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Mineral chemistry of aquamarine from Kujierte pegmatite in Altay, Xinjiang
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2. City College, Kunming University of Science and Technology, Kunming 650500, China)

Abstract: Aquamarine belongs to the beryl group minerals and is produced in granite pegmatites. Its crystallization
process can run through different stages of the evolution of pegmatitic magma, and it is also an important host min-
eral for magma melts and fluid inclusions. Kujierte pegmatite is an LCT type pegmatite that can produce high-quali-
ty aquamarine among numerous pegmatite veins in the Koktokay area of Altay, Xinjiang. This article investigates
the main, trace elements, and fluid inclusions of aquamarine produced in Kujierte pegmatite. Fluid inclusion pe-
trology shows that the distribution of melt/melt fluid inclusions (MI/M-FI) and fluid inclusions (FT) in aquamarine
exhibits a certain pattern: MI/M-FIs are mainly concentrated from the root to the middle of the crystal, while Fls
are enriched in the edge region, indicating that the crystallization process of the aquamarine has undergone a rela-

tively complete stage of pegmatite magmatic evolution. The temperature measurement results show that the homoge-

Wim B 2024-01-24; #ZHE: 2024-03-15; 448 MH

BHEWA: BEFEARPEIES (41963003) ; mFE“MEAA"TH

TEBEA: TEF(199%6- ), B, SHRAE, Y% 6% 0IKRFL, E-mail: dzd16638136250@ 163. com; Hil/E#H . T
(1984- ), <, IR, 5 Ak 548 Mo fE/H, E-mail; wangdie@ kust. edu. cn,,



576 A oA OB W o & K 543 3

nization temperature of M-FIs is >550°C, and the homogenization temperature range of FIs is 220~400°C, with sa-
linity ranging from 0 to 14% and density ranging from 0.6 to 0.9 g/cm’. The fluid belongs to H,0-NaCl-CO, sys-
tem with the medium high temperature and medium low salinity. Based on the orientation of crystal crystallization
and the distribution of fluid inclusions, the magma hydrothermal transition stage and post magmatic hydrothermal
stage were divided. Electron probe analysis (EPMA) and laser ablation plasma mass spectrometry (LA-ICP-MS)
analysis results showed that Fe element dominated the coloration of aquamarine. During the growth process of aqua-
marine, Fe? entered the mineral lattice in a channel octahedral substitution mode of Na*+Fe? — Al*", resulting in
a light blue coloration. In the early to middle stages of the evolution of pegmatites, the content of alkali metals (Li,
Na, K, Cs) and transition metal (Fe, Mg, Mn) elements in aquamarine remained stable, and in the late stage,
the content of these metal elements increased sharply. Combined with the long-term compression and subduction of
plate in the region, which has led to the overflow of deep material in the earth, and the evolution of pegmatite mag-
ma in an unclosed system, it is believed that the fluid enriched with Fe, Mg, and Mn in the deep magma chamber

was injected in a pulsating manner in the late stage, resulting in a fluctuating change in the composition of the origi-

nal hydrothermal fluid.
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Fig. 1

Geological map of Altay Region, China( modified after Qin Kezhang et al. , 2021)
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Fig. 2 Regional geological map of Koktokay area, Altay, Xinjiang( modified after Xu Yaochen et al. ,

Tian Run et al. ,
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Fig. 3 Aquamarine from Kujierte LCT-type pegmatite
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Table 2 The LA-ICP-MS test results of major(w,/ %) and trace (w,/10™) elements in the aquamarine crystal

Mid-1 Mid-2 Mid-3 Mid-4 Mid-1 Mid-2 Mid-3 Mid-4 Mid-5 Mid-6 Mid-7 Mid-8 Lat-1 lat-2 lat-3 lat-4 lLat-5 Lat-6
Li 1315 1207 1341 1297 1353 1307 1376 1373 1320 1449 1130 1133 1302 1273 1424 1438 1331 1365
Be 46999 48 168 49 025 48 933 55 168 55 524 55 471 55 947 55 786 55 241 48 760 47 800 47 481 47 900 55 823 56 011 46 820 47 378
B 832 7.8 524 4.99 58 227 421 523 490 6.29 518 6.17 3.79 9.02 558 4.59 8.25 7.15
Na,0 0.69 0.64 0.67 0.67 0.70 0.69 0.78 0.74 0.71 0.75 0.67 0.71 0.70 0.70 0.75 0.75 0.81 0.79
MgO 0.08 0.09 0.10 0.09 0.07 0.07 0.09 0.08 0.09 0.09 0.15 0.16 0.13 0.13 0.10 0.09 0.19 0.17
ALO; 18.39 18.33 18.76 18.91 16.79 16.68 16.73 16.74 16.72 16.42 17.99 17.82 18.26 18.17 16.73 16.85 17.15 17.67
Si0, 66.78 66.52 65.78 65.71 66.10 66.16 65.83 65.85 65.79 66.20 66.78 67.10 66.42 66.41 65.55 65.39 67.61 67.00
K,0 0.02 0.02 0.02 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.01 0.0l 0.02 0.02 0.02 0.02 0.02 0.02
Ca0 0.02 0.02 0.01 0.03 0.03 0.03 0.02 0.03 0.03 0.03 0.04 0.04 0.02 0.01 0.02 0.03 0.03 0.04
Se 1.81 1.81 1.74 1.76 1.25 1.15 1.19 1.10 1.19 1.07 2.98 2.99 2.12 220 1.22 1.36 2.92 2.44
TiO, 0.01 0.01 0.01 0.0 0.0 0.0 0.0 0.0 0.0 0.01 0.01 0.01 0.01 0.01 0.01 0.0l 0.0l 0.01
Vo 0.18 0.22 0.66 0.69 1.54 1.55 1.36 1.26 1.62 1.66 14.69 14.08 0.67 0.64 1.73 1.67 15.00 11.64
cr 019 - 1.00 - 1.8 0.8 - - - 0.33 2.59 4.30 0.79 0.75 0.54 0.25 3.36 2.98
MnO 0.01 0.01 0.01 - - - - - o001 - - - 0.01 0.01 0.01 001 - -
FeO 0.55 0.62 0.63 0.59 0.55 0.53 0.67 0.58 0.73 0.67 0.45 0.49 0.81 0.80 0.82 0.80 0.67 0.63
Co 0.08 0.10 0.10 0.18 0.11 0.22 0.23 0.18 0.16 0.15 0.47 0.52 0.11 0.09 0.10 0.06 0.53 0.57
NG - - 002 0.19 - - 012 - - - 0.23 0.47 0.30 0.19 - - 0.16 0.36
Cu 0.03 0.09 0.05 0.07 0.11 0.0l 0.13 0.17 0.14 - 0.12 0.09 0.06 - - 0.08 0.00 0.09
Zn 499 424 419 391 360 271 415 330 376 429 306 332 436 429 482 490 353 330
Ca 18.55 21.35 20.93 20.89 19.81 20.38 21.24 19.49 21.93 21,01 17.89 17.03 23.25 22.92 22.49 22.33 16.92 18.02
Ge 0.46 1.35 - 0.3 1.59 1.3¢ 0.82 1.27 091 0.26 0.55 0.87 0.78 2.27 1.43 0.97 0.59 0.92
As 2,10 2,32 251 1.42 1.03 2.25 1.19 1.78 1.55 0.58 2.60 2.68 2.43 2.92 2.09 2.40 2.76 2.53
Rb 81.21 75.78 72.09 66.77 63.97 57.71 66.48 59.03 69.46 68.79 54.42 55.39 91.14 91.58 68.77 67.06 74.12 73.43
st - - - - - - - 001 - - - 001 - 0.0 00 - - -
Yy - - - 2 - - - - - - - - - - - 001 - -
Zr 0.02 0.0 - 0.0l 00 - 006 - 00 - 0.0 - - 0.0l 0.01 001 - -
Nb - - - - - - 001 - - - - - - - 001 001 - 0.0l
cd - 0.4 - - 0.04 0.03 - - 022 0.14 0.04 0.00 0.12 - 0.10 0.32 0.03 0.1I
Sn 0.50 0.49 0.26 0.49 0.32 0.29 0.29 0.24 0.31 0.16 0.37 0.26 0.39 0.63 0.22 0.24 0.36 0.47
Cs 369 338 338 376 590 596 654 578 556 652 586 591 736 732 910 934 1450 1444
Ba - 006 002 - - 002 - 004 003 - - - - 005 - - 002 -
La - - - 001 - - - - - - o001 - - - - - - 0.0l
Ce - - - - 001 - 001 001 - - - - - 001 - - 001 -
pr - - - 001 - - - - - - - - - 001 - - - 0.0l
Nd 0.08 - 0.08 0.04 0.01 - - 0.05 0.02 0.02 0.09 0.0 - - 002 - 0.04 0.09
Sm - - 0.01 0.02 0.0l 003 - 004 - 004 006 002 003 002 0.0l 004 -~ -
Fu - - - - 001 001 - - 001 - 00 - - - 0.0l 0.01 0.01 0.01
Gd 0.0 - 0.04 0.07 0.04 - 0.0 - 00 - 00 - 006 - - - 004 -
™ - - - - - - - - - - 0.0l 001 - 000 00 - 0.0 0.0l
Dy - - - - 0.0l 0.02 003 - 005 006 - - 0.0l 001 - - - 0.03
Ho - - 002 - - - - o001 - - - 001 - - - - - -
Er  0.04 0.01 - - 002 001 - - - - 001 - - - 0.0l 003 - 0.0l
Tm - 000 - 0.0l 00 - - - - - - - - 0.0l 00l - 001 -
Yb o - - - 004 001 - 001 - - 002 003 - - 011 0.04 - 0.04 -
Lu 0.01 - - - 0.0l 0.01 001 - - - - - - - 001 - 001 -
HE - - 005 - - 003 0.03 0.04 001 - 003 - 003 - - - 0.08 0.01
W - - - 0.0 - - - - 0.05 0.04 001 - 002 007 - 003 002 0.0l
Pb 0.02 - - 002 - 001 002 - 003 00 - 002 - - 0.05 0.04 0.01 0.02
Th - - - 001 - 001 001 - - - - - - - - - - 0.0l
U - - - - 0.0l 0.01 - - 0.0l - - 0.02 0.0l 0.0l - 0.02 0.0l 0.0l
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BO) eI, 1 G i Bk e B s A
W AR RAIF 5 1 0 55 A ) R A 3 B T R [l 4
G T4 e IR R R B IR R i S A
R R LIS 1A — i A A & B B4 A7 I, 3R
T — P B AR A TETR R 50 BORTA R HL IR
PR A ZE R % B 3 0 X 33, AR 36 T BOR B B )
BT A
4.2 BEFAMRALEMTEER

T AR AT A R, ek eE K
1 Be, AL [ SigO,q |, s2 BA FAREE A B T B R R
oY, t [ Sio, ] DY TE AR 4L Ao B oS 7
[Sig0,q ] T TERAT A AR o HES, 7507 0 L2 HE
BT 5 ik o AT 0 EE, 2SR
[B) 3 4341 78 75 77 R AMIl 4 [ A10, ] /\ THHA I [ BeO, ]
VU T A4 422, S TP 25 A (AR 4 hnT DLk A 2 R
iR % AR (Uher e al. , 2010) , AU G 15
“(K,Li,Na,Rb,Cs,H,0,He, Ar)"® (Be, Li){ (Al,
Sc,Cr,V,Fe,Mg,Mn)}"” (Si;0,) (Franz and Morte-
ani, 2002) , ARHEEACA K0T LI 4 3 FlOR A A9 R
A 55 1A T(2) (PR R AR, Lit E 2R

[ BeO, ] PUTHI /A H ) Be; 25 2 A O {7 /\ AR,
Fe Fe . Mn .Cr V¥ Ga™ . Ti* Mg %545
[ALO, | /\HRRAL B 45 3 Fl CH A7 Y Fp i 3 45
&, H H,0.CO, F—LetgHRLL K K Na® [Cs* |
Rb*" 45 B ZEAE A B A 4 M2 5 915 38 38 ( Aurisicchio
et al. , 1988; Cerny, 2002; Wang et al. , 2009 ; Uher
et al. , 2010), B IWENRARM T, © Na'+(Fe '/
Mg )AL Ca +2(Fe /Mg ) —2 AL, il iti—\
TR, @ (Na'/Cs') +Li"—Be*, (Na'/Cs") +
Al Si* i i - DU AR R B Cs™—Na® hyii i
H 4 BH S 7 (0 e . R OC R & A8 (b e
TR H DI i 5 R P A AR AL ( Gaston
et al. , 2019) ,XF LA TT R B A SCHE £, Al 5
WHARITEE (R +R) GO MR (18 7a) , B
BRI I = A SR P JE % T (Fe Mg Mn Cr V|
Se) LIER AL 907 2CtE AT 4 s o s P T gt g
WHeRIEE (R +R) SHAIETE (R) FEM %
PR S 3R TR R A i B4 B e R AR A
HEAG P 0 308 TE PR AR H A T A 2 R R U B A
AW Y)EAR N KA Tl T8 - R, FE Li-Be
DU TRA AL | 0 0 — B I B R 2 2
J& FA B B Li Fl Be Z M) A7 7E T AH E R (K TD)
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a—Al /NI B A REACHL ;. b— Vi DO B AR QAL o—id I S Bl I 2 A AR R 5 d—Li 50l i) A A MEE S 37

a—Al octahedral position substitution; b—1Li tetrahedral position substitution; c—compensation relationship between transition metals and alkali

metals; d—compensation relationship between Li and alkali metals

H Li 548 TR B R EAEC(E 7d) , UiEHFE
FAGE bR IR T - D AR A, L
TR 4 R KR E £, Li BURTREE NGk, Be & &
U/ (Gaston et al. , 2019) . T AW WIS -
PO IS AR B BERARSE R 25 S 2 5 b
BRAL2E IR 22 S g RS 1), 3l 5 R B AE A A e AL R
FE AR A A B A K G R B W B AR 2R A
&R A4k (Cerny, 2002; London and Evensen,
2002; Sardi and Heimann, 2014 ) , i 2 SCHTAIF 58 765 5
FA M e R AR B AR BT g 5 i A B A B
X,

LRAE A BB JE T R YR A o T
RUEBVER B H Fe Mg Cr Fl V ILE & 5200
A B ( Gaston et al. , 2019) , Hirp Fe S3%
SHREAT IR €, Fe IS T RIS 6, Mg
R AL G SR, O RV IS A Y
s s T LI AR TR SN S S A 2R

opfn, LR B 44 {7 ( Vianna et al. , 2002; Zheng
et al. , 2019; SBE4E 2023) , PR /KRB A E
A, s e 2 Pl R TR Cr VB R RAL, 1M
Fe £ (1 8) Ui Fe' 12 S 80P 5 AR B b 17
BRI 6 9 £ B RN, Fe +Na®—AlT W Fe
LA AT Y S As 1 5 K

HTABEFEIN Ny, o BE A A & v 485 i
A A R A T A R 4R T R I, Bl
SR AR R 6 B 8 JC 6 ; 728 BT R R Y S A D)
THEER Cr 5V, B AT ) AR 4% (Barton and
Young, 2002; AL 4RAE, 2023) , JET KR ML X i
WEAMEICR T, SERESEITR & A
Fe(800x107° ~6 500x107°) Mg (450%x107° ~3 000 x
10°) Mn(0~1000x10°) (&l 9a~9c) ,lli&@ILE
ERAEEH Li(500%107° ~1 500x107°) Na(500%
10 °~4 000x10°°) \K(50x10°~250x10"°) .Cs( 450
x10°~3 500x10°°) (& 9d~9f) , & m & im T
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AR W ) SR AE A7 ( Groat et al. |, 2008 ; Aurisicchio et
al. , 2018) , flid T A W B #2350 v] v BT 3 5 ik
rhe TP SR A (Wang et al. , 2009)
4.3 BEZTATESETUNFREELIERE
TR

R AT A 7 8 A7 HE U 5 A 1 R B BE A
WA TR I B (11 5) , 45 31014 B 43 a5 2R B
£ JBICE Fe Mg Mn &AW 48T H Li Na,
Cs K % 5 DA 30 00 38 P00 191 34 5 38 4 iy 3 (]
10) o B9 NI 0 2 14 5 3l F I T ) 1 45
Fa RIS & B T Ah 19 b BR AL 2% 2R 3% (Bacik et al.
2021) . fhfha e Kb 2 a 8 (Li \Na K Cs 5§)
e G T3 U 42 JE (Fe (Mg Mn &%) 2R BEAIS 1) 3
PE(EREIE, 1980; Cerny, 1991; K4 4745, 2000;
A, 2019) , KL, i@ i S A TP Li Na,
Cs . Fe F1 Mg 45 2 9 A8 AL 0T LR A8 7~ 0 P Fl 3
EHYSMEFE AL LS (Uher et al. , 2010), M Li
SEMA I SE A T E, TR A KL FE R BN v B R A

/%i 5

FOCER  MEA AL R Li A1) 4 T I DI 1A
Hh P B A R 0 ) B TR, DR G A B U] 25

AT Y S H AR S S 509 Li(Barnes et
al. , 2012; BEHETHA | 20165 FKHES | 2021 ; BEFH
S, 2021) R DX A AR R B R 2
Wil Li S Ay N, FeO \MgO Il MnO #5225 4k 7]
PIHREE R0 W (W4 ™) | Sk B <)
BT, IR AT DL SR8 R A K oy S A AR T (R X
8F, 2019) . fEREA IR & Fe AL A A
YRR Wy Se4 i R 2D Fe Mg Fl Mn & 8 [ 4IX, 76
GG Y B 45 i P A A v s 98 16 4 i o R AR 1
BB S S A O X A L I R A
JEICRAA S Z ML, BN, 7B A A A R
rhat i S, HE Cs/Na 1 Mg/ Fe {H IV 52 T
K25 Ak e (Uher et al. , 20105 FlIE4E ) 2020;
BINHESE, 2021) , H B A R AL EE AN Cs/Na 4
BEAR, T Mo/ Fe {5 o R PR 5 IR R 1 1 55 A AE AR
i A TEAL AR [ B BE Cs/NaFll Mg/ Feff Y 17 FH 561
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RS~ N k E
20t TR 45—ifh £220~400°C
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Fig. 10 The change of element content in different crystallization stages of aquamarine crystals
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white area— magma-hydrothermal transition phase crystallization; light gray area— post-magmatic hydrothermal phase crystallization
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(1) B IR i 5 52 A 2 T3 R 52 HE I  3K
ALILRE , 761 25 B B R BAB R H e B BEAfi 2R 11
PR TR fo B AR — TR > 550°C , 5 3K W1 s B B
BEAR I AR AR — R 220 ~400°C , R 0 ~
14% %% 0.6~0.9 g/cm’, ORI JE T b -5 i
H—fRER A H,0-NaCl-CO, M A | s J 8 fid B
A B BE AR I I A AR — TR B AR

(2) FEHREEE A TG E A Fe TE

F T EE, HIP a2 v A ARl -\ R A DL
Fe Bl /\HPR(O) ML M Al Fe +Na'—Al" | 2
REAE O Y BB ) 2R

(3) FEATRAE K -G B, i W R 4 JE
JGE (Fe Mg Mn) %4 )8 7C &K (Li.Na K . Cs) &
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