minerals @@

Supplementary Materials

100000
10000 MAF

—
3
€
Q
Q.
—
()]
L

1000

100

0,1 1 10 100 1000

Figure S1. A plot of Ilmen sapphires within meta-ultramafic host rocks (blue-colored samples-bold blue
circles, colorless samples—colorless circles) in a Fe versus Ga/Mg diagram showing boundaries for
magmatic (MAF: Main Asian Field; magmatic sapphires in alkali basalt) and metamorphic sapphires,
modified after [14,19].



Table S1. Description of sapphire-spinel samples used for WDS EMPA and LA-ICP-MS.

Sample Dimensions (in cm) Sapphire Color
1 0.7x0.4x0.7 Zonal, white and blue
2 1x0.4x0.7 Zonal, white and blue
3 1.2x0.9x0.7 Zonal, white and blue
4 1x1x0.7 Zonal, white and pale-blue
5 1x1.3x0.7 White

Table S2. Mineral assemblage and mode of minerals in the thin-sections.

Number of Studied
: o
Sample Rock Type Mineral and Mode (vol. %) Thin-Sections/ Wafers
418-3 Actinolite rock Actinolite ~ 90, .Anthophylhte ~7, 1
Ore mineral ~ 3
4184  Dlack tack-bearing meta- Talc ~ 95, Ore mineral ~ 5 1
ultramafic rock
418-6 Ferruginous meta- Quartz ~ 30-50, Olivine ~ 5-10, Carbonate 1
ultramafic rock ~ 25-45, Chlorite ~ 10, Talc ~ 5-10
Enstatite meta Enstatite ~ 95, Talc ~ 3, Serpentine
418-7 . (chrysotile-asbestos) ~ 2, Ore, 1
ultramafic rock )
clinopyroxene — acc.
4189  Actinolite “broken” rock Amphibole - 100 1
418-10 Brown micaceous rock Vermiculite — 100
418-11 Contact micaceous rock Vermiculite — 100
418-12 Micaceous lenses with Vermiculite 70-90, Corundum 10-25, o4
corundum (sapphire) spinel up to 5
gigq3  corundumsspinel o L 140, Anorthite ~ 40, Muscovite ~ 20 1
tourmaline lenses
418-14 Silicified rock Muscovite 40-80, Quartz 20-60 1

Table S3. Minerals identified in association with the sapphire.

) ) Accessory Minerals
Minor Mineral y

Mineral Groups Major Minerals (Syngenetic Inclusions) (Synge.netic
Inclusions)
Microlite group Vigezzite-fersmite
. Uraninite Rutile
Oxides/ . . : . L .
. Spinel — gahnite series Allanite-Dissakisite Baddeleyite
Hydroxides . . .
Diaspore (protogenetic (protogenetic
inclusion) inclusion)
Muscovite Hyalophane
Silicates/ Alumo- Clinochlore Zircon (epigenetic Celsian
silicates Amesite inclusions) Pargasite
Anorthite Aluminotschermakite
Chlorites/ Apatlte'grou}? (epigenetic Mar%aht_e
inclusions) Dravite (in
Borates/ . . .
Monazite-(Ce) association with
Phospates
corundum)
Nickel, lead Millerite Heazlewoodite
Arsenates/ Maucherite Galena
Sulfides Nickeline Gersdorffite




Table S4. Texture relationship of minerals found in association with sapphire.

Corona Minerals Minerals in Association
Around Sapphire with Sapphire

Minerals Found along
Fractures and Cavities

Inclusions

Spinel-gahnite series Feldspar group minerals

Muscovite .
. Muscovite
Clinochlore .
Amesite Dravite
Heazlewoodite

Clinochlore
Amesite
Apatite group
Zircon
Diaspore
Monazite-(Ce)
Hyalophane
Celsian
Baddeleyite

Microlite group
Uraninite
Allanite-Dissakisite
Diaspore
Vigezzite-fersmite
Rutile
Pargasite
Aluminotschermakite
Marialite
Galena
Gersdorffite
Millerite
Maucherite
Nickeline




Table S5. Chemical composition of spinel and gahnite.

Oxide (wt. %) Spinel Gahnite
MgO 1837 1813 1872 1921 1942 1898 180  19.04  20.59 8.26
ALOs 6692 6729 6691 6674 668 6691 6635 6648  67.83 62.01

FeO 1245 1316 1276 1181 11.87 12.09 13.04 12.89 11.04 7.11
NiO 0.27 0.3 0.36 0.3 0.27 0.21 0.65 0.36 0.44 bdl
ZnO 2.14 2.08 1.88 2.33 2.36 2.35 2.57 1.56 1.12 22.21
MnO 0.18 0.12 0.1 0.15 0.13 0.11 0.14 0.2 0.11 -
CoO 0.08 0.16 0.08 0.08 0.07 0.14 0.28 0.1 0.07 -
Total 10049 101.37 100.86 100.68 100.96 100.88 101.16 100.68 101.19  99.59
Atomic Number Recalculated on 4 Oxygen
Mg 0.69 0.68 0.70 0.72 0.73 0.71 0.68 0.72 0.76 0.34
Al 1.99 1.99 1.99 1.98 1.98 1.98 1.98 1.98 1.98 2.03
Fe 0.26 0.28 0.27 0.25 0.25 0.25 0.28 0.27 0.23 0.16
Ni - - - - - - 0.01 - - -
Zn 0.04 0.04 0.03 0.04 0.04 0.04 0.05 0.03 0.02 0.45

Table S6. Chemical composition of muscovite and clinochlore.

Oxide (wt. %) Muscovite Clinochlore

MgO 0.29 2421 2691 2346 301 24.22
Al0Os 38.21 19.87 20.31 28.05 2445 18.81
Si0O2 45.35 3759 3351 30.68 2845 305

K20 10.78 055 0.62 1.00 bdl 0.12
CaO 0.40 039 0.65 0.19 bdl 0.23

FeO 0.14 401 419 477 438 5.05

F 0.17 023  0.09 Bdl bdl 0.21

Total 95.77 8721 86,54 8846 8778 794

Atomic number Rec.on100,2OH and2F Recalculated on 10 O and 8 OH

Mg 0.03 3.35 3.8 323 423 375

Al 3.25 218 230 3.05 271 230

Si 3.28 349 318 283 268 3.17

K 0.99 0.07 0.07 0.11 - 0.02

Ca 0.03 0.06 0.07 0.12 - 0.02

Fe - 031 033 037 035 044

Table S7. Chemical composition of feldspar group minerals and marialite.

Oxide Hyalophane Celsian Anorthite Marialite
Na0 Bdl bdl - - - 6.79 7.14
MgO - 0.25 0.83 0.47 - -

ALOs 21.31 20.79 29.35 29.02 37.32 24.30 24.76
Si0O2 58.48 58.67 3441 35.18 42.50 51.31 51.09
K0 12.60 12.64 0.34 0.40 bdl 0.25
CaO bdl bdl - - 19.24 11.09 10.82
FeO bdl bdl 0.58 0.52 Bdl bdl bdl
BaO 6.67 6.18 33.63 32.97 - - -

Cl - - - - - 1.76 1.72
Total 99.06 98.53 99.14 98.56 99.06 95.25 95.78
Atomic number Recalculated on 8 O Recalculated on 49 atoms
Na - - - - - 1.96 2.06

Mg - 0.02 0.07 0.04 - - -
Al 1.22 1.19 2.04 2.01 2.05 4.24 4.34
Si 2.83 2.84 2.03 2.07 1.98 7.65 7.60
K0 0.78 0.78 0.03 0.03 - - 0.05
Ca - - - - 1.21 1.77 1.73
Fe - - 0.03 0.03 - - -
Ba 0.13 0.12 0.78 0.76 - - -

Cl 0.44 0.43




Table S8. Chemical composition of apatite group minerals.

Oxide 1 2 3 4 5 6
SiO:2 0.1 0.11 0.08 0.08 0.08 0.1
P20s 40.35 41.65 42.01 4233 41.81 42.88
CaO 53.38 54.75 54.79 5495 55.04 55.53
FeO 0.11 0.11 006 010 0.14 0.15

La20s bdl 0.11 021 0.07 0.16 0.1

Ce20s 0.14  0.08 0.19 0.13 0.06 0.13
SrO 0.14 bdl bdl  0.11 bdl 0.19

F- 1.38  1.19 1.53 1.64 1.74 2.47
Cl- 2.38 2.7 217 199 1.99 0.73

Total 98.05 100.76 101.2 101.5 101.12 102.36

Atomic number Recalculated on 12 O and 1 (F,Cl)

Si - - - - - -

P 3.11 311 312 313 311 3.13
Ca 520 519 516 515 5.19 5.14
Fe - - - - 0.01 0.01
La - - - - 0.01 -

Table S9. Chemical composition of zircon and monazite-(Ce).

Oxide Zircon Monazite
SiO2 31.88 3257 6.74 4.00 - 2.86
V4(0)) 61.66 64.49 - - - -
HfO: 473  3.16 - - - -
P20s 0.16 bdl 28.75 40.38 29.70 25.81
CaO 0.28 0.26 825 709 038 6.63
FeO bdl bdl - 1.71 - 0.93
La20s 0.06 0.07 10.09 10.05 21.92 21.06
Ce20s 0.08 bdl  29.07 23.11 37.53 29.44
Pr20s - - 449 292 344 458
Nd20s bdl 0.09 727 877 425 449
Sm20s - - bdl - - -
ThO: bdl bdl 4.04 - 1.80 3.31
U0z 0.75 0.28 bdl - - -
Total 99.71 101.07 98.70 98.03 99.02 99.11
Atomic number Recalculated on 4 O

Si 1.00 1.00 024 013 - 011
Zr 0.94 0.97 - - - -
Hf 0.04 0.03 - - - -

P 08 108 100 085
Ca 0.01 0.01 031 024 002 028
Fe - - - 005 - 003
La - - 013 012 032 030
Ce - - 038 027 054 042
Pr - - 006 003 005 007
Nd - - 009 010 006 006
Sm - - - - - -
Th - - 003 - 002 003
U 0.01 - - - - -




Table S10. Chemical composition of sulphide minerals.

Element Millerite Galena Maucherite Nickeline Gersdorffite
S 35.20 3356 34.62  34.85 13.37 0.61 0.61 0.76 - 19.50
As - 2.05 - - 4732 4743 5418 55.15 42.37
Fe 2.40 11.48 2056  20.74 0.74 2.06 0.78 0.75 3.15
Co 0.99 - 2.77 0.57 - - - - 12.76
Ni 60.71 52.92 4192  43.84 50.92  49.84  43.83 43.48 21.80
Pb - - - - 86.02 - - - - -
Total 99.30  100.00 99.87  100.00 99.39 99.59 99.94 99.55  99.37 99.58
ﬁ‘:fnn;; Recalculated on 1S Rec;lz;)n 8 Rec;lz;)n 1 Recalc.on 1S
S 1.00 0.97 1.00 1.00 1.00 0.23 0.23 0.03 - 1.00
As - 0.03 - - 7.77 7.77 0.97 1.00 0.93
Fe 0.04 0.19 0.34 0.34 0.16 0.42 0.02 0.02 0.09
Co 0.02 - 0.04 0.01 - - - - 0.36
Ni 0.94 0.84 0.66 0.69 10.67 10.42 1.00 1.01 0.61
Pb - - - - 1.00 - - - - -

Table S11. Chemical composition of allanite-(Ce) group minerals.

Oxide 1 2 3 4 5 6 7
MgO 351 308 333 149 371 421 3.68
ALO:s 22.57 2296 2299 22.64 2087 19.97 19.77
Si0O:2 35.86 35.80 36.11 36.42 36.18 35.68 37.20
CaO 1259 1279 12.72 1398 986 9.81 9.57
FeO 376 396 424 638 329 373 3.9
Y203 - - - bdl - - -
La20s 427 423 445 183 756 684 645
Ce20s 10.78 11.06 10.86 748 13.63 14.23 13.80
Pr20s 1.35 bdl bdl bdl bdl 190 bdl
Nd-20s 282 258 267 524 162 125 1.30
Sm20s - bdl bdl bdl - - -
ThO: - - - - bdl bdl bdl
Total 9751 9646 9737 9546 96.72 97.62 95.73
Atomic number Recalculated on 12 O and 1 OH
Mg 045 040 043 019 049 056 049
Al 311 236 234 233 219 210 208
Si 231 312 312 318 322 319 332
Ca 117 119 118 131 094 094 091
Fe 027 029 031 047 024 028 030
La 014 014 014 006 025 023 021
Ce 034 035 034 024 044 047 045
Pr 004 - - - - 0.06 -
Nd 009 008 008 016 005 004 004




Table S12. Chemical composition of amphibole group minerals.

Oxide Pargasite Aluminotschermakite
Na20 281 231 255 217 225 208 205 221 199
MgO 18.48 1695 17.26 16.88 17.15 16.85 16.77 16.83 17.99
AlOs 1734 1824 19.13 19.26 1850 19.31 19.31 18.85 19.19
SiO2 44.07 4395 4272 42.82 4353 43.04 43.26 44.03 43.15
K20 bdl 026 025 022 029 023 025 029 029
CaO 11.68 12.41 1212 12.18 1236 12.24 11.89 1245 11.61
MnO - - - bdl - Bdl - - -
TiO2 bdl - bdl - bdl Bdl - bdl -
Fe20Os 307 379 375 400 388 38 350 388 373
Cl- bdl bdl 021 bdl 021 Bdl bdl 017 bdl
Total 9745 9791 9799 9753 98.17 97.60 97.03 98.71 97.95
Atomic number Recalculated on 22 O and 2 OH
Na 075 062 068 058 060 056 055 059 0.52
Mg 378 350 355 348 353 346 346 345 3.64
Al 281 298 311 314 301 314 315 3.05 3.07
Si 605 6.09 590 592 601 594 599 6.04 5.86
K - 005 0.04 0.04 005 004 0.04 0.05 0.05
Ca 1.72 184 179 180 188 181 176 1.83 1.69
Fe 035 043 044 046 045 045 040 045 043
Cl - - 0.04 - 0.04 - - 0.03 -




Table S13. EDXRF (wt. %) and ICP-MS (ppmw) analyses of host rocks from 418 mine.

No 418-3 418-4 418-6 418-7 418-9 418-10 418-11 418-14 418-12 418-13 | Miaski-
Meta-ultramafic Host Rocks Corundum- te*
Bearing Rock
Major elements (wt. %)
5102 58.79 61.38 58.71 56.57 49.93 39.73 39.27 79.88 35.14 24.12 57.51
ALLOs 1.72 0.76 0.11 0.94 3.97 10.99 9.85 0.28 16.26 38.52 17.55
TiO2 0.029 0.007 bdl 0.004 0.078 0.277 0.228 0.001 0.117 0.032 1.24
Fex0Os 4.53 3.53 43 8.02 29 3.49 5.11 1.16 3.44 9.5 1.90
MnO 0.144 0.091 0.038 0.154 0.072 0.029 0.086 0.021 0.024 0.086 0.21
K20 0.02 bdl 0.04 0.01 0.05 0.01 002  0.02 0.06 0.53 5.66
CaO 6.41 0.29 17.24 0.29 13.93 0.92 0.63 0.15 0.26 1.39 2.80
MgO 24.96 27.64 3.65 31.73 20.26 2497 26.65 15.58 25.54 21.25 1.57
Na20 0.33 0.16 0.15 0.07 0.63 0.03 0.03 0.14 bdl 0.56 5.8
P20s 0.02 0.017 0.056 0.024 0.025 0.016 0.019 0.021 0.068 0.276 0.24
S bdl bdl 0.016 0.028 0.009 0.006 0.011 0.013 0.027 0.035 -
L.O.L 2.77 5.81 15.49 1.7 7.95 18.94 17.69 2.58 18.95 3.89 1.8
Total 100.00 99.99 99.99 100.00 99.99 100.02 100.03 100.00 100.03 100.56 99.48
Trace-elements (ppmw)
Li 4.68 2.31 1.70 2.75 4.54 8.73 62.0 63.9 122 44.0 32
Be 0.78 0.20 0.33 0.105 0.40 1.26 1.39 1.31 1.14 2.65 3.0
Sc 7.64 1.44 6.31 222 6.58 12.7 7.84 6.97 5.94 1.57 3
\Y 354 11.0 26.6 16.3 28.0 729 754 78.3 56.6 15.2 78
Cr 1742 732 1259 427 1066 1310 3339 2253 77.2 26.2 8
Co 34.6 18.9 415 51.9 75.5 27.3 455 39.8 54.0 107 9
Ni 657 437 769 819 1437 591 1339 1190 1107 945 9
Cu 15.1 24.0 10.1 15.3 20.1 13.1 5.73 9.58 3.75 6.30 34
Zn 49.8 96.9 444 112 105 29.9 36.6 36.9 110 1257 87
Ge 1.18 0.22 0.54 1.02 1.18 1.26 0.93 0.88 0.92 0.75 -
As bdl 120 bdl 9.12 bdl bdl 0.60 bdl bdl 224 -
Rb 0.59 1.24 0.34 0.92 0.32 0.50 2.01 2.28 2.54 17.0 114
Sr 19.8 9.19 7.06 67.2 12.6 47.5 335 14.3 29.7 136 1405
Y 6.68 0.36 0.21 0.59 0.169 14.1 0.99 1.42 2.49 1.47 20
Zr 3.80 bdl bdl bdl 0.23 5.99 47.3 67.5 29.1 107 77
Nb 8.44 0.89 1.78 0.35 0.32 11.6 36.0 30.1 34.6 6.44 188
Mo 0.031 0.47 bdl 0.152 0.60 bdl bdl bdl bdl 0.23 1
Cd 0.31 0.038 0.082 0.161 0.042 0.52 0.048 0.117 0.035 0.130 -
Sn 1.21 0.83 0.154 0.38 0.21 2.31 0.73 0.54 0.46 2.82 -
Sb 1.23 0.26 0.34 047 0.068 0.055 0.121 0.061 20.2 0.51 -
Cs 0.125 0.81 0.150 1.32 0.078 0.138 0.90 1.04 1.27 1.66 -
Ba 113 106 31.8 203 109 424 22.1 40.0 999 128 1589
La 2.47 0.61 0.44 0.71 0.107 3.54 0.62 0.44 18.7 2.26 80
Ce 7.20 1.81 1.62 0.83 0.25 12.3 1.31 0.97 31.0 5.07 142
Pr 1.33 0.154 0.145 0.138 0.026 2.60 0.21 0.134 2.23 0.67 17
Nd 5.73 0.43 0.51 0.48 0.093 12.0 0.81 0.54 5.50 2.67 57
Sm 1.44 0.116 0.092 0.104 0.047 3.01 0.166 0.119 0.62 0.58 7.6
Eu 0.36 0.017 0.014 0.028 0.005 0.54 0.031 0.043 0.105 0.106 2.0
Gd 1.27 0.075 0.074 0.095 0.021 2.88 0.134 0.138 0.58 0.36 6.1
Tb 0.191 0.008 0.010 0.012 0.003 0.43 0.024 0.028 0.070 0.048 0.7

*Miascite major and trace-element compositions are from [25]



Table S13 Cont.

No 4183 4184 418-6 4187 418-9 418-10 418-11 418-14 418-12 418-13 Miaskite*
Dy 1.18 0.048 0.079 0.030 2.56 0.144 0.189 0.089 0.36 0.27 4.2
Ho 0.22 0.013 0.018 0.008 0.51 0.031 0.041 0.014 0.080 0.048 0.8
Er 0.65 0.041 0.122 0.018 1.36 0.092 0.128 0.040 0.22 0.138 2.2
Tm  0.090 0.004 0.008 0.003 0.188 0.012 0.020 0.004 0.027 0.023 0.3
Yb 0.55 0.047 0.059 0.027 1.18 0.118 0.171 0.058 0.169 0.132 2.1
Lu 0.084 0.005 0.005 0.007 0.177 0.013 0.033 0.007 0.026 0.023 0.3
Hf 0.29 0.048 bdl 0.033 0.32 1.87 2.72 bdl 1.22 7.28 1.3
Ta 0.87 0.24 0.023 0.121 0.93 3.94 3.99 0.041 214 0.85 20.4
W 0.116 0.29 1.31 0.24 0.080 0.154 0.103 0.128 0.092 0.36 -
Tl 0.073 0.24 0.066 bdl 0.040 0.21 0.22 0.048 0.71 0.086 -
Pb 6.35 12.4 10.6 11.3 6.61 2.74 11.7 28.3 5.50 11.5 12
Bi 0.005 bdl bdl 0.86 bdl 0.056 0.166 0.013 bdl 0.093 -
Th 0.51 0.26 0.125 0.142 0.22 1.89 7.94 0.179 26.8 0.60 13
U 0.127 0.030 0.89 0.53 0.27 0.46 0.65 1.30 2.28 0.73 3.2

* Miascite major and trace-element compositions are from [25]



Table S14. Rb-Sr and Sm-Nd isotope measurements of sapphire-bearing rocks and muscovites associated with sapphire.

418-12-1 418-12-2 418-13-1 418-13-2 418-13-rock1 418-13-rock2 418-mical 418-mica2
Rb (ppmw) 2.02 2.15 15.4 15.4 23.0 30.3 1.56 2.73
Sr (ppmw) 9.50 9.05 124 127 308 251 5.30 4.81
87Rb/86Sr* 0.6158 0.6871 0.3598 0.3509 0.2156 0.3490 0.8505 1.6428
87Sr/8Sr 0.710460 + 0.000008  0.710587 + 0.000006  0.708836 + 0.000004  0.708764 + 0.000010  0.708254 + 0.000008  0.708826 + 0.000012 0.711371 +0.000008 0.714131 +0.000016
(¥Sr/%Sr)2s0  0.707919 +0.000026  0.707752 + 0.000029 0.707357 +0.000015 0.707326 +0.000018  0.707368 + 0.000012  0.707391 + 0.000018  0.707873 + 0.000036  0.707375 + 0.000069
Sm (ppmw) 0.91 0.37
Nd (ppmw) 8.45 1.83
47Sm/"*Nd 0.0648 0.121
4Nd/"Nd 0.5122 +0.000008 0.5122 +0.000012
eNd -7.8 -7.8

*20 errors for ¥Rb/%6Sr = 1% and for ¥Sm/*Nd = 0.1%



