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Abstract The Altai orogenic belt is an important pegmatite-type rare metal metallogenic belt, with multiple pegmatite-type lithium
deposits of various scales in Xinjiang, China. Currently, it is unclear about geochemical behavior of phosphorus during the magma-
hydrothermal evolution and its indicative significance for lithium mineralization. This paper conducted a comparative study on the
microstructure and chemical composition of phosphate-bearing minerals such as alkaline feldspar, apatite and lithiophilite ( triphyline)
in the Koktokay No.3 pegmatite, Xiaohusite No.91 pegmatite and Talati No. 1 pegmatite, aiming to explore the above mentioned
scientifical issues. The research results show that phosphorus gradually accumulates in the residual magma with the magma fractional
crystallization. When it reaches a certain extent, immiscibility occurs between the phosphate melt and the silicate melt, and Li is
preference for entering into the phosphate melt, leading to the formation of lithium-rich phosphate minerals such as lithiophilite
(triphyline). The crystallization of Mn-rich apatite with skeletal texture in the zone II of Koktokay No. 3 pegmatite may be attributed to
rapid crystallization caused by magma undercooling. Moreover, the already formed lithiophilite ( triphyline) are easily altered by the
exsolved magmatic fluids in the later stage, resulting in a series of complex secondary phosphate minerals.

Key words Magmatic-hydrothermal evolution process; Lithium mineralization; Phosphate-rich minerals; Alkali feldspar; Pegmatite
in Altai
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Fig. 1 Regional geological sketch map of the Altay orogenic belt (modified after Windley et al. , 2002; Lii et al. , 2021)

I -North Altai domain; II -Central Altai domain; [l -Qiongkuer domain; IV-South Alta domain. A-Halong-Qinghe pegmatite sub-belt; B-Jiamanhaba-
Dakalasu pegmatite sub-belt. (DQinghe pegmatite field; @Koktokay pegmatite field; (3)Kuwei-Jiebiete pegmatite field; @ Kelumute-Jideke pegmatite
field; (®Kalaeerqisi pegmatite field; ©Dakalasu-Kekexier pegmatite field; (?Xiaokalasu-Qiebielin pegmatite field; (8)Hailiutan-Yeliuman pegmatite

field; (@Jiamanhaba pegmatite field
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Fig. 2 Geological maps of the Koktakay No. 3 pegmatite, Xiaohusite No. 91 pegmatite and Talati No. 1 pegmatite ( modified after

Zhu et al. , 2000; Tian et al. , 2021; BGMRX, 1993)
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Fig. 3
Xiaohusite No. 91 pegmatite (h) and Talati No. 1 pegmatite (i)

Photos and microscopic photographs of feldspar-bearing hand specimens from the Koktokay No.3 pegmatite (a-g),

(a, b) graphic pegmatite zone ( | zone), quartz and microcline interlace growth; (¢, d) saccharoidal albite zone ( Il zone) , occur more apalite,
beryl and garnet intergrowth association; (e-f) blocky microcline zone ( Il zone); (g-i) the intergrowth association of spodumene, quartz and
alkaline feldspar in the internal structural zone of the Koktokay No. 3 pegmatite, Xiaohusite No. 91 pegmatite and Talati No. 1 pegmatite, respectively.

Qtz-quartz; Mic-microcline; Grt-garnet; Brl-beryl; Ab-albite; Ap-apatite; Clv-cleavelandite; Spd-spodumene
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Fig. 4 BSE images of apatites from the KoktokayNo. 3 pegmatite (a, b, j), Xiaohusite No. 91 pegmatite (c-f, k) and Talati No. 1
pegmatite (g-I, 1)

(a) skeletal crystalline apatite in zone Il of the Koktokay No. 3 pegmatite; (b) euhedral apatite is associated with spodumene and albitite in zone V
of the Koktokay No. 3 pegmatite; (c, d) apatite associated with secondary lepidolite in the Xiaohusite No. 91 pegmatite; (e, ) apatite is filled with
spodumene fissure in in the Xiaohusite No. 91 pegmatite; (g) apatite grows along the muscovite margin in the contact zone of the Talati No. 1
pegmatite; (h) the anhedral secondary apatite of the Talati No. 1 pegmatite; (i) the albitite inclusions are present in the euhedral apatite and
subhedral apatite with dissolution structure in the Talati No. 1 pegmatite; (j-1) quoted from Cheng et al. (2022), the apatite associated with
spodumene,, montebrasite and muscovite in the inner textural zones of the pegmatites are anhedral and filled in vein shapes. Lep-lepidolite; S-Lep-

secondary leucite; S-Mtb-secondary montebrasite
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Fig. 5 Images of field, lithiophilite samples, BSE and energy spectrum analysis results in the Koktokay No.3 pegmatite (a-c),
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Xiaohusite No. 91 pegmatite (d-f, j, k) and Talati No. I pegmatite ( g-i)

(a) the lithiophilite sample is coated with black thin layer on the outside and peach color on the inside of the Koktokay No. 3pegmatite; (b) the BSE
photo of the section of lithiophilite from the Koktokay No. 3 pegmatite shows that the main internal part components are homogeneous, there are local

bright white banded alteration products, and the outer black mineral are identified as aluminosilicate mineral by energy spectrum analysis (¢) ; (d) the
lithiophilite sample is clumpy and dark brown from the Xiaohusite No. 91 pegmatite; (e) there are eosphorite inclusions and many anhedral Mn-rich

apatite in the lithiophilite of the Xiaohusite No. 91 pegmatite, and there is a ring of quartz around the outer ring of the eosphorite; (f) the internal

fracture of lithiophilite occur manganese oxide veins and anhedral apatite in the Xiaohusite No. 91 pegmatite; (g) the lithiophilite sample is clumpy and

dark brown, associated with quartz from the Talati No. 1 pegmatite. (h, i) there are many hydrothermal fluid metasomatic alteration phenomena in the

lithiophilite of the Talati No. 1 pegmatite, which is in the shape of a fine vein group; (j, k) phosphate inclusions can be observed on the wall of

Xiaohusite No. 91 pegmatite. Ltp-lithiophilite; Eos-Eosphorite; MnO-manganese oxide

Bl6  nlnl4Ei 3 SRk NRHRE O1 SRk RIER | S KA RS B I A P, 05 5 AR fL[A]

Fig. 6 Variation of P,0; content of alkali feldspar in different structural zones of the Koktokay No. 3 pegmatite, Xiaohusite No. 91

pegmatite and Talati No. 1 pegmatite
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J75m). DAMERR, A TR S REE. UALS

JSCH) A R AR B B B o ) S5t NIST SRM610 1 SRM612 15 2 b
BB TERL 12 AN i U — AR A DA I R 1B A IR S
XT3 BT A ) 1 2R Ak L (L8 WA T RN 28 R 5 B 3 )
T RABUE TR IE JTR & I R 4K ICPMS DataCal
SE(Liu et al. , 2008) .

4 HhrEk

4.1 WHEKA
AW £ S5 KO i E R IT R I T
AR, AR AR 10 3 ZA8 di i kb AN TR 25 4 s e
HR AR A7 2 4R b T B AT (Ang, 00,00 Ao, 020,06 OTo, 940,98 )
FEAT (Ang 000,01 Abg.g0.1.00 OTo. 000,01 ) 570 o F K AT K Y
IRAEAT b DK T G540, T AORHC 7 27T 7T 469 3 5 Ik
I -0 e - VAar s R 15k 0 I b s 28
AN R 540 s I A Y P, 05 iRl RTATHEYE 3
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&1 AR 3 SEkNERTETES Ol SEKFERIR | SEARMERMERAETEXFEM (W% )
Table 1 ~ Major chemical composition of representative alkali feldspars from the Koktokay No.3 pegmatite, Xiaohusite No. 91
pegmatite, and Talati No. 1 pegmatite (wt% )

AR HEE 3 Bk
ki I I i} v A% VI VI VI
FE S KKT3 KKT13 KKT16 KKT7 KKT20-1 KKT25 KKT22 KKT21-1
VI Ab (n=6) Kfs (n=6) Ab(n=6) Kfs (n=6) Ab (n=6) Kfs (n=6) Ab(n=6) Ab(n=6) Ab(n=6) Ab(n=6) Ab(n=6)
Si0, 68.59 65.48 69.06 65.64 68.75 65.88 68.79 68.47 68.87 69.10 68.49
Al, Oy 18.76 18.12 19.53 18.39 18.94 18.17 18.89 19.03 19.20 19.13 19.16
FeO 0.00 0.00 0.00 0.00 0.02 0.00 0.01 0.03 0.01 0.01 0.01
Ca0 0.01 0.00 0.03 0.00 0.01 0.00 0.03 0.06 0.03 0.00 0.01
Na, O 11.97 0.61 11.83 0.43 12.11 0.61 11.86 11.57 12.18 12.17 11.82
K,0 0.16 16. 05 0.14 16.28 0.11 15.99 0.07 0.04 0.03 0.07 0.03
BaO 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.03
P, 05 0.00 0.10 0.04 0.24 0.00 0.12 0.00 0.02 0.00 0.00 0.09
Total 99.50 100. 35 100. 63 100.98 99.94 100. 80 99.65 99.22 100.31 100. 48 99.63
T 8 A O T
Si 3.014 3.010 2.997 2.999 3.008 3.013 3.014 3.010 3.002 3.006 3.001
Al 0.972 0.982 0.999 0.990 0.977 0.979 0.976 0.986 0.986 0.981 0.990
Fe 0. 000 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0. 000 0.000 0.000
Ca 0. 000 0.000 0.001 0. 000 0. 000 0.000 0.001 0.003 0.001 0.000 0. 000
Na 1.020 0.054 0.996 0.038 1.027 0.054 1.008 0.986 1.029 1.027 1.004
K 0.009 0.941 0.008 0.949 0. 006 0.933 0.004 0.002 0.002 0.004 0.002
Ba 0. 000 0.000 0.000 0. 000 0.000 0.001 0.000 0.000 0. 000 0.000 0.001
p 0. 000 0.004 0.001 0. 009 0. 000 0.005 0.000 0.001 0. 000 0.000 0.003
Sum 5.015 4.991 5.003 4.985 5.020 4.984 5.004 4.990 5.021 5.018 5.002
Ab 0.99 0.05 0.99 0.04 0.99 0.05 0.99 0.99 1.00 1.00 1.00
An 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Or 0.01 0.95 0.01 0.96 0.01 0.95 0.00 0.00 0.00 0.00 0.00
NRITER 91 Sk
ki $09 il | ] I \Y \
=R~ XHI XHIS8 XH20 XH8 XH5 XHI10 XH7 XH3
b7 Ab(n=6) Ab(n=4) Kfs(n=4) Ab(n=4) Kfs(n=5) Ab(n=6) Kfs(n=5) Ab(n=5) Kfs(n=6) Ab(n=8)
Si0, 68. 60 68.72 65.03 68. 60 65.34 68.91 65.65 68. 84 64.93 68.31
Al, Oy 19.16 18.94 18.37 19.18 18.23 19.27 18.45 19.35 18.28 19.06
FeO 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00
Ca0 0.02 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.02
Na, O 11.81 11.93 0.64 11.86 0.67 11.71 0.32 12.04 0.26 11.55
K,0 0.04 0.06 16.00 0.07 15.80 0.06 16.06 0.07 15.90 0.10
BaO 0.00 0.00 0.11 0.00 0.00 0.02 0.03 0.00 0.00 0.01
P, 05 0.00 0.00 0.27 0.10 0.32 0.00 0.21 0.00 0.35 0.00
Total 99. 64 99.67 100.41 99.81 100. 37 99.98 100.73 100. 30 99.71 99.05
T8 A O T
Si 3.006 3.012 2.990 3.001 2.999 3.007 3.002 2.999 2.997 3.009
Al 0.990 0.978 0.996 0.989 0.986 0.991 0.994 0.99%4 0.995 0.990
Fe 0.000 0.000 0. 000 0.000 0.000 0. 000 0.000 0.000 0.000 0.000
Ca 0.001 0.000 0. 000 0.000 0.000 0. 000 0.000 0.000 0. 000 0.001
Na 1.003 1.014 0.057 1.006 0.060 0.991 0.028 1.017 0.023 0.987
K 0.002 0.003 0.938 0.004 0.925 0.003 0.937 0.004 0.936 0.006
Ba 0.000 0.000 0.002 0.000 0.000 0. 000 0.001 0.000 0. 000 0. 000
p 0.000 0.000 0.011 0.004 0.012 0. 000 0. 008 0.000 0.014 0. 000
Sum 5.002 5.008 4.994 5.004 4.982 4.994 4.971 5.014 4.965 4.992
Ab 1.00 1.00 0.06 1.00 0.06 1.00 0.03 1.00 0.02 0.99
An 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Or 0.00 0.00 0.94 0.00 0.94 0.00 0.97 0.00 0.98 0.01
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Continued Table 1
B 1 S hk
Skl (BAoT) G EERNAT 1 | I I\

S TLT21 TLT2 TLT11 TLT40 TLT6 TLT13 TLT10
Y Ab (n=3) Ab (n=4) Ab (n=4) Kfs (n=5) Ab (n=6) Kfs (n=6) Ab (n=6) Ab(n=9)
Si0o, 68.34 68.32 67.89 63.82 69.08 63.36 67.97 68. 85

Al, O, 19.41 18. 80 19.30 19.05 19.09 19.23 19.52 18.67
FeO 0.03 0.02 0.01 0.01 0.01 0.02 0.00 0.03
Ca0 0.22 0.04 0.00 0.00 0.01 0.00 0.01 0.00
Na, O 11.53 11.93 11.88 0.16 11.90 0.19 11.64 12.05
K,0 0.05 0.17 0.06 15.71 0.14 16.00 0.09 0.10
BaO 0.00 0.00 0.00 0.00 0.00 0.04 0.01 0.02
P, 04 0.00 0.07 0.16 0.16 0.00 0.34 0.25 0.00
Total 99.57 99.34 99.30 98.91 100. 21 99.16 99.49 99.72
T84 0 JiTFiHE
Si 2.996 3.007 2.987 2.971 3.011 2.949 2.982 3.018
Al 1.003 0.975 1.001 1.045 0.981 1.055 1.009 0.965
Fe 0.001 0.001 0.000 0.000 0.000 0.001 0.000 0.001
Ca 0.010 0.002 0.000 0.000 0.000 0.000 0. 000 0.000
Na 0.980 1.018 1.014 0.014 1.006 0.017 0.990 1.024
K 0.003 0.010 0.003 0.933 0.008 0.950 0.005 0.006
Ba 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000
P 0. 000 0.003 0. 006 0. 006 0.000 0.013 0.009 0.000
Sum 4.994 5.015 5.012 4.970 5.006 4.987 4.997 5.014
Ab 0.99 0.99 1.00 0.02 0.99 0.02 0.99 0.99
An 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Or 0.00 0.01 0.00 0.98 0.01 0.98 0.01 0.01

T« Ab-§PC A7 s Kes- B K AT 5 n- 23047 5 8K

SRR AT P05 F iR 0 ~0.20% , i AHS AT P05
R0 ~0.24% 5 /NI O1 3 BKEN AT 11 P05 &ty 0 ~
0. 11% ,BAHE A1 P05 Sl 0.21% ~0.51% ; £5 4R 1
SIKEEAT P05 iR 0 ~0.27% i AHE A1 P05 &
HHRO0.11% ~0.56% , 13k 3 Z At b Bk b foRHE A
PO, &I B K TR AN P,0; &k,

e 6 Fizs, l Al G 3 Sk 1A 2 Ay P a4 PO
SRR A BN B T A F 0. 20% , T IV A B VI Pl
P,0, &R AREAL, KT 0.05% , VII#F P,0, & WS, ik
0.10% ., "I ATFEIE 3 Sk T RRH A PO; &V HE N
0.09% , T WA (CF-H{E 2 0.06% ), M7 b v (CF- 311
F0.13% ) o /NFHRE 91 Sk T AT P05 it
CEBER 0.08% ) , T H ALK A P05 & 844k |
EFoE TREBR . /N R 91 SRk A P, 0,
TR, TWE Ve A P,0; S EERMHIRY L
Fhiass, 140 H 0. 26% , 145 EH{H K 0.32% , M #F
SEIE R 0.25% N FIME N 0.39% o FEH4R 1 Sk Sh
TR B N LS R A A P05 B AR I R R
&% BT, A R BEE R 1 5K IVAF 7276 P,Os &
U AN TR] ) P AR AN, — R S R AR A A R
11,P,05 FHER (0.09% ~0.27% ) 53 /b —Fje 5 £1

IR AT P05 T EEAK(0 ~0.02% ) o FEHiE 1 Sk
PoRHC AT P, 05 54 AR I (SFIE N 0. 19% ) B
TR CEHIMEA 0. 45% ) it FFH#E#

4.2 WERA

ARSI R RS E Ak N DS NOR 7 el i )
EPMA 02 A, AR A 22 103 45 25 F 36 2.
ARG 3 5 k4% 4 B K A B B — 30 PO,
(38.84% ~44.64% ) Fil CaO(47.48% ~55.93% ) 4t 7 F
(2.85% ~5.55% ) A CLOFEAR AR TAGIIBR ) M FHE, st
R S0 K Ao fH & MnO & & A8 fk 38 K (0.09% ~
7.35% ), Horb T HA8% 5 R I 77 MnO (5. 89% ~7.35% ) 45
R, M HAB T E FeO Na,0 ,Mg0 S0, SrO fil AL O, %55
AR (AR F#R <0.20% ) .

AN ITRE O1 5 kAR 45 R (A 40 G iy ) T A7 0
1z BEHE) B K AT P04 (40.95% ~42.39% ) . CaO (49. 85%
~54.61% ) MnO(0.90% ~4.68% ) Fl F(2.93% ~4.02% )
BN — (AR R A AT (IV AV ) B K A
P,0,(34.71% ~42.12% ) . CaO (40.67% ~51.51% ) ,MnO
(2.66% ~9.57% ) Fl F (0 ~4.30% ) & G ALY Bl # A, 17
TEE I RURN AR R A K o 9T L DN 4 e K
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AR 3 SRk NEREF 91 SEkEHIR | SHIEHE (%) 87 REMT~BBRET W EZEUFHS (%)

Table 3 Major chemical composition of lithiophilite and altered mineral from the the Koktokay No. 3 pegmatite, Xiaohusite No. 91 pegmatite and Talati No. 1 pegmatite (wt% )

=3

Bhife 1 Sk

AN 91 2Bk

X-7

LI 3 Sk

Acta Petrologica Sinica

T-2 T3 T-7 T-8 T9

B PR

T-1

X-12

K6 X X2 X3 X8 X9 X100 Xl
WA B

K-5

K2 K3 K4
A=)

R

K-1

kS E 4
34.99
9.25
0.00
0.00
19.78
8.32
2.98
0.75
1.65

LR/}

34.94
4.25
0.00
0.00

25.22
8.34
0.54
0.70
2.54

34.78

48.14

47.92
18. 64
0.01
0.00
18.34
6.10
0.08
0.82
0.06

47.62
18.67

30.15 40.48 40.59 40.25

30. 14

30.42

23.97
0.01

22.05
5.72
0.00
0.44
0.00
0.01

45.96
28.79
0.07
0.00
16.94
0.88
0.01
0.14
0.00

45.79 45.77

28.82

14.85
49.26

15.62
48.93

16.35
47.56

38.92

39.09

38.11

P, 04
MnO
Sio,
Al 04

5.93

18.94
0.03
0.00
18.36
6.10
0.00
0.81
0.00

6.30
0.00
0.02
0.95
0.04

46.11

5.64
0.00
0.01
0.86
0.01

46.96

6.61
0.00
0.01
1.47
0.01

45.52

23.35

23.46
0.01

21.62
6.31
0.03
0.68
0.02
0.00

28.54
0.07
0.00
17.10
0.84
0.00
0.11

0.03

38.30 41.73

0.00
0.00

41.79
0.

0.02
0.02

24.35

0.04
0.00
18.46

0.03
21.61
6.82
0.01
0.50
0.02
0.00

0.04
0.00

17.18

0.00
0.01
1.03
0.33
10.01
0.46
0.15

0.00
0.00
1.72
0.29
10. 06
0.49
0.28

0.00
0.01
0.80
0.26
10.37
0.53

0.11

0.02
0.03
0.53
0.12
3.37
0.73
0.00

00

0.01

0.98
0.11
2.98
0.67
0.00

FeO

W

=

8.20
0.49
1.54
2.05

5.98
0.00
0.82
0.00

0.91
0.02
0.12
0.00

0.22
6.25
0.14
0.00

MgO
Ca0O
Zn0O

y

e

0.02
0.22

0.01

0.21

0.04
0.14

i

Na, O
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FeO Na,0,Mg0 SO, .SrO F1 Al 0, 205K & B 8K | #5mng
AN ER S Al . H R A KA CL & REAR S ARAR MY
(<0.03%),

BERR 1 S PkEE K A P,0,(36.22% ~42.41% ) Ca0
(51.51% ~ 55.55%) . MnO (0 ~ 2.52% ) 1 F (0.10% ~
4.82% R TH—TRH 5 9.19% ) AR, EHFF
B BRI A A — L& (TLTL) S BUBE s bRk
JEAE % 4 ik (1B 4h), H Na,0 (0.99% ~ 1.15%) . SO,
(2.37% ~3.44% ) F1 F(4.14% ~4.82% ) &2, 7 H N
BB 5 M A 2L A IR A O B K £ SO, (3.48% ~
3.84% ) F1 C1(0.07% ~0. 12% ) & A0 X5, 1 HoAth 119 Ji
HEBEIR A SO, Fll CL & 7 KABK FAG I BR

4.3 WA ( %K) B RMEXMEY

nZ 3 PR, AT AT 480 3 S kB AR EE S A P,0,
(38.11% ~39.09% ) F1 MnO (38.30% ~41.79% ) ), J /b4
Ca0 (2.98% ~ 6.25% ), FeO (0.53% ~ 1.30% ) HI ZnO
(0.14% ~0.73% ) , Tii5e A X B AE 5 YK 558 (&
5boH (6 4R 4% B R AR 4 ) AH X TE s MnO (47.56% ~
49.26% ) . CaO (10.01% ~ 10.37% ). Na,0 (0.11% ~
0.28% ) F1 K,0(0.51% ~0.63% ), i P,0, & & A % A%
(14.85% ~16.35% ) ,

NRIE 91 S kB R EE e h P05 5l 45.77% ~
46.47% ,MnO % & 5 28.51% ~ 28.92% , FeO % & >
16.78% ~17.18% ,MgO &4t} 0.75% ~0.91% ,7Zn0 & i
0.11% ~ 0.15% , i #& 4 W 85 8 46 4 Z T H P,0;
(30.14% ~ 30.42% ) . ALO, (21.61% ~ 22.05%) . FeO
(5.72% ~6.82% ) MnO(23.35% ~23.97% ) L) Jz /b4 CaO
(0.44% ~0.68% ) , H:Ath Si0, .MgO .ZnO Na,O F1 K,0 & &
AR, REAR T A BR o B 405 5 A IR B 2B B JK A P, O,
i 40.25% ~40.59% , CaO &tk g 45.52% ~ 46.96% ,
MnO 4154 6.30% ~6.64% ,FeO &4 0.86% ~1.47%
AT & 3R,

BEHiER 1 S PkeheR (20 #9h PO, & il 47.62% ~
48.42% ,MnO 7 & 2 18.64% ~ 19.05% , FeO %7 & >
18.20% ~ 18.46% ,MgO & 454 5.98% ~ 6.26% ,7Zn0 & i
#0.76% ~0.82% , HAhILZE Si0, AL 0, Na,0 F1 K,0 &
TR, REAR T AT RR o I A &R 2 103 R bR 14 e 2 7 ) 4
B A A EE R 4 P05 (34.78% ~ 34.99% ) | FeO
(19.78% ~25.22% ) MnO(4.25% ~9.25% ) ,MgO (8.20%
~8.34% ) L) J /i) CaO ZnO H1 K, 0,

4.4 WERKE B () BY MET R AT

ARG 3 Sk L = IVAF RV 2 KA 5 F 0 ~
22x107° Li,0.1 x10™® ~12 x10°° Rb,0.01 x107™® ~5 x
107° Cs .4 x107° ~40 x10™° Pb.0. 03% ~0. 12% P,0, ( H1 ¥

JRBEEE 1) s 0t T I SRR A7 3 A7 10 x 1070 ~ 127 x
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K7 el al4EiE 3 Sk N FEITRE 91 S RRANIEHLEE 15k
£ K/Rb 5 Li ,Be B .P,05 .Ga Rb Cs F1 Pb 3 R K| fi#
AR EEFMCRI A, KO PR CEBURHC A

Fig. 7 K/Rbvs. Li, Be, B, P,0O5, Ga, Rb, Cs and Pb plots
in feldspar from the Koktokay No.3 pegmatite, Xiaohusite
No. 91 pegmatite and Talati No. 1 pegmatite

The black icons represent albite and the gray icons represent microcline

10 °Li 37 x107° ~2416 x 10 * Rb 2 x 10 ® ~ 154 x107° Cs ,
7x107% ~67 x10™° Pb.0.03% ~0.15% P,0,, /NEMH: 91
SRk MMM AESH0~12x107° Li 0.2 x 10 ™° ~40
x10™°Rb.0.01 x107™® ~7 x107® Cs.,5 x10™° ~53 x 107°
Pb.0 ~0.33% P,0,;ili 1 # & IV AN A &4 56 x10°°
~134 x107° Li 5970 x 10 ~° ~ 8287 x 10 ® Rb 409 x 10 ® ~
817x 107™° Cs. 4 x 107 ~ 71 x 10™° Pb,0.35% ~ 0.40%
P05, SRR 1 Sk [ WENVFMKASH 1x107° ~17 x
10 °Li 1 x10™°~59 x10™° Rb.0.1 x10™® ~34 x107° Cs.3
x107° ~39 x10°° Pb.0.01% ~0.70% P,0, ;T I 4 F0 I 4
BARHE A A 20 x 107° ~539 x 10 7° Li 5000 x 10~ ~ 8936
x107° Rb. 1338 x 10 ™° ~3031 x 10 ™° Cs.69 x 10 ™% ~ 159 x
107 °Pb.0. 11% ~0.64% P,0,, {4 kA mAH A 1 Li . Rb,
Cs .Pb A1 P05 & WL & T A, AN, 35 i 1 5
Jik /N R 91 5 ik ARHS 4 v Li \Rb Cs \Pb 1 P,05 &

I T AR 3 Sk RHC A . RS K/Rb {E A
/N, Li Rb,Cs Pb 1 P,0, & &4 b 2 IUZ Wik g e, mi
Be B il Ga 5t £ & AN HIGW B ALt (| 7). H
Bl e 2 LA R R o 2 B i ARARAIL, IR T AR

tH FAREISFI EPMA #SANRE 5> BT ) Li F1 Be 31X 2655 T i
JCE ,WCR A LA-ICPMS X A] AT 3 5 ik /D R 91 %5
FkAE R 1 S Bk (%) BRA RS R A T AT (£ 3)
ARG 3 Bk EE T Li,0 &80 9.00% ~9.95% , -
BIEN 9.51% s /N R HE 91 5 Ik R 2L 07 Li,0 & &2
6.91% ~8.98% ,F-H{H 1 7. 42% ; BE P 1 2kl n e 4
" Li,0 0 6.64% ~6.89% , SEA49{H J 6.77% (£ 3) .
PL R Be B S EEAR T AIER o

5
5.1 FiAMEENEHRE NS R-RRELIEN
DN

HRAR BT S b T B G A, 3 = 45 it s Bkl A T G 11
Ghke oy, JLIRIZR B SRR h ) SO 25 A HUATUR
A7 ) PR H A A - A e T, B AR
Hr ABORHC AT B RE Ay, T R eh DL o
BRHET ). 158 (1980) i 3t #4 ) #1508 T vl 4608 3
SBkRI4> A K-Na Na-Li FIl K =A™ 32 5 44 Bk Ak 22 B B, {2
HAFTA B A A B A A . BT L AR 3R
Kefq AR R AN P 46 78 10 R LUK A6 o 25 18 ki i frf 2
K153 B K-Na 255 B B 0] Na-Li 25 30008000 I B Bt
[ o ST

TERLER A AR R, L) B IR Fe-Mg-Ca-REE JyH#AIE .
Bt A 2E Ry bR, ARG 3 5 bk N R R 91 B
Wk A BRI 15 Bk = i 222 K-Na B4 o oo A (5
1) BB A BB, U A A KT Ca T RBAL
KR WA A EEAD FOLL A3 ER A R B — A R HE A T
BABCIRAN KA (31 X IR A B0 A T 454, X
TEFR i P8 W (London, 2018b; Tang et al. , 2018)

Cerny et al. (1985) A Jg#iK45 Fl B K/Rb 1 K/Cs
EUAR AT LA 588 7 13 & A R 8 R0 2 B 25 R R . 7
FHCA B LA A 3N E 4 LiRb (Cs, iX FZEH T AR
A RZERI YL E M. % K/Rb HGH 98 /)h, Li \Rb  Cs .\ Pb I
P,O; S B ERIN(E 7) , KB B 45 M AE RS R
REF AL HETEPER A9 Li Rb Cs . Pb I P BT & 4.
BRI AR EAE—Z =M B.Ga il Be,{H5 K/Rb JGH]
WAL, R IX ST R BB A A S AL A/

W AT RE AR 30 3 FRR A 8 -0 sl S b 1 U,
Sl WL S BT ) SRR S 96, 2021) o T 452
5 PSR R R A 1) R 2 R AE AT B R 25 5, sl o
Y22 50T AR 43 AN RS B KA, AT BE A 7 B A it e
W-PGBEAS R . AR 3 SRR K A ()
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HAEEPIR ST B B AR R 8K AT, —FP LD MnO & &
BAR(1.48% ~1.97% ) N FFAEN B ITEBE IR A0, 73 b — Rl LA
MnO 5t (5. 89% ~ 7. 35% ) FIZ & 45 K4 RRAE 14 B K
A1 (& 4a) o 1 E AR A AR X RS E B S0 T 25
B, TG P AR R A AR AL AR v S 1 T P A R i
2, London (2008 ) ANH ¥ #% it 25 44 2 B T K e AT
B2 A I, KUK WIS (2019 ) W58 98 R Z0MIRE i & o
PIBEER R WL B T B ORI RCIR T2, T RE S T 4%
M ETEIT Y S F N 45 . FedE McCaffrey and Jowitt (2023)
XF HURIFFE T 43K 200 22 2% i b K i 45 LS L AR IBA 2K
IV A B R AT B G R R o B, FTRT AT 3 5 kb
KR A L) B2 MORBZ B K A1 5 R AR b 41
(B 1Ll Be) (B 3b) IRTRETE N T 6 ¥ 2 T Rtk
ZAh AT TG 3 5 KA ZS A AR B K A (8] 4b) 5
SEE N, WANERE BN TR B IR0 © & =TT B,
FEARLEPTES. 0% ~4.5% X [A] (& 8a) , T MnO % &5 CaO
B RARGF Y SR G (18] 8b) , R B H i A F2 vh K
A1 G PR AT Ca® " Bk Mn® " 8RR R BRAR, 578 TR A
I NS B P ST 0 AL T 1) RO AL DA, 20015
Cao et al. , 2013; FINMESS, 2021) o LA, 76 N FAT H B
A A AL B T AR H R R PR Y B 2 B AR IR A A ik (P
4j) (Chen et al. , 2022) , $5/R M IAFFAE R PLF 1A SR IRAE
Fo AT AT FEIEAT i KA 1 B G 0T AR T 6l K Ay i fie
TRUTVE MBI AT, e SO, & b AR (IR HESE , 2021)

INEHTRR O1 S kAN E B AN R BB KA, F &
HEFTF3.0% ~4.5% (K 8a) , [AlFEHL, MnO &5 CaO &
BRI (& 8b) . VA AT V A e KA
BRI IR AT, 5 WA B B 3 2R g KBURL B B B K A1 (18]
4d) A E AN, L F R 5 AN T KA R AR — B
T At 5 A R R A 0 = B A ) DR At TR Wl R A ([
de, e, ) F S RAVME (K 8a) , 24 OH ™ B, RAE0E K
A, RELT & 0,0 MR R,V HE A . BT MnO
R AR AR H AR BRI (18] 8ce) , R BTk SET JK A1 TE
T A S R A S A

PR 1 5 BRI A 2 0 R s K A, (HR
HMnO & R LIS TF T A FEE 3 5 IR/ e Re 91 5 ik
(I 8b) , F W H A SR AL B AR X AR i P 7ty o IV
P F SRR A BB RO (K 8a) , KB FZIB T
ERIFIE 0 PRI R o G bl b 2 B 4
wl, EACIREE A, T 32 W K 1 4 = 2 45 i (1
4g)  FIREFE R HTE L TS F P IS K- R R . i
JRAT PITAT /INSURL 14 0K A it 1 9 WYl A 45 e T
A1 (& 41) o AR b P R B A LA B2 PN AT v AR B Wl
BAT SO, S iim (£ 2)  RWIB R 1 S ks Wik B A
BB , 3% B W X ) TR AT AR 3 5 KRN R 91 5
Wk . CAERR BN, ARG T B4 SO, & &
HRE W 3 AR % JE 805 (Streck and Dilles, 1998 ; Li
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K8 mln[4EiE 3 Sk NI O1 SRKFIRE IS 1 5
KA ) 5 Kl b B K A B A2 A PR i
Fig. 8 Diagrams of apatite composition variations in

different zones of Koktokay No.3 pegmatite, Xiaohusite
No. 91 pegmatite and Talati No. 1 pegmatite

et al. , 2012; Tang et al. , 2020) , BiK A F K SO, & &,
IRATREFR /RS B4R 1 5 D AL fs WAL M P S B T i
FE R -d a T A A R v R T, O v 4R HL,0 F F 4
Ry XA R T Li Be S5 A 0 R B A (7 = 5F,
2022) .

AR AR 35 Pk R B L AT MnO F i (38.30% ~
41.79% )i T FeO £t (0.53% ~1.30% ) , SAHEIE T
PR LA S , (H e P, O5 & IR, S i HAT 95% 726
(3R 3) MWL & A S E A H,0( ~5% ) ,OH BT
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B9l nl4EiE 3 Sk NRIRE 91 SRKANIEHLEE 15k
WA A~ MnO/ (FeO + MnO) L5 Li, O & i A AL 14 fi

Fig. 9  Diagram of MnO/( FeO + MnO) value versus Li,O
content variation of lithiophylite in the Koktokay No.3
pegmatite, Xiaohusite No.91 pegmatite and Talati No. 1

pegmatite

#oy PO;” AL, W AEHE R U LT AR & H,0 HEEIAR
AP ATEE 3 5 K h B AR BT HY MO/ (MnO + FeO) FE{H A
Li, O & MR T/ etk 91 Sk, /b Je i 91 5 ik
AR (1 MnO/ (MnO + FeO) FLAEAN Li, O 5 3 iy THEHL
e 1 Shk(E9) 578 T ps e e L. X5
ARG 3 5 BRAT AR BT TN R TR O 5 KRS i £
LSk SEPRIG LRV G o SRTIIEHLSE 1 5 ki b S
MnO 1 FeO & HAMZEANK, BT 18% ~19% Z 1], I Mo/
Fe HCARHIT T 1, 45 M6 4 iy 44 1000 O W il Bk B0 (AL 25
45, 1989) o Pk, Wi (8K) #4719 MnO/ (MnO + FeO) L fH
A DA (0 48 7 o S A AR B DA B kA i T A R, B
MnO/ (MnO + FeO) BB, Li, O 35 By , 2 W i i o i
PR iy , 4 R BT

23 LA R R A R A RV B BB R R P 2
BAEA T, W] ATHEIE 3 5 K /N IR TR 91 5 BRI BE 4 1
SRS ) PR A R R T, AR T T AR
EIRBTBE A K- IO T B O B B A

5.2 BAMTHTEEERT WIET

AR AT A AR AR (4R < 1% ) (1
JERRVEA AT 1 R e T B 5 A L A B -
B KA 14 R R S AR RRHC ) S THFEE 3K
FR4fs 43 ( London et al. , 1990; #/NE%%E, 2001) . B
PR A A o ARG AT LA RS R 3 R T R A AR T AL
TEE , B AR FEAAE B T A 1A ) VR A R 8 RS B2 DL B B Li
HH,O TERE VR PV B (JH B8 45, 2008) o i B3 %5 (2009)

T A SR 5 F AR AT 4R U AR R v, RO R B R
HF P 5 AP (45 G T L ALPO, , FRAIR T 5 U4 s it K A1
HITRGEE . N1 6 R, ARG 3 5 ik I gt K
P,0; S ECPHME IS, R 14 2 I AR Boh w2 b
HiEbzE £, WA i T R E PR TR A sl oAt
BRRRER W) 45 R FE T a8 R b R B, S BUR S 45
BRI A AT P R AR XA, Bl A 7 — 2 i 2 VI
YCHA, TG 3 BRI P,0; 4 L 0. 309%
~0.64% Z[a] ,FIMEIBF] T 0. 50% , 7% i T 4Bl Hr ikt
KA CGIRME, 2001) , (EAFEREM O, AT AT 46 3 5 ik 17
BHETT P, 0, S RLHIXE T AE L A 1S, 150 T 2 e B
BRI AT 45 &, 2R TR IRAE T8 K P Bk, 350 P05 & i
KA o

INRITRR O1 S BRRISE R4 15 BRI 1 A0 Mt 5 2 ik
B AR PR A P05 F IR Bl R R ETHE
Zy (B 6) X 1 E B o) B 4 S A B B
B M E ST YRS MBS E R P &R,
EATE W, B RLR 1 5 KN AR T AEE R WD P05 &
SN A A A Ay, — R e SRS A A B K A,
P,0; &R (0.08% ~0.27% ) , T 53 Ah— i 5 B £1
HAPEK A, P,0, FRACT R, ¥/ e % (1998 ) B
FEILVUAELLAE B b 05 Wi R A AR AR A B A
S I, A BRI MDY S R Y
W I, 2R WAL 6 5 T A R 0T BOR B  4E , TE U W AR AR I
R, 45 b R R A SRR R

FEPRT T, b A SRS 3] A Bt v i A 8 2 3t
MG R W T 25 I 3 5 45 X ol & AR 0 VR AT, LAt , il le ik
W) (WK BRI AR B ) MO 45 it 25 AR A
FEkrb B E R, G EI AR OEAE (o, 20015 HIEATSE,
2018) , AT AT 4G 3 5k /N R A 91 S Ik Fnss hr 4 1 5 ik
WARHCAT P05 F A EHCRT 0. 1% 3 H N # th#is i
DR KA1 BB R A7 DA B AR AR R 0 S B IR R, R
X =AM b E B RS AR PO F ORARAE, 10 P A F
SRR Li BA SR R A v, B A I i R R AE
JH(London, 198, 2018a) ,

ESENEN S 2 ), B SR - R R SR 1 R W) 2
T EEN S ORI, A s AR S KA 2L
4= (Chen et al. , 2022) , London et al. (1999)1\} P,05 HJE
RT3 TN 2 37 B A - WA A 1A A R v o IR 48 A 1
FEF A, 7E 525°C [l 200MPa 25144, 45k P05 IR A
# 1. 4% I, 22 R LR BN -

LiAiSi, 0,0 (BIHELT ) +0. 5P, 0, (KilA) +0. SH,0( K {k)
— LiAIPO, (OH) (ABEHIEETT) +4Si0,

FIAHEHE 3 Sk D RITRE 91 5 Dk AN hr 4R 1 5 ki
Bl () S DL HUIR ™ 1, BB R B AR B o B
Y NZ R TE B R B S B A0 . SR AR 8 R 5
(2019) 7EH7 88 D PRI RS AT di e (/N IIRR O1 51k ) S5 F Ok
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DB AR 5 R AR A PR A, A HOE B RR R
W E RGN RS E TS AT /DRI 91 5
VKT S 3t 5 i Sk WL A L, JR B A Tl LA AT BRCER A A £
(E5), k) o I AR T WAL, B4 80 N AR 58
2y 500pm K247 1000 m (17 HURL 55 40 A A0 14 DL S B 2 A
ZORE Mn B KA 77, F HHSMBA — B A S R 525
(K Se) , London et al. (1999 ) i o ik R k- R £h S 1 55 56
BRI AATE R & P,05 A1 H, O JEIA/E T RETE I
BEER AR R A, SO R T

4Mn; AL S, 0, (BREEHE A7) +5P,05 (JEA) +9H,0 (4
&) =2Mn, (PO,), (4fH") +6MnAIPO, (OH) - H,0 (W4
A7) + ALSIOs () + 11Si0, (S A)

AR 725 W& Ca " FLARE T % 2 B i 8 2 A%
SR Mn B A, BVBESR T P Mn® " B fh b Ca®* 28] 42
B IR N R O1 S ik B 58 A1 1 J5UAE ik R
R, RIVER SR AR A0 R X A B 235 i , AT A1 R e L0 W A
SERRA NG HALZE AT RE SO T WEIR Eh A 1A 15 ik IR AR A IR AN TR
VEHLE T FLA RS AR & Ca® " TARI 25 3 AR AR
Mo

S5 BN LML B R WSS B A A E S, FRATTIA A
AT AE R Li RN P 7ERRAR A I T Ut A
- O W BB R BT R SN A Y A
At IRl B TR Sy — B AR 25 0 R A Rr R T, 7T LA
ST URIARE BE RO ZR IR L K Li Be (Nb Ta 554 43 ) 11
BRI F 47 8 (Tang et al. , 20165 Rao et al. , 2017) , 0] GEJR
FRy B R BEA R, DL SOIR & SRR R I S T
RERRERD ), % Li W& B EEAPE M Bixt T dhE A
BRI IR A 1 TR — 2ok AR 1A A K
AR SIS OFFE B9 BHIES .

W SUT H VA 0 H, O F LK PRI I (A AR X 3 PAT 7 £
e E K-PORIR R S & P Tz M Y- AR A HAE
(Fan et al. , 20205 Yin et al. , 2020) , %J 345 5 50 4L )
HEAT—ERREE R A AR AR , IR Li ™ S BB A o
Li " S i K, R U i — S8R A 4 B R B K A0 B W R
P47 (Kaeter et al. , 2018 ; Barros et al. , 2020) . J5AE A4S
(BR) #A 5 DL A AR AR | FT AT R 3 5 ikt 2
W10 % JRy R o i IR IRCIR T AR IR GR , oAk 22 1 A X T S A
BRGEPR SE 0 5 451 P, 05, T AH XS & % MnO CaO , Na,O Fi
K, 0,3 Ht 28 p= ¢y EPMA HISCTTR B8 1A 77% it
(F3) A A AR 5 1) Li, 0 F1 H,O, R 7E W
J& A M (8 AT A R AR AT 1 S AU AR P T . /N R
91 5 PKBEER SR A AR L B2 A BRCIR B R A0 AN S Ak , 7T
RE S 1 TR B Ca® " PR SR IR BF 8, 9y Ca®* AR5
FEVMR RS, B A ) S R P Mn® [ Mk LR
AT BE RIS , AT RE AT 76 20 b DURR AL BB X 5E
HHBL(E S o R 1 S BB gk e B E 2 a5
AR K (& Sh, 1), 4 B BRAERS S B P, 05 Fil MnO, 17

http ://www. ysxb. ac. en

4 MgO FeO,CaO FI Na,O (3 3), A fig & A M1 24 & 1Y
H, 0 48 /R G IO MR g™ (Fe’* [ Ca™™ \Na™ 1) T4
RTEAT Y b Mo®* R L (L8 86T R b LT
RUB K o

AP ATEHE 3 SRR N EATRE O1 S KRS LR 1 T Bk
i () HLAT AR B T AR R A S AU A G (&1 S) , R
TR (BR) BT, il A2 M B b 3R R RRAE R CaO Al
Na, O & 40N (3 3) , R WIS WA Ca®* A1 Na* ¥R (19
B, S A iR () B e A M L AT A AL
A SAH ) (London and Burt, 1982) o £55 A YKWFTE 44 5
Fl Rao et al. (2014) fF5EAaamF 31 545 i f bk ek A o™
A S A BN, HE W W LA A7 AR LA P AR S AR

2LiMnPO, (BHHHT") +2Ca”" (FiLfh) +4H,0(%ilk) =
Ca,Mn(PO, ), + 4H, O(BEE54E A1) +Mn®" +2Li " (Jifk)

L L IR, AT RTHEIE 3 Sk R HTRE O1 5 kAN IE B4R
1S K 10 7 15 45 et PR 4 o o o 8 B 0 SR B I
R, M RRER I (5 fek R ER A AN TRV e it Pt — 2P
o RIS 9 AN [ R AT A S 7 0 20 o 9 Ry A
B LA SR SR B R A AT (ER B 0 2 AR A
LR IR AL N R A1)

6 &g

(1) AT Al 4G 3 Sk I peirgs o1 Sk AIEfi R 1 5k
B T e o S e R PR, AR 4 Ry 21 P9 R A A 7
FEAC R B =, 2200 T s K B R i A A
HIIT A A R B SR B 1) T AL

(2) AH P S R A AT RE S L R AR RE R R 1 5
PR RIS AT T, ) T B AE W IR S e 1A v g 4R, T L
Wikt S0 45 o PLBR IR RO o T AT AT B 3 5 Rk I REIR
AR it R 19 6 B A XA 19 4 i T RS o T 0 v DR &4
AT E

(3) 300 H 048 1) o SR U AT 1 1 S0 45 o 1) Wl () 88
W26 AT S A QAR AR, DB Li T B AR A
RS, FRICIETE B A0 1) AN T4 A1 (PR AT

B EATY0 R T E R B ER A S B
A PR L ER A~ [ 58 T A 9 o R R L e S i 2
M 8 i RIS S8 2 Uil ) i 5 A0 B By, 7 G 378 0 ) St
SRR T T R R A S B P A L
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