.73 Wy

Wi 5,12 uaasepswassurUlWs Ymdl1 viiidvaesdaunaun (sUie) naswni

- ' T A & Y &
1650°C Unnghunuliasudiliawnau 10 wlw (gUnansdhe) wau 24 7lu9
as ar n vq F\I'
(sUnanam) uaznen (gﬂtm) MNFEIAY PENIL Fe 12dy 2,883.5 amp Lay
V1N 1.40-1.46 Wy

5.6 msi’mazﬂna%’umsganﬁuﬁﬁmsm’luﬁ’n UV-Vis

= & [} o ar [} % 4
NNMIETIIFDUMIAANAUATULEI UL UV-Vis 289WadenIaneIagansn niiusunn
- =l J o » s 1) as - A [l "
namane waziimawfsuwlasinasmnidude wuhanasunmsganduasuusdluge UV-Vis
-é 1 g =4 ' = s g 1 . A A ‘:'15 Gl
flnngAaunenuEsUiauneaat Insandmgauaiaaiiissluneanuenaduiiduas vialy
MUV G818 AUNUNRIBOYNEINASE (SUR 5.13 T8 5.18 WaAIRWIEMSNIATINGN W3

o o & . o o - '
Uﬂ) T@ﬂmwaﬁﬂ‘i:u']m 460 nm LuEm'm'l':WInBUEL‘IJﬂ61’iuﬂ’ﬁ@ﬂﬂau‘ﬂaqwaaﬂﬂﬂu‘hﬂam aafl
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manasuMIgandunasnzaudaniie (gUN 5.14, 5.16 waz 5.18) wuhaUnasumsi

WN AR AN BUEMSAANBUBDITUNATHNANMUULD

Ymd7

Before
{av. Fe content = 52 amp) i
———— Alter heating
Before Heating at 1650°C
nm
T R SRR e .00 1
an0 300 an0 A00 480 =00 s80 &0 680 TO0 T80 800

l‘l ar - & L] ar 1
w513 waevanaiumsgandunasuuaslugi UV-Vis (o-ray) 289608N Ymd7
ihmsianaumimeass (EudNEL) wasmaIimsunANnaun 1650°C
Wuna 10 Hlue edfunen (duded)

Ymd7
=

Heating at 1650°C

av. Fe content = 52 amp

; ar l.‘ - ar L 4 =4 ar g L] L *
Wis14  uaedUnaumiaNMsENEaIdIpEN Ymd7 Niinmsendigiauadndaiiiog
Tums uv (ldannmsvnavaunesunmsgandufauneassasninanasums
= ar S y é
qandunatnasiany Tusuh 5.13)



1NR

Abs

Ymdé6 ——— Before
After heating

(av. Fe content = 193 amp)

Before Heating at 1650 °C
nm
o 7 T T S8 T T e |
260 300 350 400 420 00 85O 600 650 700 ¥80  BOO

~ ar ~ e [ ) ar ' & e
sUfl 5,15 uagnanesumsganduaauuanlugy UV-Vis (o-ray) 284618678 Ymd6 ivh
o 1 L o & A i o
MAOABUNAAEY (LFUFINGEY) wasuaimsnasafisun 1650°C Hunal 10

FlameAdwmnen (Jude)

Abs
Ymdé
2]
2 =)
11
0.9
08+ L
07 Before Heating at 1650°C
0.6-4
0s]
4
8 av. Fe content = 193 amp
& \\M
o0
-
-D2.
0.3
-04 nm
A4 ) T T v T L B B S Tl T 1

='I ar & & ot 1 tll'd a4 ; (] i <L
i 516 wanimUnesuriianmsngasiiadie Ymde fildmsandageduadndaiinaly
me UV uazlvailszana 460 nm (ldnnmsvnauainaiumsqandunau

o o R 3
neaNeaNNNEUNATHM AN TundNmIAsIfiam Tusui 5.15)
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Ymd1

(av. Fe content = 474 amp)

Before

After heating

Heating a1 1650 “C

st 5.17 uaesanasumsganduaauuaslugn UV-vis (0 ray) 9R46I0E9 Ymd1 i
MTINNDUNAFDI (tauﬁumu) uammmﬂmmmamw 1650°C (fluia 10
FrluadeAiunen (Fuien) dune peaks Mfonn Fe' # sumia 377, 388,
450 nm Gudninglidiuthadnties

Abs
0. Ym 1 - :
QB—: H ’ d 8 |:>
il Mf _

\ Before Heating at 1650°C

0.4 VT, Nt
033 r W h\“.‘-\'
c.z_v \"“H._,\,_ﬂ..——-——»’w-«
:f: l av. Fe content = 474 amp
0.4_; ’ nm
Ee) e T T T T T o e ok B | T 1

il 5,18 uaesannasuiiiannmsinzasimatn Ymdl iinsondageauaniiaslums
uv (dmnmsvnauadnasunisgandunaunaassaannnmlnaiumsganiu

" D 2
viaanasaniany lugili 5.17)

E?m%'uatﬂnm%'umsqmnﬁuﬂguuaﬂuma UV-Vis 399Wangenatebu g an 9 ¢athe #
Snasqmanhunansdisgs wum‘sgmnﬁuﬂ‘éuuaqﬁlﬁﬂmn Fe*' fighuwis 377, 388, 450 nm
ﬂﬂﬂ{]x@iuﬁ’ﬂﬁuuazzj\a%ﬂué"aathwaaaﬁ'ﬁﬂ%mmmqm5nmn%umua’1§ummm@ (5U# 5.19,
5.21, 5.23, 5.25, 5.27, 5.29, 5.31, 5.33, 5.35) Lﬁaﬁwmmﬂ"&auLﬁﬂuatﬂnﬁ‘?umi@@nﬁuﬂéu
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1 ar | as ] A’ z z L W & ar == ar
UE 7DIWADUNDULALVIRINTGLEN 134&&.0‘!830’!’)62]'%1 (HUBINNAISLEINS 3 ﬂ‘i\ﬂ@’l&laﬂa"lﬂﬁa‘dﬂu AR

& 4 & o & L &5 & @ v
LLMNLQW?&HWSLNUEIﬂﬂ'NﬂHWSJYIE!mViQN 1650°C LﬂULla'l 10 mImmmu ‘ENWGBEJLN@GNﬂaTJlﬂ

INUEINALMAT 1,650°C TINNUDY 44 FIlad) wuh wnuasliiimswasuulsvasnieg

(gﬂf'i

AnaTHNIIANAUYBINABEAILEN lULAAZLHG

522 D9 5.48)

s & & [ o o =3 1
muuL:Jammwnaumﬂﬂmum‘sgmﬂauﬂaqwaaﬂnau‘nﬂaaqaanmn

WUNaUNRSUMVBRNAAINMISIHT  ADUTN

nussuwduess (3UN 5.20, 5.22, 5.24, 5.26, 5.28, 5.30. 5,32, 5.34, 5.36)

Abs

Ymd5

(av. Fe content =

768 amp)

Before
— After heating

6o -
280 200

7
=00 Bl OO0 Te0

Ui 5.19 u,amauJnmumwmnamauuaﬂume UV-Vis (o-ray), 29361081 Ymd5 Fivh
MTANDUNARDY (Lauﬁumu) uamaqmsl.mmw 3 11 1650°C 1Tluna 10 3 lus
mMeAsenan (Wude) duna Fe'' peaks i Suwdd 377, 388, 450 nm Usinglvitiu

5w
tanNuat
Abs

0.5+
08
0.7-4
fJ(s‘
053
04
02
0.2
0.1
0.0
0.1
024
034
D4

07

e | f
05
1.6 L

Ymd5

B

Before Heating at 1650°C

av. Fe content = 768 amp
nm

T T T T T T —
200 600 00 800

U 5.20 wiaeaUneSuNAaUENTIUGHUERRIREN Ymds Nldnnmstnsuanasunsqanay

‘ o - w b & =
fiaunaasvpannnaiUnaiumMsganduvaunasavianlugui 5.19
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Abs

| Ymd9 Before
30 {av. Fe content = 805 amp) After heating
20
2o
1.6
1.0 Before Heating at 1650°C
184
nm

301 T R 104 B T [ i T T T AT 1

280 300 380 200 S20 500 oS00 &00 600 700 T80 800

f!‘ i el $ v » as L) A:‘I -]
i 5,21 uaesUNASIMIgaNauARULa LTI UV-Vis (o-ray) 209878819 Ymd9 Hivh
v PR AR o L & 5 g
Mylafaunaass (Wudh@u) wasmaimswnaii 3 # 1650°C wWunm 10 mlug
meAdnan (Fudd) &ne Fe' peaks 7 duvie 377, 388, 450 nm Uningli

UTAIU

a.7
05
0.8
4
024 Before Heating at 1650°C

02+

0.1 L

ool L, .. ] 5 ’ S
0.1

024

o::
06 av. Fe content = 805 amp

0.7

-1.0- T T LR | T T T T T T 'I,

N 5.22  udesEnaSudaul NNUGEU2IEIREN Ymd9 Alannmsvnauainaiums
aandunaunasssaanNnmunasuMsaanduvdaurassiaylusii 5.21
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Abs Y d 2 Before
m After heating
0 (av. Fe content = 1,138 amp)
20
20
18
1.0 Before Heated at 1650°C
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M 5.4 wEAILTINIUEIAIANIRERTRATIININTIATILEUUGIBEN YmdT 68

A = s o 1 ) 4:'14:\
1ASailn LA-ICP-MS lUsadaine Mg/Ti fidmnnniy 2 nngaiiaszy

Ymd/ Point 1 Point 2 Point 3 Point 4 Point 5
Cations (ppm by weight)
Be <0.162 <0.178 <0.150 <0.164 <0.147
Na <1.62 <1.83 <1.52 <1.54 <1.31
Mg 41.77 51.15 50.58 38.17 38.03
Al 529250.4 529250.4 529250.38 529250.38 529250.38
Ti 18.02 16.9 17.26 12.68 13.33
V 57 5.56 542 4.88 4.98
Cr 0.54 0.6 <0.50 <0.47 <0.40
Mn <0.134 <0.150 <0.123 <0.123 <0.105
Fe 142.23 138.02 138.21 141.97 146.49
Ga 83.71 87.04 86.01 83.95 83.84
Total % 52.95 52.95 52.95 52.95 52.95
Cations ( Atom Mole ppm)
Be 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00
Mg 35.03 42.90 42 .42 32.01 32.74
Al 399878.42 399871.62 399872.47 399884.27 399881.62
Ti 7.67 7.19 7.35 5.40 5.67
V 2.28 222 2.17 1.95 1.99
Cr 0.21 0.24 0.00 0.00 0.00
Mn 0.00 0.00 0.00 0.00 0.00
Fe 51.91 50.38 50.45 51.82 53.47
Ga 24.48 25.45 25.15 24.55 24 .51
otal (Atom Mole %) 20.00 40.00 Z0.00 40.00 40.00
Mg-Ti 27.36 35.71 35.08 26.62 27.06
Mg% 37.03 42.70 42.33 35.88 35.63
Ti % 8.11 7.16 7.33 6.05 6.17
Fe% 54.87 50.14 50.34 58.07 58.20
a/Ti 4.57 5.96 5.78 593  5.77]

< = below the detection limit of which 0.00 value is used for calculation of atom mole ppm
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MTNA 5.5  wdUTINNUEI03895880 190NN TIATIZVUNEIBEN Ymde g
A ~ g 4 v ' AA
\#3peiia LA-ICP-MS Tsaduna Mg/Ti fidinnnd 2 nngadidiansy

Ymdé Point1  Point2 Point3 Pointd  Point 5|

Cations (ppm by weight)

Be 0.174 <0.236 <0.207 <0.214 <0.160
Na <1.37 <2.03 <1.85 <1.64 <1.27
Mg 41.55 34.53 48.24 62.57 29,31
Al 529250.38 529250.38 529250.38 529250.4 529250.38
Ti 22.69 33.55 3495 39.74 24.35
\Y 3.96 4.25 4.63 4.6 4.69
Cr <0.39 <0.56 <0.51 <0.47 <0.37
Mn 0.383 <0.149 0.151 <0.122 <0.095
Fe 561.24 520.1 533.92 530.83 501.43
Ga 66.05 67.94 68.77 67.73 69.12
Total % 52.99 52099 52083  53.00 5299
Cations ( Atom Mole ppm)

Be 0.39 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00
Mg 34.84 28.95 40.44 52.46 24 .58
Al 399729.31 399745.45 399727.88 399715.33 399760.02
Ti 9.65 14.27 14.87 16.91 10.36
\Y 1.58 1.70 1.85 1.84 1.88
Cr 0.00 0.00 0.00 0.00 0.00
Mn 0.14 0.00 0.06 0.00 0.00
Fe 204.77 189.77 194.80 193.67 182.96
Ga 19.30 19.86 20.10 19.79 20.20
Total (Atom Mole % 40.00 4000 2000  30.00 40.00
Mg-Ti 25.18 14.68 25.58 35.55 14.22
Mg% 13.98 12.43 16.17 19.94 11.28
Ti % 3.87 6.13 5.94 6.43 4.75
Fe% 82.02 81.45 77.89 73.63 83.97
MgTi 3.61 2.03 2.72 3.10 2.3

< = below the detection limit of which 0.00 value is used for calculation of atom mole ppm
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Uil 5.45 MwengEaNMeEN Ymdl BOudd uEeNGmUiiiMTilensiiiunu 5 a0
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MINT 5.6 wENUTNING0389908ATIIANNMTUATILHUUTIBEN Ymd] 6381A384ilD
LA-ICP-MS lUsadauna Mg/Ti denagszwin 1 & 2 ynyadiiensi
logviaa#i 1-3 delng 2 dwgad 4 uas 5 dielnd 1

Ymd1 Point 1 Point 2 Point 3 Point 4 Point 5

Cations (ppm by weight)

Be <0.146 <0.150 <0.184 <(0.165 <0.150
Na <1.36 1.89 <1.68 <1.52 <1.35
Mg 40.79 41.22 41.67 37.68 17.38
Al 529250.38 529250.38 529250.38 529250.38 529250.38
Ti 52.38 47.03 42 .48 54.92 34.18
vV 6.1 59 6.29 59 574
Cr 35.51 37.41 37.94 347 33.57
Mn <0.095 <0.098 <0.117 0.161 0.111
Fe 1284.18 1333.14 131442 1307.72 1265.44
Ga 76.48 76.1 79.06 77.83 75.71
Total % 23.07 53.08 53.08 03.08 53.07
Cations ( Atom Mole ppm)

Be 0.00 0.00 0.00 0.00 0.00
Na 0.00 1.67 0.00 0.00 0.00
Mg 34.17 3453 34.91 31.57 14.56
Al 399436.68 399418.54 399427.36 399429.58 399471.90
Ti 22.27 19.99 18.06 23.35 14.53
Vv 244 2.36 2.51 2.36 2.29
Cr 13.91 14.65 14.86 13.59 13.15
Mn 0.00 0.00 0.00 0.06 0.04
Fe 468.20 486.03 479.21 476.77 461.41
Ga 22.34 2222 23.09 22.73 22.11
Total (Atom Mole %) 40.00 40.00 40.00 40.00 40.
Mg-Ti 11.91 14.54 16.85 8.22 0.03
Mg% 6.51 6.39 6.56 5.94 2.97
Ti% 4.24 3.70 3.39 4.39 2.96
Fe% 89.24 89.91 90.05 89.67 94.07
Mg/Ti 153 T.73 1953 1.35 T.00

< = below the detection limit of which 0.00 valuc is used for caleunlation of atom mole ppm
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AIS ! A [J =3 s o ] b e AL =~
MINT 5.7 udeUFinasasaeseen e silansiuuiiain Ymds duiasaiio
LA-ICP-MS Wsadunen Mg/Ti id1agsenin 1 fv 2 naganiians

Ymd5 Point 1 Point 2 Point 3 Poinf 4 Point 5
Cations (ppm by weight)
Be <0.181 <0.140 <0.152 <0.177 <0.180
Na <1.44 <1.20 <1.31 <1.39 <1.41
Mg 29.49 64.89 57.61 27.96 29.44
Al 529250.38 529250.38 529250.38 529250.38 529250.38
Ti 38.49 78.9 65.57 38.5 39.25
\Y 3.71 3.98 3.56 3.79 3.75
Cr 13.85 12.64 12.35 13.27 13.27
Mn <0.104 <0.085 0.211 <0.101 0.137
Fe 213966 2200.49 2064.16  2067.29 2073.6
Ga 83.2 80.54 77.07 79.57 79.82
Total % 53.16 °3.17 53.15 33.15 53.15
Cations ( Atom Mole ppm)
Be 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00
Mg 2469 54.32 48.23 23.41 24.65
Al 399148.24 399080.57 399143.07 399177.08 399173.12
Ti 16.35 33.51 27.85 16.36 16.87
Vv 1.48 1.59 1.42 1.51 .80
Cr 5.42 4.95 4.83 5.18 5.19
Mn 0.00 0.00 0.08 0.00 0.05
Fe 779.54 801.56 752.02 753.22 755.52
Ga 24.28 23.50 22.49 23.22 23.30
Total {Atom Mole %) 40.00 40.00 40.00 40.00 40.00
Mg-Ti 8.34 20.80 20.38 7.05 7.97
Mg% 3.01 6.11 5.82 295 3.09
Ti % 1.99 3.77 3.36 2.08 2.09
Fe% 95.00 90.13 90.81 84.99 94.81
il 157 182 173 143 138

< = below the detection limit of which 0.00 value is used for calculation of atom mole ppm
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A;l ' - o o ar ' v -L o
MINT 5.8 UENUIINAEIR$B95DENTRATIINTIASIZHUNIIBEN Ymd9 Man3asila
LA-ICP-MS TUsadsine Mg/Ti dicatssnin 1 64 2 nneamiansi

Ymd9 Point 1 Point 2 Point 3 Point4  Point5
Cations (ppm by weight)
Be <0.145 <0.172 <0.137 <0.128 <0.131
Na <1.36 <1.61 1.80 <1.15 <1.26
Mg 51.50 51.54 48.70 52.30 49.40
Al 529250.38 529250.38 529250.38 529250.38 529250.38
Ti 73.96 70.67 69.81 76.83 66.07
V 0.76 0.76 0.75 0.82 0.72
Cr 29.16 20.02 31.09 25.07 26.81
Mn 0.64 0.73 0.65 0.63 0.67
Fe 210699 213498 2138.76 2312.64 2359.70
Ga 46.96 47.33 43.31 44 .21 44.48
Total % 93.16 93.16 53.16 93.18 53.18
Cations ( Atom Mole ppm)
Be 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00
Mg 43.11 43.15 40.77 43.77 41.35
Al 399132.21 399126.83 399125.07 399057.96 399047.11
Ti 31.42 30.02 29.65 32.63 28.06
Y 0.30 0.30 0.30 0.33 0.29
Cr 11.41 7.83 12.17 9.81 10.49
Mn 0.24 0.27 0.24 0.23 0.25
Fe 767.60 777.79 779.16 842.37 859.48
Ga 13.70 13.81 12.64 12.90 12.98
'Total (Atom Mole %) 40.00 40.00 40.00 40.00 40.00
Mg-Ti 11.70 13.13 11.12 11.15 13.29
Mg% 5.12 5.07 4.80 4.76 4.45
Ti % 3.73 3.53 3.48 3.55 3.02
Fe% 91.15 91.40 91.71 91.68 92.53
Mg/T) 137 1.44 1.37 1.34 1.4/

< = below the detection limit of which 0.00 value is vsed for calculation of atom mole ppm
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l‘i ' ﬂl o = @ 1 ¥ 4& <
ATNY 5.9 LFEAILUFINNEIATDITREATIIATIINMTIANETUUMBEN Ymd2 MELATaelis
LA-ICP-MS lUsadaing Mg/Ti fMagsenin 1 fa 2 nnyemiansy

Ymd2 Point1  Point 2 Point3 Point4d Point 5
Cations (ppm by weight)
Be <0.135 <0.181 <0.191 0.24 <0.146
Na <1.18 <1.62 <1.62 <1.20 <1.35
Mg 44 .97 44.45 43.60 44 .11 43,54
Al 529250.38 529250.38 529250.38 529250.38 529250.38
Ti 49.89 48.06 49.05 45.80 47.42
V 21.11 20.75 21.22 20.26 21.17
Cr 4.89 5.45 5.2 6.03 6.46
Mn <0.084 <0.115 <0.114 0.15 <0.097
Fe 312755 31356.57 3151.01 3097.85 3118.66
Ga 100.27 102.06 101.43 99.50 99.04
Total % 53.26 53.26 53.26 53.26 593.26
Cations ( Atom Mole ppm)
Be 0.00 0.00 0.00 0.55 0.00
Na 0.00 0.00 0.00 0.00 0.00
Mg 37.61 37.18 36.47 36.89 36.42
Al 398763.29 398760.99 398755.49 398776.03 398768.48
Ti 21.17 20.40 20.82 19.44 20.12
vV 8.42 8.28 8.47 8.09 8.45
Cr 1.91 2.13 2.31 2.36 2.53
Mn 0.00 0.00 0.00 0.06 0.00
Fe 1138.36 1141.27 1146.87 1127.58 1135.13
Ga 29.24 29.76 29.57 29.01 28.88
Total (Atom Mole %) 40.00 40.00 40.00 40.00 40.00
Mg-Ti 16.44 16.78 15.65 17.46 16.29
Mg 3.14 3.10 3.03 312 3.06
Ti% 1.77 1.70 1.73 1.64 1.69
Fe% 95.09 95.20 95.24 95.20 95.26
Mg/t 178 182 175 T30 187

<= below the detection limit of which 0.00 value is used for calculation of atom mole ppm
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MINN 5.10 wEMUSHINNEATB5REATIANNNTIATITIUUEIREN Ymd12 MenaIadiie
LA-ICP-MS lUsaduna Mg/Ti ifnagssvin 1 9 2 ynaeiiesey

Ymd1i2 Point 1 Point2 Point3 Point 4 Point

Cations (ppm by weight)

Be <0.133 <0.141 <0.155 <0.147 <(0.181
Na <1.19 <1.23 1.63 <1.27 <1.63
Mg 48.65 48.86 47.08 47.40 47 .47
Al 529250.44 52925044 529250.44 529250.44 529250.44
Ti 61.20 70.80 54 11 50.23 47.35
\ 8.31 7.99 7.96 9.14 8.41
Cr 21.78 21.46 21.89 22.94 22.23
Mn 0.14 0.25 0.19 0.50 0.16
Fe 3116.92 3138.92 3153.85 3198.01  3250.49
Ga 103.22 103.19 103.67 105.94 107.68
Total % 53.26 53.26 53.26 53.27 53.
Cations ( Atom Mole ppm)

Be 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00
Mg 40.69 40.86 39.37 39.64 39.70
Al 398756.90 398744.90 398747.75 398731.45 398713.76
Ti 25.97 30.05 22.96 21.32 20.09
\ 3.32 3.19 3.18 3.65 3.36
Cr 8.51 8.39 8.56 8.97 8.69
Mn 0.05 0.09 0.07 0.18 0.06
Fe 1134.47 114244 114788 116391 118295
Ga 30.10 30.09 30.23 30.89 31.39
Total (Atom Mole %) 40.00 40.00 40.00 40.00 - 40.00
Mg-Ti 14.72 10.82 16.41 18.33 19.61
Mg% 3.39 3.37 3.25 3.24 3.19
Ti % 2.16 2.48 1.90 1.74 1.62
Fe% 94.45 94.16 94.85 95.02 95.19
Mg/Ti 1.57 136 T 1.86 T.

< = below the detection limit of which 0.00 value is used for calculation of atom mole ppm
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& ' A o a 7 Y [ 4 o
MY 5,11 waaefBinusasaesseasgaihmsienziuuimadis Ymds dreasaiio
LA-ICP-MS TUsadaing Mg/Ti fimagsznin 1 i 2 nogeiitanzi

Ymd4 Point 1 Point 2 Point 3 Point 4 Point 5
Cations (ppm by weight)
Be <0.193 <0.181 <0.180 <0.183 <0.182
Na <1.66 <1.58 <1.51 <1.62 <1.50
Mg 37.47 56.48 41.21 37.15 37.74
Al 529250.38 529250.38 529250.38 529250.38 529250.38
Ti 53.90 78.81 58.25 53.65 75.92
\Y) 1.72 1.71 1.82 1.79 1.88
Cr 31.92 27.54 31.69 37.96 41.45
Mn <0.117 0.18 0.20 0.19 0.19
Fe 4158.77 422267 438393 4367.09 4309.76
Ga 55.48 55.30 57.45 57.88 57.34
Total % 93.36 53.37 03.38 53.38 03.38
Cations ( Atom Mole ppm)
Be 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00
Mg 31.31 47 19 34.43 31.04 31.53
Al 398404.19 398356.40 398317.09 398325.88 398335.61
Ti 22.85 33.41 24.69 22.74 32.18
\Y 0.68 0.68 0.73 0.71 0.75
Cr 12.47 10.76 12.38 14.82 16.19
Mn 0.00 0.07 0.07 0.07 0.07
Fe 1512.33  1535.38 159388 1587.77 1566.97
Ga 16.16 16.11 16.73 16.86 16.70
Total (Afom Mole %) ___ 40.00 40.00 30.00  40.00 40.00
Mg-Ti 8.46 13.78 9.74 8.29 -0.65
Mg% 2.00 292 2.08 1.89 1.93
Ti% 1.46 2.07 1.49 1.39 1.97
Fe% 96.54 95.01 96.42 96.72 96.09
MglTi 1.37 T.41 133 138 0.93

< = below the detection limit of which 0.00 valuc is used for calculation of atom mole ppm
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MINH 5,12 LEAIUSINUSINTANTBENTIYANTIM TIATITBUMIBEN Ymd10 6I0
1388 LA-ICP-MS Tsadune Me/Ti fifiagsswin 1 8¢ 2 nnyan

oz
YmdT0 Point1 Point2 Point3 Point4 Point5
Cations (ppm by weight)
Be <0.123 <0.170 <0.156 <0.175 0.18
Na <1.20 <1.54 <1.36 <1.53 <1.42
Mg 35.31 33.71 49.82 49.87 50.38
Al 529250.38 529250.38 529250.38 529250.38 529250.38
Ti 53.04 54.58 71.83 74.11 72.13
Vv 2.68 2.68 2.51 2.62 2.32
Cr 13.04 11.45 11.54 10.05 12.71
Mn 0.62 0.58 0.63 062 0.61
Fe 5326.51 5073.67 4760.54 4956.49 4681.26
Ga 89.98 92.55 88.22 91.28 87.68
Total % 53.48 53.45 5342 5343 53.42
Cations { Atom Mole ppm)
Be 0.00 0.00 0.00 0.00 0.40
Na 0.00 0.00 0.00 0.00 0.00
Mg 29.47 28.15 41.61 41.64 42.08
Al 397980.57 398072.55 398166.41 398094.18 398193.88
Ti 22.47 23.12 30.44 31.40 30.57
V 1.07 1.07 1.00 1.05 0.92
Cr 5.09 4.47 4.50 3.92 4.96
Mn 0.23 0.21 0.23 0.23 0.22
Fe 193492 184350 1730.13 1801.02 1701.43
Ga 26.18 26.94 25.68 26.57 25.53
Total (Atom Mole %) - 40.00 40.00 40.00 40.00 40.00
Mg-Ti 7.01 5.02 11.17 10.24 11.51
Mg% 1.48 1.49 2.31 2.22 2.37
Ti % 1.13 1.22 1.69 1.68 1.72
Fe% 97.39 97.29 96.00 96.10 95.88
Mg/Ti 1.31 1.22 1.37 1.33 1.38

<= below the detection limit of which 0.00 value 18 used for calculation of atom niole ppm
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MY 5,13 UAIUTHNUEI03DI5080TIRATIINSHAILMUURIDEN Ymd3 619

1309318 LA-1CP-MS Td1aduna Me/Ti idagsznin 1 &3 2 nnyah

e
Ymd3 Point 1 Point2  Point3  Point4 Point 5

Cations (ppm by weight)
Be <0.160 <0.194 <0.202 <0.163 <0.156
Na <1.26 <1.60 <1.59 <1.53 <1.36
Mg 24 48 22.66 23.42 23.98 2393
Al 529250.38 529250.38 529250.38 529250.38 529250.38
Ti 33.83 30.82 29.95 28.89 30.59
\Y 1.95 1.89 1.88 1.84 1.89
Cr 24.69 28.49 29.94 22.05 21.86
Mn 0.24 0.22 0.17 0.18 0.10
Fe 6088.50 542932 5206.87  4990.80 5082.10
Ga 81.60 81.27 79.11 76.16 77.23

otal % 93.55 53.48 93.46 53.44 93.45
Cations { Atom Mole ppm)
Be 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00
Mg 20.42 18.91 19.55 20.02 19.08
Al 397720.76 397960.27 398040.50 398122 12 398088.63
Ti 14.32 13.05 12.69 12.66 12.96
V 0.78 075 075 073 0.75
Cr 9.63 11.12 11.68 8 61 8.53
Mn 0.09 0.08 0.06 0.07 0.04
Fe 2210.27 1972.16  18%1.74 1813.61 1846.63
Ga 2373 23.65 23.02 22.17 2248
Total (Atom Mole %) 40.00 40.00 40.00 40.00 40.00
Mg-Ti 6.10 5.86 6.87 7.36 7.02
Mg% 0.91 0.94 1.02 1.08 1.06
Ti % 0.64 0.65 0.66 0.69 0.69
Fe% 98.45 98.40 98.32 98.23 98.25
Ma/Ti 1.43 1.45 1.54 1.58 1.5

<= below the detection limit of which 0.00 valoe is used for caleutaton of atom mofe ppm
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NN 5,14 LEUINNEI0TB95080TATINITILATIEWULMBEN Ymd8 dag
A < a o v ] . = A&
1As29iIa LA-1CP-MS Tusadana Mg/Ti idragszning 1 i 2 nnyad

Janzv
Ymd8 Point 1 Point 2 Point3  Point4 Point 5
Cations (ppm by weight)
Be <0.133 0.21 <0.143 <0.133 <0.122
Na <1.36 <1.22 <1.31 <1.32 <1.20
Mg 60.39 52.00 51.72 50.73 49.96
Al 529250.38 529250.38 529250.38 529250.38 529250.38
Ti 90.65 78.57 76.86 73.48 73.72
Vv 2.80 2.58 2.72 2.53 2.49
Cr 40.50 39.93 40.58 39.61 37.73
Mn 1.00 0.81 0.94 0.98 0.79
Fe 551048 5519.10 5792.57 5816.05 5792.67
Ga 121.23 119.87 121.78 119.22 110.91
Total % 53.51 23,97 3ok 53.54 93.53
Cations ( Atom Mole ppm)
Be 0.00 0.46 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00
Mg 50.39 43.39 43.15 42.32 41.68
Al 397857.55 397866.79 397768.54 397763.49 397775.68
Ti 38.38 3327 32.54 31.11 31.21
Vv 51 1.03 1.08 1.01 0.99
Cr 15.80 15.58 15.83 15.45 14.71
Mn 0.37 0.30 0.35 0.36 0.29
Fe 2001.13 2004.30 2103.10 211160 2103.17
Ga 35.27 34.87 35.42 34.67 32.26
otal (Atom Mole %) 40.00 40.00 40.00 40.00 40.00
Mg-Ti 12.01 10.12 10.61 11.22 10.47
Mg% 2.41 2.09 1.98 1.94 1.92
Ti % 1.84 1.60 1.49 1.42 1.43
Fe% 95.75 96.29 96.53 96.64 96.65
Mg/Ti 131 1.30 1.33 1.36 1.34

<= below the detection limit of which 0.00 value is used for calculation of atom mole ppm
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MR 5.15  waeU3nas160 3895880 e M siiensiuudIagie Ymdll me
wiaeila LA-ICP-MS TWsadaing Mg/Ti deagseving 1 i 2 nnyad

hansA
Ymdi1 Point 1 Point 2 Point 3 Point 4 Point §
Cations (ppm by weight)
Be <0.128 <0.181 <0.161 <0.170 <0.191
Na <1.17 <1.56 <1.39 <1.51 <1.78
Mg 43.63 47.82 48.88 29.41 26.25
Al 529250.44 529250.44 529250.44 528250.44 529250.44
Ti 48.97 57.10 59.22 48.24 51.58
\v 6.91 7.00 7.17 7.20 6.91
Cr 3.80 3.18 3.04 3.47 524
Mn 0.59 0.49 0.56 0.60 0.58
Fe 7663.99 7878.92 7971.51 8113.47 8157.54
Ga 127.22 131.05 134.62 134.75 131.68
Total % 03.71 93.74 93.75 53.76 03.7/6
Cations ( Atom Mole ppm)
Be 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00
Mg 36.34 39.82 40.70 24 .49 21.86
Al 397123.54 397038.47 397002.34 396871.75 396957 43
Ti 20.70 2413 25.02 20.38 21.79
vV 2.75 2.78 2.85 2.86 2.75
Cr 1.48 1.24 1.18 1.35 2.04
Mn 0.22 0.18 0.21 022 0.21
Fe 2778.04 2855.33 2888.63 20839.84 2955.70
Ga 36.94 38.04 39.08 39.11 38.22
Total (Atom Mole %) 40.00 40.00 40.00 40.00 40.00
Mg-Ti 15.64 15.69 15.68 4.11 0.06
Mg % 1.28 1.36 1.38 0.82 0.73
Ti % 0.73 0.83 0.85 0.68 0.73
Fe% 97.99 97.81 97.78 98.50 98.54
Ma/Ti 1.76 1.65 1.63 1.20 1.00

<= below the detection limit of which 0.00 value is used for calculation of atom mole ppm
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bstract: New beryllivm-diffusion experiments on pure synthetic and iron-doped
mthetic sapphire samples and on natural blue sapphires were undertaken to fully
uderstand how colour is affected by Fe, Ti, Mg and Be in corundum. LA-ICP-MS
ulyses were carried out on sections through and on the treated surfaces of the sapphires.
lieresudts have confirmed that the divalent Be acts essentially in the same way as that of

W, i.e. as a stabilizer of colour centres.
| :

&eywords: beryllivm diffusion, blue sapphire, colour centres, heat treatment,

WICP-MS analysis, yellow sapphire
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Ftroduction

lﬁ;lthough corundum diffusion-treated
ith beryllium (Be) has been discussed
:&ently by a number of authors including
iklure et al. (2002), Peretti and Giinther
102), Peretti et al. (2003), Hanni (2002),
anni and Pettke (2002), Emmett ef al. (2003),
titsch et al. (2003), Themelis (2003), Pisutha-
mond et al. (2003 and 2004) and Schmetzer
id Schwarz (2004, 2005), the role of Be in
-jﬁundum has not yet been fully understood.
sutha-Arnond et al. (2004) presented studies
UV-Vis-spectroscopy and trace-element
mistry of irradiated and Be-treated
thetic and natural colourless sapphires,
ow and orangey vellow Be-treated natural
pphires and some Be-treated natural blue

immologi(al Association and Gemn Testing Laboratery of Great Britain

sapphires, and established that the majority
of Be-treated sapphires showed indications of
Be diffusion into the corundum lattice from
an external source. The chemical analyses
obtained by laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-
MS) consistently showed that there were
excess contents of (Be+Mg) over Ti in all of
the yellow sapphires which were coloured
by stable defect centres. The oxidation

and reduction heating experiments also
showed that oxidizing conditions were an
important factor in the formation of stable
colour centres. So, currently it is believed
that after combining Mg and Be with any Ti
present to form colourless MgTiO, and/or

ISSN: 1355-4565



BeTiO, clusters, any excess of (Be+Mg), in same effect in the corundum structure as Mg.
combination with iron and the heat treatment  However, Mg and many other trace elements

in an oxidizing atmosphere can produce are usually present in natural corundum
stable yellow colour centres in yellow Be- and this makes it difficult to understand the
treated natural sapphires. direct relationship of Be and Fe in any natural

In the previous study, Pisutha-Arnond et al.  sapphire treated with Be. Hence in order to
(2004) assumed the divalent Be could have the  prove such an assumption it was necessary

A stmr - ~ | . At
Materials and methods

In order to test whether Be has a comparable effect to Mg in producing brown coloration
in an otherwise pure synthetic sapphire (i.e. Be in the Al,O, system), a comparison
. experiment was performed on a piece of synthetic colourless ‘watch glass’ sapphire with
' high purity (THSCS01). The piece was cut in half, and one half was heat-treated with
ground chrysoberyl in a crucible while the other half was heated in another crucible
without chrysoberyl in an electric furnace. Each crucible was held at 1750°C (measured by
a thermocouple in which a certain degree of temperature gradient was unavoidable) for 30
hours in an oxidizing atmosphere. After the treatment, both halves of the ‘watch glass” were
lightly polished, cleaned and their trace element contents determined using LA-ICP-MS at
the GEMOC Key Centre, Department of Earth and Planetary Sciences, Maquarie University,
. Sydney, Australia. The UV-Vis spectrum of the chrysoberyl-treated half was also recorded.
To further confirm that Fe needs to be present to form yellow (rather than brown) defect
- centres an Fe-doped sapphire was synthesized by a flame-fusion technique, irradiated with
- X-rays for 30 minutes using a Rh-tube at 60 kV and 53 mA, and then shortly after, subjected
to a fading test. The fading was carried out for one hour at a distance of 3 cm from a 100W
| light bulb. The sample was subsequently heated in a crucible with ground chrysoberyl at
1780°C for 50 hours in an oxidizing atmosphere. This Be-treated sample was then subjected
'~ to the fading test again. The sample was photographed and at each step of the experiments,
UV-Vis spectra were recorded with E perpendicular to the c-axis (o-ray), except where noted
otherwise. The sample was then cut in half, lightly polished, cleaned and analysed for trace
element contents across the cut surface using LA-ICP-MS,
Additionally, two simply heat-treated natural blue sapphires and one natural blue
- sapphire Be-treated under unknown conditions were obtained from Thai stone heaters. The
samples were cut in half and the cut surface was lightly polished and cleaned. Their trace
- element contents were obtained using LA-ICP-MS at five positions namely: Rim1, Mid-Pointl,
Core, Mid-Point2 and Rim2 to vield a profile of analyses.
Detailed descriptions of LA-ICP-MS instrumentation, analytical and calibration
~ procedures are similar to those given by Norman ¢f af. (1996). The UV laser ablation
microprobe (a New Wave Research 266 nm Nd:YAG) is coupled to an Agilent 7500 ICP-MS.
All analyses were done with a pulse rate of 5 Hz and a beam energy of approximately 0.5 m)
per pulse, producing a spatial resolution of 30-50 micrometres in diameter on the samples.
Quantitative results for 9 trace elements (Be, Na, Mg, Ti, V, Cr, Mn, Fe and Ga) were obtained
through calibration of relative element sensitivities using the internal standards NIST-610
multi-element glass and pure ALO,, and the external standard BCR2G basaltic glass. The
detection limits vary from analysis to analysis and are typically less than 1 ppm for Be, V,
Ga; less than 4 ppm for Mg, Ti, Mn; less than 13 ppm for Cr; less than 40 ppm for Na and
' less than 80 ppm for Fe. The results significant in this study are presented in diagrams and
detailed numerical results can be obtained from the senior author.
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p carry out more Be-diffusion experiments
vith pure synthetic and Fe-doped synthetic
apphires without the influence of Mg and
'__her trace elements. In addition, more LA-

CP-MS analyses needed to be carried out on

atural blue sapphires both untreated and
reated with Be to test the assumption of
imilarity of Be and Mg,
In order to understand the Be-diffusion

rocess and its mechanism, the role of

race elements and the cause of stable

iellow colour centres are reviewed briefly.
The role or interaction of Mg, Ti and Fe in
reating stable yellow colour centres or blue
olours is well understood (Hager, 1992,
193, 1996, 2001; Emmett and Douthit, 1993).
fhe divalent Mg and tetravalent Ti form
olourless MgTiO, (geikielite) clusters, and
fter formation of these clusters, any excess
lg could combine with Fe in an oxidizing
imosphere to produce colour-active defect
entres or stable yellow colour centres.
Jowever, in corundums with rather low Fe

ntent such as Mg-doped synthetic stones,
able brown or brownish violet colour
ntres, rather than yellow, are produced
fang et al., 1983; Hager, 1996, 2001). The

lo seems to act as a stabilizer of the defect
atre. On the other hand, if there is an

¢role of Be, Mg, Fe and Ti in causing colour in corundum

excess of Ti after the calculation of MgTiO,,
the excess Ti in combination with Fe could
form colour-active FeTiO, clusters under
both reducing and oxidizing conditions.
These clusters create Fe? /Ti** inter-valence
charge transfer absorption bands near 578
and 735 nm which are responsible for the
blue coloration of sapphire (Townsend, 1968;
Ferguson and Fielding, 1972; Hager, 1992,
1996, 2001; Emmett and Douthit, 1993).

Results

Simple heat-treatment and beryllium-
diffusion treatment of a pure synthetic
colourless sapphire

After simple heat treatment (i.e. heat
treatment that is not accompanied by other
minerals or chemicals), the pure synthetic
sapphire (THSCS01) remained colourless
but it turned brown after Be diffusion
treatment (Figure 1). Trace element analyses

Figure 1: A colourless
sapphire disc (THSCS501)
was cut in half; one half
was heat-treated with
ground chrysoberyl in a
crucible (a, brown) while

the other lialf was heat-

treated i another cricible
without chrysoberyl (b,
colourless). After the
treatment, five-points on a
traverse were analysed on
the polisited surface of cach
lalf. Photo by C. Somboon,

of the colourless half show that the original
material is relatively pure with only traces
of Ti (< 4ppm) and Na (< 200 ppm). The
brown half contains about 10 ppm by weight
of Be, that is, about 20 atom mole ppm of

Be has diffused into the corundum lattice,



Synthetic sapphire treated @ Be Synthetic sapphire diffusion - 9 Be
with simple heating (THSCS01; b, R Mg treated with Be (THSCS01]; a, - Mg
colourless in Fig. 1) AT brown in Fig.1) AT
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Figure 2: Be, Mg and Ti contents al the surfaces of the simply heat treated (CH numbers) and chrysoberyl-treated
(BeH numbers) sections of tie sapphire disc (THSCS01) shown in Figure 1. The right-hand diagrams iltustrate the
positive values of (Be — Ti) int the Be-treated half and Mg points are included in view of discussion later in the paper.

thile the presence of any of the other eight
face elements is negligible (Figure 2). The
V-Vis spectrum of the Be-treated brown
alf shows exactly the same pattern as that of
e flame-fusion grown sapphire (PKSCS01)
reated under unknown conditions by a Thai
gat-treater (Figure 3) with a broad absorption
and centred at around 420 nm.
featments of an iron-doped synthetic
@pphire

An Fe-doped synthetic sapphire was
plourless before treatment (Figure 4a2) and
bntained abundant gas bubbles typical of
me-fusion grown material (Figures 4 and 5).

The sample became yellow after irradiation
treatment (Figure 4b) and its UV-Vis spectrum
shows a continuous increase in absorption
towards shorter wavelengths with a shoulder
at about 450 nm (Figure 6). After a fading test,
this sample became colourless (Figure 4c) but
it turned yellow again after treatment with
Be and this colour was stable after a fading
test (Figure 4d).

The UV-Vis spectrum of the sample treated
with Be shows exactly the same pattern as
that of the sample irradiated with X-rays
(Figure 6), and these spectra are also similar
to that of a Sri Lankan yellow sapphire
coloured by stable defect centres and to

J. Gemm,, 2006, 30, 3/4, 131-143
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Figure 3: UV-Vis
spectra of the flame-

fusion-grown sapphire

{PKSCS01) before
treatment (a, colourless)
and after Be-treatment
under unknown
conditions by a Thai
heater (b, brown).
Spectrum c was recorded
from the brown half
(THSCS01) treated
with Be in our own
experiment, and is the
same as that of sample
WGO2 described by
Pisutha-Arnond et al.
(2004).

Frgure 4 Photographs of
an Fe-doped colourless
flame-fusion sapphire
before treatment (a),
yellow after X-ray
irradiation treatment (h),
colourless after a fading
test (c), and yellow again
after Be-treabment (d).
The final colour was
stable wnder the fading
test. Photos by T. Higer.



figure 5: The Fe-doped sapphire described in Figure 4, freated with Be and cut in half (a), with details of abundant gas
tubbles. In (b) ave shown the positions of two traverses (X1 and X2) on the cut surface where analyses were oblained
ising LA-ICP-MS. Photos by C. Somboon.
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U V-Vis spectra of the Fe-doped flame-fusion-grown sapphire before treatment (a), after X-ray
irradiation treatment (b), after a fading test (c), and after Be-treatment (d). All spectra were measured with E
perpendicular to the c-axis (0-ray).
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at of a synthetic sapphire doubly-doped

ith Mg and Fe (Figure 7). The trace element
amalyses confirm that significant contents of
¢and Fe (about 25-30 atom mole ppm of Be
nd 50-60 atom mole ppm of Fe) are present in
is sample after Be treatment while the other
ce element contents are negligible (Figure 8).
nce it is clear that colour in the sample can
attributed solely to Be+Fe with no influence
om other trace elements.

feat-treated natural blue sapphires

As expected the two simply heat-treated
matural blue sapphires, one from Australia
'AUST) and the other from an unknown

,lwurce, are homogeneous in colour throughout

1,8 —

1,6 —

1,4, —

| 1,0 -

0,8 —

Absorbance

(Figures 9 and 11). The five point profile
analyses across the cut surfaces reveal no
detectable Be (below 1 ppm detection limit)
(Figures 10 and 12), but show significant Fe
and Ti with trace amounts of Mg. At all the
analysed points Ti exceeds Mg+Be.

Be-treated natural blue sapphire

A 2.28 ct rectangular cut blue-green
sapphire (BG1) reportedly from Bang Kacha
(Chanthaburi, Thailand) was heat-treated
with Be under unknown conditions by a
Thai stone heater. After treatment the sample
clearly showed a thin surface-related yellow
rim surrounding a blue core with complex
zoning (Figure 13a). The sapphire was cut

natural sapphire Elc
natural sapphire Elc
Verneuil sapphire Elc
Verneuil sapphire Ellc

1]

0,6

0,4 —

0.2 <

0,0 —

350 400 45()

and blue) for comparison (Higer, 2001).

Lrn'lr» af Re Mo Feand Tiin causinn caloor in carindum

nim

: UV-Vis spectra of a natural Sri Lankan yellow sapphire coloured by stable defect centres (red and black
curves) with the spectra of a synthetic flame-fusion-grown sapphire doped with 50 ppm Mg and 50 ppm Fe (green

137



nto two and the blue core of one piece can

be seen in Figures 13b and c. The LA-ICP-MS
profile analysis shows negligible Be (< 1 ppm)
in the core and elevated Be content towards
the yellow rims (Figure 14). All the analysed
points in the blue core show an excess of

i over total Mg+Be content. At the points
near each rim, at the blue-yellow boundary,
the analyses do show elevated Be contents
but the Ti contents still exceed the sum of
Be+Mg (Figure 14). However, at all the points
analysed on the outer surface of the stone,
which are definitely on the yellow rim
|Figure 15), there is an excess of Be+Mg over

Ti (Figure 16). Additionally, all analyses
indicate a rather high Fe content which is
typical of sapphire from a basaltic source.

The experiments described above on pure
synthetic sapphire with and without Be
diffusion indicate that the brown coloration
is due to the presence of Be. The Be-diffusion
treatment in an oxidizing atmosphere did
produce stable brown colour centres similar
to those found earlier in the synthetic
sapphire doped with Mg. However they

| f Trace etement
An Fe-doped synthetic sapphire treated with Be content along the
S0 traverse X1 of the
Fe-doped synthetic
sapphire treated with
Y Be. The Fe and Be
60 1-- - B T e s
@ & A cantents are constantly
E e ~— 8 o= liigh across the cut
' :ﬂ' surface; My and Ti
: _E T . contents are at or below
l = = the Limits of defection.
£ — oo >
< | * M
| 0 Y ey vy oo i e i
I 0 - -
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Houre 9: A natural blue sapphire (DIF1), reportedly simply
wat-treated, was cut in half and the five points shown where
A-ICP-MS analyses were made (see Figure 10).

Photo by P. Lonithong

Natural blue sapphire (DIF1), -@- Be
simple heating - Mg
—&— Ti

E
2%
P
=
E
B 200 qnmmmmem e
z
IUU B e B T T R

U-LJ Pl
Rim1 Mid-Pointl Core Mid-Point2 Rim2

- Mg-Ti
@ Be-Ti
—&— (Be+Mg)-Ti

Natural blue sapphire (DIF1),
simple heating

SR e | BN B G R e Y

Atom mole ppm

Riml1 Mid-Pointl Core Mid-Point2 Rim2

gure 10: Plots of trace element content variation across the
it surface of the heat-treated blue sapphire (DIFI) shown
nFigure 9. The anlyses show negligible contents of Be, Mg
il Tt > Mg at all points analysed.

ihe role of Be, Mg, Fe and Ti in causing colour in corundum

k

e 11: Cut section of an Australian blue sapphire (AUST)
reportedly simply heat-freated. LA-ICP-MS analyses were
carried out at the five points marked and data for Be, Mg and
Ti shown in Figure 12. Photo by P. Lomthong.

Australian blue sapphire (AUS1),
simple heating

Atom mole ppm

Rim1 Mid-Pointl Core Mid-Point2 Rim2

Australian blue sapphire (AUS1),
simple heating

Atom mole ppm

Riml Mid-Point]l Core Mid-Point2 Rim2

! ': Confents of Be, Mg and Ti across the cul surface
of Hu’ Australian blue sapphire (AUST) shown in Figure 11.
The analyses show negligible contents of Be, and Ti > Mg at
all five points analyse d.

139



113: A rectangular block of a natural blue-green

e (BGI), heat-treated with Be by a Thai heater, showing
sirface-related yellow rim surrounding the complex-
blue core (a, in immersion liquid). After the treatment
fiple was cut in half (b, in immersion; ¢, in air) and

s were made at five points across the cut surface
LA-ICP-MS. Trwo points on both rims are very close
E;;Jow zone (rim) while three points in the middle are
by it the blue core. Photos by C. Somboon.

produce different absorption spectra with
the main peak centred at around 420 nm

for the Be-diffusion-treated sample and at
around 450 nm for the Mg-doped sample (see
Pisutha-Arnond et al., 2004, Figure 28).

The experiments on the synthetic sapphire
doped with Fe and afterwards diffusion-
treated with Be indicate that the combination
of Be+Fe in the Al,O, system behaves in the
same way as Mg+Fe. That is, when divalent
Be in combination with Fe in the ALO,
structure is heat-treated in an oxidizing
atmosphere stable yellow colour centres
are produced that are similar to those in
synthetic sapphire double-doped with Fe
and Mg. The spectrum produced by sapphire
doped with Be+Fe or Mg+Fe might therefore
be attributed to ‘'metal**+Fe-related stable
colour centres” while that produced solely
by irradiation of Fe-doped sapphire could
be referred to ‘Fe-related unstable colour
centres”.

In the natural blue sapphire subjected
to normal heat-treatment described above
(Figures 9 to 12), all the analysed points show
Ti > Mg+Be. After calculation of MgTiO,
and BeTiO, clusters, the excess Ti could
form colour-active FeTiO, clusters or Fe-Ti
intervalence charge transfer, which caused
blue coloration of the stones.

In the Be-treated natural blue sapphire,
all the analysed points in the blue core show
an excess of Ti over Mg+Be content (i.e.
after the calculation of MgTiO, and BeTiO,
clusters). At the boundary of the blue core
and the yellow rim there are elevated Be
contents but the Ti contents still exceed the
sum of Be+Mg (Figure 14). The excess Ti could
therefore form colour-active FeTiO, clusters
which cause blue coloration in the core area.

In contrast, at all the points analysed
on the outer surface or rim of the stone
(Figure 15) there is an excess of Be+Mg over
Ti (Figure 16) and the colour is yellow. All the
analysed points also indicate the presence of
Fe which suggests that the excess of Be+Mg
in combination with Fe in an oxidizing
atmosphere have led to the formation
of stable yellow colour centres. The blue
sapphire (BG1) shown in Figures 13 to 16

|. Gemm., 2006, 30, 3/4, 131-143
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Figure 14; Contents of Be, Mg and Ti at five points across the cut surface of the Be-treated blue-green sapphire (BG1)shown
i Figure 13 (b and c). The Be contents are high at the rims and decrease toward the core. The analyses show Ti=(Be+Mg) in
ill the analysed points which are within the blue area,

Hgure 15: (a) Rectangular block of Be-treated natural blue-green sapphive (BG1) shown in Figure 13(a). (b) is a view of the
teht frce of (a), looking in the direction of the arrow and shows the locations of the seven analyses by LA-ICP-MS, all al the
wilow surface of the Be-treated sapphire. Photos by C. Somboou.
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igure 16: Be, Mg and Ti cantents af seven pointts on the outer surface of the Be-treated blue-green sapphirve (BG1) showon in
gure 15. The analyses show variable contents of Be and Ti but Be content is generally high. So (Be+ Mg) exceeds Tiat all
its i the yelfow rine and when plotted, the profile is clearly distinct from the profile of (Me-Ti) points below the zero line
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Figure 17: Approximate compositions of some lrealed sapphires discussed in this paper plotted on the triangular diagram
proposed by Héger (1996). This model relates the colours in sapphires to their trace element content in an oxidizing
| atmosphere. Fe,, Means Fe* -+ Fe' and the field relates to the proportions of trace elements in a corundunt host.

sanother stone in which Ti exceeds the Mg
ntent at all the analysed points. These data
nfirm that simple heat-treatment is unlikely
change a blue sapphire to yellow. But if the
ue sapphire is subjected to diffusion of Be it is
ssible to increase the (Be+Mg) /Ti ratio and
m the rim yellow when the ratio exceeds 1.

Conclusion

If the results presented above are combined
With those of Pisutha-Arnond et al. (2004),

it can be concluded that Be and Mg actin a
very similar way in the ‘pure’ AL O, system
although in the UV-Vis spectrum they produce
absorption peaks at different wavelengths. In
the AL O, system doped with Fe, addition of Be
and Mg produces essentially similar results, as
they do when the system also contains Ti. Thus,
it is now valid to add Be into the Mg corner

in the triangular diagram model proposed

by Hager (1996 and 2001; see also Schmetzer
and Schwarz, 2004). In so doing we can plot
the approximate compositions of some treated

|. Gemm,, 2006, 30, 3/4, 131-143



stones in the diagram as shown in Figure 17.
The colours of these treated stones fit the model
reasonably well.
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Extended Abstract

The heat treatment of natural corundum by ‘traditional” techniques, i.e. heating in differing furnace conditions without addition of
any chemical element(s) from an external source, is well accepted inithe gem indusery. Furthermore, the causes of colour in most hear-treated
stones are generally well understood. As has previously been documented (e.g.. Nassau and Valente, 1987; Schmetzer et al., 1983; Higer,
201; Pisutha-Arnond et al., 2004), the causes of colour in untreated and heat-treated yellow sapphires from metamorphic origin with low
ion content, such as from Sri Lanka. are mainly due to defece centres in AlLO) structure or known as “stable colour centres or trapped hole
wlour centres’. However, the causes of calour in uncreared and heac-treated yellow sapphires from basaltic origin with high iron content,
such as from Chanthaburi. Thailand, are still not clear whether they are mainly due o spin forbidden transition of Fe™ alone or with the
wmbination of ‘stable colour centres”.

To answer such the question, a group of colourless or tinted yellow sapphires from Ilakaka, Madagascar containing differing iron con-
teries (Ymd1-11, 11 samples) were heat-treated and irradiated for the firse series of experiments. The heating experiment was carried out at
1,650°C in oxidizing condirion for 10 hours. After heating. the samples were also irradiared with Xoravs (80 kV, 4 mA) for 16 hours, then
fided for 4 hours with a 100 W light bulb. Ar each stage of the experiments, the samples were photographed and UV-Vis absorption specrra
were recorded. After the experiments, the samples were analyzed for the trace element concentrations, such as Be. Mg, Ti, V, Cr. Fe and Ga,
by Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS).

As usually expected in the hear treatment of samples conraining low Fe contents (rwo samples, -50 and -200 atonm mole ppm Fe), the
wlour did change from colourless or tinted yellow before treatment into stronger yellow after hear treatment and it was stable after fading
iest. The UV-Vis spectra, which appear almost Aar withour any absorption before trearment, show a continuous increase of the absorprion to
UV-part of spectrum with small shoulder at 460 nm after heat treatment. As such, the residue spectra (obtained by subtraction of spectrum
measured after heating from thae of the before treatment of each individual sample) show the absorption of ‘colour centres’ pattern.  This
means that the vellow coloration of low Fe-type (or metamorphic-type) sapphires created during the heating process is caused by defect
cntres which are stabilized by Mg in the ALO structure or the so-called ‘stable colour centres or trapped hole colour centres’. To confirm
this assumption, the trace element analyses reveal a large excess of Mg over T1 in those samples (Mg-Ti > ~25 atom mole ppm).

The yellow coloration in the heated yellow (low Fe) sapphires was further intensified after irradiarion bur it was unstable and quickly

ded into the ariginal colour betore irradiation. The spectra measured after irradiation show a similar pattern to that of the heated condi-
fion but appear to increase to higher absorption toward the UV-part of the spectrum. Therefore the residue spectra (obtained by subrraction

spectrum measured after heating from thar of irradiation of each individual sample) show a continuous increase of the absorption to the
UV-part of the spectrum with small shoulder at 460 nim which is known ro be due to “unstable defect centres'.

In the heating experiments of colourless to very light vellow samples containing higher Fe contents (9 samples, =750 to -3,000 atom
mole ppm Fe). the colour of most samples did nor show any change after heat trearment. The vellow coloration of the heated (high Fe) sap-
phires can only be intensified very slighdy (or almost no change for those having very high Fe content) after irradiation. and the colour was
unstable and quickly faded into the original colour before irradiation. Similar results were also obrained by irradiation of high Fe sapphires
from other sources, such as (7) pale yellowish green sapphires from Chanthaburi. Thailand, and (5) pale greenish yellow sapphires from
Songea, Tanzania. The UV-Vis spectra show absorption peaks due to Fe* ar 450, 388 and 377 nm in which the absorption intensities rend
w increase as the concentrations of Fe increase. Oxidation heating however did not change the intensity of those peaks in each individual
ample (as shown by the subtraction of the spectra). The trace element analyses reveal smaller excess of Mg over Ti in most samples (Mg-Ti <
20 atom mole ppm). These data suggest thar there are not enough excess Mg to stabilize the yellow ‘colour centres’. Hence the light vellow
fues of those high Fe samples are mainly due to spin torbidden transition of Fe''. Furthermore the presence of large subsdturtion of Fe in
fhe ALO strucrure wends o reduce the formarion of ‘unstable defece centres” induced by irmadiation. Further experiment is required on the
Fe samples containing large excess of Mg over Ti ro verily the possibility of the presence of ‘stable colour centres” after high emperature

iger, T.. 2001, High temperature treatment of natural corundum. In: | roceedings of the International Workshop on Material

Characrerization by Solid State Spectroscopy: The Minerals of Vietnam, Hanoi, Vietnam. April 4-10, 2001,
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weatments. At elevated temperatures, the nitrogen impurity
atoms common to most diamonds become mobile and aggre-
gate into defects containing two or more nitrogen atoms. The
relatively low temperature allied with geologic time scales
ensures that in nature the forward aggregation reaction domi-
nates. However, HPHT weatments (for example ro remove
brown color) are by necessity carried out over very much short-
er time scales (minutes 1o a few hows), and significandly high-
er temperatures are required to achieve the desired reaction: The
higher temperature also substandally raises the probability of
the reverse aggregation reaction (ie., breaking up nitrogen
aggregates). The single substitutional nitrogen defect center
(often referred to as the C center) produced in this process is a
relatively willing electron donor, and its presence often controls
the charge state of other defects. The observadon of negatively
charged versions of defects (e.g., the neganively charged nitro-
gen-vacancy defect observed at 637 nm and the negatively
charged nitrogen-vacancy-nitrogen defect known as the H2
center) is often key for the identfication of rreated diamonds.
However, it is typically the defect combinarions not observed in
nature that enable conclusive idendficaton of a treated dia-
mond rather than the spectroscopic identfication of a single

type of defect.

Role of Beryllium in the Coloration of
Fe-and Cr-doped Synthetic Corundum

Visur Pisutha-Amond (pvisut@gmail.com)'?, Tobias Hager®, Pornsawat
Wathapakul', Wilawan Arichat!, Jitrin Namachai!, Tin Win®, Chakkaphant
Surthirac'?, and Boontawee Sriprasert

'Gem and Jewelry Instinute of Thailand, Banghkol: :Dcpan:mtm af Geology,
Chulalongkom Unjversity, Bangkok: *lnstitute of Gemstone Research, University of
Mainz, Germany; *Department of Earth Science, Kasersant Universicy, Banghok;
'GEMOC Key Center, Macquaric University, Sydney, Australia: liqu.r:n-lcm af
Mineral Resources, Banghok

Xeray irradiation and Be-diffusion heating experiments were
performed on an iron-doped (colorless) synthetic corundum
and a chromium-doped (pink) synthetic corundum to evaluate
the role of beryllium in causing color in the Be-Fe-ALO, and
Be-Cr-AL O, systems.

The iron-doped corundum, containing around 140-170
ppm by weight of Fe with negligible concentrations of other
trace elements, was irradiated with X-rays (60 kV, 53 mA) for
30 minutes, then the color was faded for one hour with a 100-
watt light bulb, and finally the sample was hear treated in a cru-
tible with ground chrysoberyl in an electric furnace ar 1780°C
in an oxidizing atmosphere for 50 hours. The chromium-doped
torundum, containing around 160-210 ppm by weight of Cr
with negligible concentrations of other trace elements, was also
imadiated with X-rays (80 kV, 4 mA) for 4 hours, then faded for
4 hours with 2 100-watt light bulb, and subsequently hear treat-
«d with ground chrysoberyl at unspecified conditions by a Thai
treater. At each stage of the experiments, the samples were pho-
tographed and UV-Vis absorption spectra were recorded.

Both the irradiation and Be-diffusion experiments on the
ron-doped synthetic corundum created defect centers thar
had similar UV-Vis absorption curves and produced yellow

W06 GemoLoGICAL RESEARCH CONFERENCE

coloration. The yellow color was unstable when induced by~
irradiation, but was stable after Be diffusion.

Experiments on the chromium-doped synthetic corun-
dum produced orange coloration (and similar UV-Vis absorp-
ton parterns) by both irradiation and Be-diffusion heating
methods. Again, the orange color was unstable when induced
by irradiation (and quickly faded to pink), but remained stable
after Be diffusion. These resules confirm that divalent Be acts
as a stabilizer of defect centers or color centers in iron-doped
and chromium-doped syntheric corundum. Hence, the spec-
trum produced by the irradiation of Fe-doped or Cr-doped
syntheric corundum was areribured o “meral-related unstable
color centers,” while that produced in synthetic corundum
doped with Be+Fe or Be+Cr was caused by “Be?** + metal-

related stable color centers.”

The Treatment of Ruby and Sapphire, with
Implications for Gem Identification and the
Integrity of the Product
Kenneth Scarrart (ken.scarmu@gia.edu)
GIA Research (Thailand), Bangkok
Corundum treatmments include impregnating fractures wich
oils, hr:':m'ng to a variety of remperatures to clarify and Change
color, sealing fractures through “flux-assisted healing,” over-
growing with syntheric corundum, d.iﬂ:using for{:igﬂ elements
to change color (e.g., Ti for blue and Be for yellow to orange),
and the f‘lﬂing of fractures and cavides with glass. While some
of these treatments have been carried our in a rudimentary
manner for a ]ong time (see ﬁgiuc), in line with advancements
in technology they have become highly developed over the last
four decades. The latest evolution has resulted in the availabili-
ty of beryllium-diffused blue sapphires.

With advanced treatment technology, it is now possible to
transform large volumes of previously unsalable opaque or

The “blowpipe technique” as originally used in Sri Lanka
will slightly alter the color of some corundum. Photo by
Kenneth Scarrast,
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The causes of colour in untreated and heat-treated yellow sapphires from ‘basaltic’ origin with high iron content
are still not clear whether they are mainly due to Fe’* spin forbidden transition alone or with the combination of
‘stable colour centres’ [1),[2],[3].[4].[5].[6]. In this study therefore two sets of untreated yellow sapphires, one
is light greenish yellow to yellowish green and the other is yellow, from Bang Kracha area, Chanthaburi
Province, Eastern Thailand were used for the heat treatment experiments.

The first set of samples (seven untreated sapphires of light greenish yellow to yellowish green variety) was
heated at 1,650°C in pure O, atmosphere for 24 hours. After the treatment the colour of most samples did not
show any obvious change. The UV-Vis spectra recorded both before and after the treatment show similar
absorption peaks due to Fe’* at 450, 388 and 377 nm and additional absorption bands due to Fe** - Ti** and
Fe** - Fe** charge transfers in the samples containing blue zones or patches. The residue spectra (obtained by
subtraction of spectra measured before from that after the treatment at the same position) show a flat line
without absorption. It is apparent that the oxidation heating in this experiment could not have any noticeable
effect on the intensity of the absorption peaks due to Fe’™ at 450, 388 and 377 nm as well as the intensity of the
absorption bands due to Fe** - Ti*’ and Fe’* - Fe'* charge transfers in each individual sample. The trace
element analyses by LA-ICP-MS show rather high Fe contents in all the seven samples (~1000 to ~3,300 atom
mole ppm Fe) and five of those have Ti > Mg contents while two have only minor excess contents of Mg over
Ti (<~5 atom mole ppm) in all the points analyzed. These data seem to suggest that there is not enough excess
Mg to stabilize the yellow ‘colour centres’. Hence the light yellow hues present in those high Fe samples are
mainly due to Fe'* spin forbidden transition.

In the second set of samples, two untreated sapphires of pale yellow variety from Bang Kracha area were
reporiedly heat-treated at high temperature in an oxidizing atmosphere; the colour of the samples did change
from pale yellow before treatment to brownish yellow after the heat treatment. The brownish yellow coloration
after treatment was stable after a fading test. The UV-Vis absorption spectra measured before and afier the
treatment again show strong absorption peak due to Fe’™ at 450 nm and the spectrum afier treatment shows a
continuously elevated absorption towards the shorter wavelengths. The residue spectrum (obtained by
subtraction of the absorption measured before treatment from that of after heating) shows a continuous increase
in absorption towards the UV part of the spectrum with a small shoulder or hump at around 450 nm. This
spectral pattern is similar to those observed in both untreated and heat-treated yellow metamorphic sapphires
with Jow iron contents such as from Sri Lankan. This data therefore seem to suggest that the brownish yellow
coloration induced by heat treatment of these ‘basaltic' sapphires is mainly cauvsed by defect center in the
corundum lattice or the so-called ‘color centres’. The trace element concentration by LA-ICP-MS show rather
higher Fe contents (two samples, ~2700 to ~3300 atom mole ppm Fe) and Mg > Ti contents (> ~8 atom mole
ppm) at all the points analyzed across the polished surface. These data reveal that the excess Mg is able to
stabilize the yellow ‘colour centres’. Therefore based on this preliminary result, the brownish yellow colour
appearance of the heat-treated ‘basaltic’ sapphires is mainly caused by the combination of Fe'* spin forbidden
trapsition and the ‘stable colour centres’,
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