Faag Fa A OA U W ¥ R E Vol. 44, No. 4: 965~980
2025 4F 7 H ACTA PETROLOGICA ET MINERALOGICA July, 2025

Doi: 10.20086/j. cnki. yskw. 2025. 4148

ZBEETECQRE-HL-RT AP R
T 77 57 10 4 1L

Fpag mhsh > F 4 FaRi EHAR TS
(1. NEHRHE R SR, WS HIGXKE L TREEGSLRE, N A6 KR T 2 RS F TR AR5
Huly, WG TR S OR H BRI .G, WS 3k 0140105 2. A0k FR H 05T Bt 1 2 SR + 9IRS 45
AHHERE ST, NEH Ak 014030; 3. PEF LS, Jbat 1000815 4. WEEHRHERE TR G,
W& 2k 014010)

W OE. R -MRE SR MRS TR, AR Tt R EEEEEM., =50 Nb-REE-F » & R e 5 BAk it
KA Wan B, R E T BOELLR B E B Y . A SCHES AR FIRE TS C2DS) 43 A i Sl 0L, 2184 A 3
FERLITHT RS0 (AMICS) FlHL FH%EH (EPMA) Xt [ = 58 320 IRF0 5 A BT <A B -8k 8™ £ rh A8 A A7 o3 70 FRAE AT
TS, SRR ZIAI A Nb,Oy S FHH 0. 15% , 98 BB Ar T kb SRikh B fa kv miesk 4
L0479 X 5 FRR e A B A TR AR TR R R R 40 % . AR RO, < 90 wm HY 5 88. 16% LA I, 2
AIE - s AT ffobi . EPMA 373 W1 988k B ar boB A kw0 ARk 4404 h Nb,O, 3 & w405l h
73.46% .63. 42% 28. 43% . 16. 03% F1 15, 81% , 5%l LIS HUH I8 2= 1, A0 B2 5 ) 4 A ( BR0) f B2 AR T8 X
EAFAL W, Fo W A0 - A0 0 T I B AR A B A A R RURS S R ] R SR R
A MR AR A IS T Y e R ik R oy B A R R R R R B g s T X S
PR MRS S T, BT Wb 5 —LEn R AR B WA G, B A Ca®t  ThY TRe s Bk 4t , ifF
— UL ) BT oD R E T R R AR R R B e . Nb,O,; fEREG A 5 Rl m , Ak 0 T AR, 1T &
S T 32000 S R AT R RN 90. 51% , BeskAn HRBRET HREK B LA I S it A1 R R IR Y £ Tl
T, B SR R SR e d it TR , LA B = SR AR BRI AR B 74 A H

KA e AR BTRE; A

hESZEE . P618.79; TDIS3 XHERFRINAD . A X EHS 10006524 (2025) 04-0965-16

Occurrence and distribution characteristics of niobium in aegirine-rich ores
of main orebody in the Bayan Obo deposit

LUO Xiao-feng', YANG Zhan-feng" >*, CAO Zhao', WANG Zhen-jiang’, WANG Qi-wei’
and WANG Yan-yan*
(1. School of Mining and Coal, Inner Mongolia University of Science and Technology; Inner Mongolia Key Laboratory of Mining Engi-
neering; Inner Mongolia Research Center for Coal Safety Mining and Utilization Engineering and Technology; Inner Mongolia Coopera-
tive Innovation Center for Coal Green Mining and Green Utilization, Baotou 014010, China; 2. State Key Laboratory of Bayan Obo

Rare Earth Resource Researches and Comprehensive Utilization, Baotou Research Institute of Rare Earths, Baotou 014030, China;

Y B HA: 2024-07-26; #EF BAHI:2025-03-26; 4iE. MmN

E£WA: EFEELAULITR(2020YFC1909101) ; 5 [ ARFF245E4: (2022MS04007) ;1 2= SRS + B8 IRHIFST 5 256 1 1 5K 8 s
FraEWH (202122272) 5 WS R R RCEARIIR L 55 2% (2023QNJS094) 5 2025 4F A58 1A XA Ik TR i S % 0 H

YEERr: PRedE(1978- ), B, WA, T, E-mail: 294383413@ qq. com; INVEH . #508(1963- ), B, i+, #
BT, NFET TR IREEAFIH, E-mail: yang_zhanfeng@ 163. com,

M4 B & FHE: 2025-04-03; M E &ML hitp://kns. enki. net/kems/ detail/11. 1966. P. 20250403. 1008. 002. html



966 A oA OB W o & K 5 44 3

3. Chinese Society of Rare Earths, Beijing 100081, China; 4. Engineering and Training Center, Inner Mongolia University of Science
and Technology, Baotou 014010, China)

Abstract: Niobium is a rare metal and strategic resource that plays an important role in modern industry. The Bay-
an Obo Nb-REE-Fe deposit is a super-large niobium deposit with 2. 2 Mt Nb,Os resources at an average grade of
0.13%. Therefore, it is very important to find out the occurrence and distribution characteristics of niobium. The
niobium mineral in the Bayan Obo deposit has the features of fine, scattered and thin, which is difficult to find by
polarizing microscope, so it is impossible to achieve the research purpose. On the basis of petrography and EDS
analysis, the occurrence and distribution characteristics of niobium in deep aegirine-rich Nb-REE-Fe ores in the
Bayan Obo main mine were studied by means of AMICS and EPMA. The results show that the average content of
Nb,O; in the ores is 0. 15%. Niobium mainly occurs in columbite, pyrochlore, aeschynite, baotite and ilmenoru-
tile, the total mineral content of 5 niobium minerals in aegirine-rich ores is 0. 40%. The particle size of niobium
mineral is fine, < 90 pwm accounts for more than 88. 16%, and it is a subhedral or anhedral graiz.. The results of
EPMA show that the average content of Nb,Os in columbite, pyrochlore, aeschynite, brou'e &ad V'menorutile is
73.46%, 63.42%, 28.43%, 16.03% and 15. 81%, respectively. Niobium is mainly ‘occurre.' in-the form of
independent niobium minerals, and a few occurred with other minerals in tl' & form of isomo.piism and inclusion.
Niobium minerals are scattered and mainly distributed among aegirine,) m1az te arld wpatite or aegirine, barite and
bastnisite particles, often associated with aegiriie, fluorit,monazite, | bas). isite, barite, apatite and other miner-
als. The chemical composition of niobium miner ls)is c¢ons'ceral'y complex, and the phenomenon of isomorphic
substitution is common. The chemical forn‘ula”of \¥/ v inds O “niobium minerals is calculated and quite complex.
There are obvious correlations betwee.x Nb and so.ne) lements in niobium minerals, and there are selective substitu-
tion of Ca™ and Th*" ione 1.\ aeschynite, this 1arther indicates that complex isomorphic substitution of niobium min-
erals occurs durin,tie ‘ol antior- process.| Nb,Oy has the highest occupancy rate in pyrochlore and the lowest in
baotite, e folme= i neary 32 times of the latter. The total occupancy rate of 5 niobium minerals was 90. 51%.
Pyrochlore,  ¢¢'imbie,” ilmenorutile and aeschynite are the main industrial minerals for extracting niobium. This
study provides' a basis for the mineral processing of niobium in order to make full use of the niobium resources in
Bayan Obo.
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Fig. 1 Geological and structural map of main and east orebodies in the Bayan Obo deposit ( modified from Ke Changhui et al. , 2021)
15 2— IR B AL 3—RIMRRINA ; 4—KIMFMAAHA ; S—H RS ARG RILRE; 6— &4 —KAEK A T—RotAER
WK 8—h ot R A BRI S s 9—IERIANK; 10—A3EBEA Ik, 11—IRKB AN, 12—BRIRAIK; 13—RIEAK; 14—MINTaE Tk,

IS—EHEAT BMINAT IR G K 16—8ko™ (iR 17—Ra Rk fbaly ; 18— S BT IE BT ; 19— Bl W= ; 20—Wi= 75

1—quaternary sediments; 2—guyang Formation of Cretaceous System; 3—jianshan Formation of Changcheng System; 4—dulahala Formation of

| F2 ]20

Changcheng System; 5—neoarchean Wulashan Group; 6—permian monzonite granite; 7—biotite granodiorite; 8—mesoproterozoic dolomite carbon-
atite; 9—granitic vein; 10—quartz porphyry vein; 11—diorite porphyrite vein; 12—carbonatite vein; 13—alkaline vein; 14—riebeckite vein;
15—aegirine/Sodium pyroxene and riebeckite alkaline vein; 16—iron ore body; 17—low grade iron mineralization zone; 18—measured or inferred

normal fault; 19—measured or inferred reverse fault; 20—fault sequence number
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Hana=specimen and photomicrographs of aegirine-rich ores
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al—disseminated structure; a2—disseminated and banded structure; b—aeschynite is associated with dolomite and aegirine; c—aeschynite is encased

in aegirine; d—columbite is associated with aegirine; e—fibrous aeschynite( cross polarized) ; f—aeschynite is associated with aegirine and dolomite ;

g—aeschynite grows along veins of fluorite and aegirine; Aeg—aegirine; Aes—aeschynite; Clb—columbite; Dol—dolomite; Fl—fluorite

(46.04%) FEA7 (19.37%) A1 (6.30%) Wi K
£1(4.23%) M4 (0.10%) 25, Hoh 85 4 & & m ik
46.04% ,#A7 FE fi A A KA % 1> 1. 00% , HiAth
#1<0.10%.

FIFH AMICS R Go X 3 R B 47 18 4 A ge 1143
Br, 4532154 BSE B F AT I (] 3) SORLBE Rk
(FR 1), PR AU PRk R gk 440, F &
FEHPFE 0~30 wm, 4351 5 65. 62% Fl 63. 02% , H:k
FALSLT, <60 wm A5 87.80% , Pikif KA S
ffeAT RS AT, T A O AT 5K 2 em; J5 & RLE
¥io), FEAEPRTE 15~75 um, 5 77. 17%, 5 F4es”
Yy B 4 <90 wm A HBERE AR £ 4141 ,90%
DI E <90 wm ALK MBSk A1, By fift A7 HE ] B A
13k 88. 16% . PEU ) S AR R UL OB 40 /)N 43 T i

247 HT#3 3] Nb, O, %
3.3 R YERHE

(1) BRBkm™ 20045 T 7 A0 UKL IA] , 5 480k
JEA TR Itk A (I 4a) . A BT R ALTE
R, AT /NSBB8 1 = A e 8L T o G Ak
Wil (K 4b) , X R EE 500 T 1 o A Ok
8], 5 AIE#EDA A 5 A ki ph s A s
HpAE

(2) besx A S A, 5 A iR
Tt B AR | SRR A B KA AR SR
A B Al AT P A | e [m] 43 A T 5E A 0K A] (]
4e) . WAHBEA S BHILAE BSE BIRENS,
AT BRI KA T b, A= R AR R IR A A ) 0 (B0) K
A1 SRR SEFAL SR SRR AR (8] 4d) .

wH0.15%,



UgUa = PSP LR SR CR L e s /R R e A W E R T R 18 971

K3 0 B9 AMICS 5 HUH R (a) FI3HTIE ()

I b

Fig. 3 Backscattered electron images and scan micrographs of AMICS of minerals thin sections
Bao—3kH"; Pyr—heskfy

Bao—Dbaotite ; Pyr—pyrochlore

F 1 RTYRESIT 0 w,/ %
Table 1 Particle size distribution of niobium miic als
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THEAMEEK, T 18.31%, MnO & B 3K, 715
3.11% , HATEE &8 <0. 12%, S48 Bk
KPS (E I ( FIESE, 1987) , iH 8B fk2: o1
itﬂﬂ( Fe(z)fss Mn, sMg, o, Cay o ) 1‘02< Nb, ¢, Ti ) 20060

(2) Bty fb2emifbim=h A,B,0,Y, B L
230 (Ca, Na),Nb,0,( OH, F) , HH1 Ca0 15. 41%,
Na,0 8.52%,Nb,0, 73. 05%,F 5. 22% ( E ¥4,
1987) . R4l EPMA 73 #7258 f apfu (31535 T B =
2) (£ 3) ,Nb,0, SR fbIEBIA K, 1 63. 42%,
ik T he st A B A8 Ak % 2000 B8 1, WA T & 8F
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Fig. 4 Backscattering electron images of niobium minerals
Aeg— 5 ; Aes— A ; Agt— M ; Am—IN A ; Ap— WK A 5 Baf—BEKEKRA ; Bao—fU3kH™; Bi—B = fE; Bri—IE fb A1 ; Bsn—JRbR A
W Cal—J7 A1 ; Chv—HREEKEHH; Clb—HRERI™; Dol— &4 5 FI—#41; Hem —FRERH"; Im—BRERAT; In—HRERBLLA ; Mag—RERRA;
Mnz—MJE A 5 Par—3BREGEI ; Px—WEfr; Pyr—he&kf1; Qu—A e

Aeg—aegirine; Aes—aeschynite; Agt—augit; Am—amphibole; Ap—apatite; Baf—Dbafertisite; Bao—Dbaotite; Bi—biotite; Brt—Dbarite; Bsn—bast-

naesite; Cal—calcite; Chv—chevkinite; Clb—columbite; Dol—dolomite; Fl—fluorite; Hem—hematite; Ilm—ilmenite; Irt—ilmenorutile; Mag—

magnetite; Mnz—monazite; Par—parisite; Px—pyroxene; Pyr—pyrochlore; Qtz—quartz

$7 Bonga BLIUFRIR A TR IR b A2 RBeak A (HB2HPEE, 2011) M BF47 Bonga kIR 75 L be 4% 1
(65.95%) ( % 7k Mg 5%, 2014), TiO, & & V¥ (4.63%) (FHESE, 2014) , Ta,0, FEALTAIMFR
4.66% 15 T H B FE IR PE AL bd B B4 A (3. 50%) CaO R -3 17.99% , i T FRAR A 2 0y 3 1
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*x2

TSk EPMA SHTEER (w,/ %) RIEFAE

Table 2 Chemical composition and apfu of columbite

HERGE| A apfu
TiO, 3.34~6.30 4.39 0.183
Nb, 05 72.17~74.85 73.46 1.842
Ta, Oy D.L. ~0.02 0.01 0. 000
2B 2. 025
MgO 0.08~0.20 0.12 0.010
Al, 0, D.L. ~0.01 0.01 0. 001
Si0, D.L. ~0.05 0.01 0. 002
Ca0 0.02~0.20 0.10 0. 006
MnO 1.25~7.65 3.11 0. 146
FeO 13.35~19.97 18.31 0. 849
v,0, D.L. ~0.10 0.06 0. 004
Sc, 04 0.01~0.09 0.05 0. 003
A 1.022
Total 99.77

D. L. FRARBRMR, TR,

R3I BEAEPMA DHER (w,/ %) RIEFIME

Table 3 Chemical composition and apfu of pyrochlore

J FHE apl
TiO, 3.98~5.73 4.66 U
Nb, 05 61.32~64.39 63.42 1782
2B 2. 000
Na,O 6.13~6.9¢ 6.51 0.785
CaO 17.55~18:41 17.99 1.198
FeO GO0 15 0:10 0. 005
MnO D. L't 06 0.03 0.001
SrO 0.08~0. 15 0.12 0. 004
BaO D.L.~0.15 0.03 0.001
HfO, D.L. ~0.04 0.01 0. 000
Sc, 05 D.L. ~0.04 0.02 0. 001
Y,05 0.10~0.32 0.18 0. 006
La, 05 D.L. ~0.16 0.05 0. 001
Ce, 05 1.14~1.54 1.37 0.031
Pr,04 0.16~0.26 0.20 0. 005
Nd, 05 0.83~1.19 1.04 0.023
Sm, 054 D.L.~0.28 0.08 0.002
Eu, 0,4 D.L.~0.22 0.03 0. 001
Gd, 05 D.L.~0.19 0.05 0. 001
Dy, 0,4 D.L.~0.13 0.05 0. 001
Ho, 05 D.L.~0.13 0.07 0.001
Er,04 D.L.~0.03 0.01 0. 000
Tm, 04 D.L.~0.08 0.01 0. 000
Lu, 04 D.L. ~0.26 0.08 0. 002
ThO, 0.08~0.45 0.22 0. 003
A 2.072
F 3.42~3.55 3.48 0. 684
Cl D.L.~0.03 0.01 0.001
Y 0. 685
Total 99.79

218

Na,O & V34 6. 51% , 8 TR A b2 X B (E
SREO &4 2.64% ~ 3. 6%, % 3. 22%, H:
S LREO &4 2.22% ~3.25% , 44 2. 77% ., F &
W34 3. 48% AR T HAEAL AN B, (H = T4 8
$i Bonga HE4k A1 (1.26%) (FARMFSE, 2014) , HiAy
LR G EIEL, Shesta s n S EA
Fb,iZbest A1 Ca 19, Na = i, 5 01k 254 7 0
2 (Cay 5 Nay xREg Fego )2 0 (NDy 5T 5 ) 5 006 3 Fo 5
S 41 (Atencio et al. , 2010) b N IEEGEELRA
(3) ifteda . 7l AB,Og, iR 4E A B fif
FHES bR 5 E_Uzﬂé}ﬁmﬂﬁl%(é‘{éi"%#,
1986) , M4l EPMA 73 87 45 R f apfu [ 1155 T
6(0+F+Cl) ] (£ 4),Nb,0, & #7710 Hl 4 K, F
$28.43%, Ti0, &1 16.45%, 1,04 1K T4
WIRR . 5 5 ffA FAR AL 2= O I B e A i 22 =% (F
WA 19875 (-,0, Tﬁi’ﬁ/ﬁa‘% 12. 69% ,Nd,0, ¥
P 16. 58% , oy REO S MG AR, ThO, 7% &
3347 6. 08% w’rﬁﬁﬁﬁéﬁ%ﬁg‘ﬁ”%qﬂ ThO, % % =
ELC) BB T1.23% . Y REO & #34. 13% ~

R4 SEA EPMA &SR (w,/ %) RIEFAE

Table 4 Chemical composition and apfu of aeschynite

BN FHIE apfu
TiOo, 23.81~28.48 26. 15 1.226
Nb, O 26.21~33.52 28.43 0. 801
2B 2.027
Sio, 0.03~0.19 0.10 0. 006
Ca0 0.62~1.84 1.23 0.082
FeO 0.15~0.31 0.26 0.013
BaO D.L. ~0.14 0.08 0.002
Y,0;, 0.45~1.27 0. 82 0.027
La,0, 0.36~1.17 0. 66 0.015
Ce, 0, 10.71~14. 46 12. 69 0.289
Pr,0, 2.16~2.95 2.52 0.057
Nd, 0, 14.98~19.17 16.58 0.369
Sm, 0, 1.78~2.24 1.96 0.042
Eu, 0, D.L. ~0.16 0.04 0.002
Gd, 04 0.66~1.09 0.84 0.017
Dy, 0, 0.56~1.02 0. 66 0.013
Ho, 0, D.L. ~0.06 0.01 0. 001
Fr,0, D.L.~0.13 0.06 0. 002
Tm, 0, D.L. ~0.14 0.02 0. 002
Lu,0, 0.01~0.77 0.23 0. 005
ThO, 3.22~8.58 6.08 0. 086
A 1.032
F D.L. ~0.15 0.11 0.011
cl D.L. ~0.03 0.01 0.001
Total 99. 54




974 = A 0w ¥ k& 544 %
40. 62% , V-1 37.09% , HH Y LREO 7 & 30. 84% ~ R 6 RULSLUHE EPMA £ R (w,/ %) REFAH
38.55%, F 1 34. 46%, > HREO & & 2. 07% ~ Table 6 Chemical composition (w;/ %) and apfu of
3.29%, 71 2.64%, A+ &R ET Y, 5 ilmenorutile
fift A e — A W LY, AR TR & R, S P fh apfu
E M TN ( RE0‘84Th0.09C30.08Fe?),+01 ) 1o Ti0, 63.24~78.92 72.41 0.807
(Ti, 5sNby g0) 0306 , N AT -Nd Nb, 05 11.33~18.80 15. 81 0.106
4) £330 s S F Ti Nb.Ba [0 RERR SR T4 Ta, 05 D.L. ~0.05 0.03 0. 000
‘i) AR 1.Nb . Ba AR5t ), MgO D.L. ~0.03 0.01 0. 000
VIESE ) Nb &% 5O RRTE, & Cl Fe FIZD & Sr Al AL O, D.L. ~0.01 0.01 0. 000
Mg .Ca Mn( 5K5535 55, 1986) . R4 EPMA 43 #H74% Si02 D.L. ~0.10 0.06 0.001
I apful HATHET 28(0+C1) ] (325) ,Nb,0, &k GO 0075 02 0.007
MnO D.L. ~0.06 0.02 0. 000
iy s ¥ 7. A i A-Eanib 3y L
IR, 4 16.03%, TiO, & &2 fLIu o0 6 17-10.23 7 %o 0008
R, 24.55% , Si0, F 1 14.31%, FeO & V,0, 0.61~0.76 0.68 0.008
VI 5.17%, BaO &4 38. 55%, Cl & HAH Sez05 0.02~0.20 0. 1t 0. 001
Xﬁiﬁ?%,—ﬂzﬁj 2. 19%0 Sr0) /E\iipi/}j 0.20% ,;E\:;ﬂ%ﬁ ThO, D.L. ~0.03 0.92 0. 000
Total 97.49

RO, Hor AT G o RSk T Y i
%5 AE ( Cooper, 1996 ), iT & ) 4> F X N
( Ba, ;,Sr, o ) 4. 14( Tis o Nb1.98 Fe?TIS 8. 198i3.9()028C1(). 120

R 5 BT EPMA HIFER (w,/ %) REFAT

Table 5 Chemical composition (w,/ %) 2-d a>fu of b: Htiv.

T FH(H apfu
Si0, 13.89~ 14 1431 3,900
TiO, 20.77207.21 24,55 5.033
Nb, 0 15,0619, 45 16. 03 1.975
FeO 3.6.6.76 5.17 1.179
B 8.187
MgO D.L. ~0.01 0.00 0.001
AL 0, D. L. ~0.04 0.01 0.005
Ca0 D.L. ~0.05 0.02 0.005
MnO D. L. ~0.04 0.02 0.005
S10 0.01~0.36 0.20 0.032
BaO 37.69~40.31 38.55 4.117
YA 4.163
cl 1.89~2.30 2.19 0.123
Total 101. 06

(5) Pekseaa. BN (Ti,Nb,Fe) 0,
(KR AE, 1986) . MR A EPMA 43 #7485 2R J2 apfu
GFEETF 24 0) (F6), 88424 Nb,O, &
ALK S iR 15.81%, TiO, S E H
AR [ K, S8 72, 41%, Ta,05 & e N
0.05% , KRZAL TH MR, FeO & F19 7. 89%,
HARTTER S R BAR, A 22 B A X 8] 2R, A
WA Rk A 21 A A A B B < 100 %, 7T fig
AICR BB E/RRE, RN
ﬂi]( Tiy ¢ Nby |, Fe?)fot) 101050

3.5 fERELMSE

G EPM A2 HT B9 Nb,O4 75 &, i 15 %] Nb, 0,
B0, i =Nb, O, F-¥ & x - it S 2 & 5
W Nb,Os B 5 H % = Nb,O5 434 &#/Nb,0;
- Nb,0, BN 0.15%, Nb,Og HYBCL/ 145 F 0L
*17,

R7T Nb,O, MESITHLER %
Table 7 Nb,O; equilibrium calculation results of

niobium minerals

) Nb, 05 ) Nb, 05 Nb, 05
] o IRy Ry C

T AT A

PeRkA 73. 46 0.04 0.029 4 19.59
Vol 63.42 0.08 0.050 7 33.82
oA 28.43 0.09 0.025 6 17.06
(O3 N 16.03 0.01 0.001 6 1.07
LRl eAval 15.81 0.18 0.028 5 18.97

H1 & 7 AT, Nb, O, FEREER A Y b7 A R B g
RGN RS A G fAThiaRRZ TR
AR A REAR, AR RS S R
ALK AT 32 15, Nb,Og 7E3X 5 Fh4RT # b iy
Hi AR EVRTN 90. 51% , 6B 90. 51% (1) Nb,O4 434
FiX 5 e B b, HiAy 9. 49% () Nb,O, 234 T35
A1 AT R AT TR A B KA AE 18 Fh
T, Raa PR PRk S LA LG E A R
B EE T LAY,
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4 HHE

4.1 FREFUERD

AR A i Fe F1 Mn B {ii Nb F1 Ta J& 1
AP 4 AR, Pk e
W R AR R (93555 1986) , A Ti Sn,
W . Zr Al SER A, PREEHH Nb Ta Ti IR EH,Ti
TEA o T R WIUTTE , Nb  Ta I T 06491, H Ta [t Nb
TG, R Ti-Ta 58 &2 A & Ti-Nb %4], Ti-Nb  Ta-Nb
FGEAIERRIS Wi Ti-Ta MASGE LRI 4 (£l
4, 1987) , iX AT WA SCHE i Nb 5 Ti B3R5 40 1)
TR (K 5a) B . LA, Nb 5 Mg 2471 7 AH
Ktk (B 5b), 5 Mn AHCPERSS (M X REH 0.
41) , AT BEAEAE Mn™ +2 Nb™* =2 Mg +2Ti*" 51k Ag2E
JR S e, FRknH LI & ™ F 55 A sl KA
WKL), S5 A ARGk B A R AR P
Yok n] BeHA 5 5 b A ARG R AR ) B v A 2
W, 5 TR IR A K b e B JFAE RS (L Pas
et al. , 1992) Fh ot AR R FIE By 0o 7% TR
AR ESRRTR] (Linoot al. , 2029 Zh
2024) ,
4.2 RRETTEELD RS B

Peaga R w B N )T T ) (de OL-
iveira Cordeir. e al. , 2011) ,{H1E H = 2P 8046 91
AT, MENIRER A RVR (-F6 1) 07 R i &
BB, Ak A AL A TR — TR L Sk
TR IR ¢ A RN AR AE FH 4 #2 ( Nasraoui and Bi-
lal, 2000; Bambi et al. , 2012) , AXEesk i
A%, Ca SN Na 50, W] BESE K R o5 3 S 1 f
PSR G B4 45 . TiY +3 Na+ = Nb™' +
Ca™ , Bl B i Ti S0 &4 Nb i A {724 Na &
i Ca( BiEAAS Th M B Ca: 2 TiY" +Th*" =2 Nb™*
+Ca™ ) LI AN, 80kt 4 T & Na Ca Th 55T
£, XM Nb 5 Ti ZAEE R TAAHCER (B 5¢) &
Nb 5 Na 2HIFA AR (B 5d) WAl E i,
AN 5 Na s2AUH G0 W1 (BRENIN ) BUE A R Z
& Nb % Ta( P EPLEBEHIALIT, 1988) ,1Zbesk &
Nb X Ta, 1fi AF %15 f7 Na K 305850, K pe s £
# 5 Na K ZZAUEMTE A BINA BBt ot
A KA S A TR LR S E AL S AR,
#HT A (Mitchell and Kjarsgaard, 2002, 2004 ) 57 4%

et al. ,

B Na F WATEA B T8 Nb IR EE, & F 1004
TRT A FI T be g A 1 HE B A5k 2544 1 0 PE Ak,
WA Na | F 2 B FRAK, Nb 3 B2 AR e 2 0N, 54 L
BERRER B R 22 4 B W 2 1Y Nb i 258 Wi il
TE T AR BB Sk A, [a] I P Bl A B K A0 B 4G . 1%
Bsk /1 Na 5 Nb 2RAFI A KR (B 5d), Na
HIAEAE SR IT B A BN Nb B9V DR 2 ik
/> H,0( Mitchell and Kjarsgaard, 2004) , Nb 5 F &
AW B IEAHDCOC R (AHC R ALK 0.32) 1M F J2 Nb
B (LA F B AHE, MRA H,0, besk
A A RERRE NIRRT W AEAR R L Se 45 i, iR
b (&) B B InENgE A ( NaNbO, ) 45§y, F 2 3] 742
RS A EE HE R, LLAR  F AR5 LU SRR AR £ 1R
B ( Kjarsgaard and Mitchell, 2008) , 4 % B4k A1 Na
F 5 Nb &80 A 22 A0 BES A, 1R Na
F A B0 S8 SR FEEK, Nb
55 Ce BT FI G AR (K Se) , 5 REE AHCHE
S5 (R %O = 0. 31) , ] BB 775 4 B 1 5
N R Nb™ +Ca™ =Ti* +Ce™ (REE™) |
4.3 BBRAUEES RS

G JRAR XA A e )z R, R AR X
AT HABTRT R AP P (B 5o HESE, 19945 Su
and Peng, 2018) , A5 f#A Nb,O, 7 & & T ESb
DA (Nb,O,<25%) (MacKay and Simandl, 2014;
Neumann and Medoiros, 2015) , TiO, & m AL T HAh 2k
BRI o 5 A R B i, Ta, O S AR T E A5 i
£1(Neumann and Medoiros, 2015) ., AJAERH MK Z
() Ti JoH: Ta #% Nb B AL Nb™ +Ca™ = Tit +
REE* & Nb* +2 Ca*=Ta* +Th*, JE /8.5 Nb %% Ta
AL BT R AL . A1) X REO & 1 (37. 09% )
T T EAN20%=) , Eu,0, & 4 FEAMYIE 10 £,
1M ThO, (6. 08%) & =ik T E /b (10%) ( F i,
1987) , ML , A X5 A & REE 22 Th, JE AU
2T o — i, BT 50 XA S HAE Nb
P Ta MHIERTL2F R 5 A0 18 5 5 ff A8 il
HOTEMN BB VMG, SffA T Nb 5 Ti 2 R
AR 2R (T8 5F) , AT E Nb 5 Ti 22 ] 1 B4
Nb™ +La* =Ti* +Th* | #" X HA & Th A ERfb2%
FRAE (P EBLEBEHALT | 1988) {H S #4177 Th, +
SN B A7 Nb 75 5 U 2 oa el 4 4 Ti I, A {7
() La HEEEME R AN IR 52 B Th DL i f IE
& BT IR 2 YOS R, B A TR Bt AR v R S
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Fig. 5 Binary plots showing correlations between niobium and some elements

HAMNE Ti F Th FAHXTE Nb Fl La( 3 REE) Jyi] - XRECH-0. 46) WAR B HHIE, 5 Yang 55 (2001) fir
HALREa Y, XM Nb 5 Th S 5509 AH K 2R (M

I AT EE R — 2L
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4.4 BITUERSEEE

AR XA R Y., H Na & &K
THRAMFR , C1 & 28w (P34 2.19%) , BERA TS 52
RZIGATREEAE T & Cl AR, v RE R 7E SR
PRI B, A SR 5 O B
B S Xt — 25 EE T ALk T AR AR Y
PR (BT RE S H,S B S AU (I i 5k
4, 1960) , 77 TR IR A Wk i AL Sk B 5 5 ik R B
i A E A A S A A A R R AU
WAL (CHINAESE, 2006) o T340, AT Ti 5T
$(5.03) Fb Nb Fe ZFl1(3.16) (£ 5)iLL, T
[} Nb il Fe £ Ti—O0 /AR [ Ti,0,, ]* B45TE
R PU 7 BRARAE S T 2R A 4 g B
Bl ND™ + Fe™ =2 Ti , 3 H 76 i Si—0 U i &
[Si,0,, 1% BRE5TE Al A fik 420 DU T 1A 34 o B o O 25 )
(%, 1987), Ak Nb 5 Ti 2IEF 417
HXRR (K Sg) , 5 Fe EARH I IEAIE LR (F
5h), 5 Ba Si AP B AR (FHE R U 5l
H-0.63 F1-0.64), Al REFFFE Nb™" +Fe™ =1 2
Ba® ,Nb*+Fe’ = Ti* +Si*", 5 Cl R LA 1E 1k
KR (FHKERECHR 0.68) , ATREAFAE NB ™ +Cl-=Ti ",
Cl BIFETEARLF HARR 17 N B .
4.5 SHEITQLFELSD

PR L & Nb Ta MU A R W5
PRRBLER D 4 — R T IRl A &40 G 450
(P42/mnm) ( THESE | 1987) . FIGHEk 44040 —FE,
FE Ti-Nb-Fe AR R )@ TLL Ti hE0 84, H
Ti/ (Ti+Nb+Fe ) x100%>50% , {15 Ta 255 [7] 5 B
Nb , WAR R 4 21 A (BB S, 1987) ., Nb 5 Ti
SARF AR AR IC AR (18 51) , Nb A 58 42 36 ot [
ZRMTi, 5 Fe B2AEF I IEFCK R (K 5)) , 7T
REAFAE 2 Nb™ +Fe” =3 Ti" KR4 B, Nb 5V
BRI AR R (HR RN -0.64) , 5 Sc M
FPEARTS (A REN 0.25) . KRELHREPEa A
Nb 5 Ta MM D], R A LA Ta,05 FHAK,
Nb 5 Ta WSS, A T RELPER 2064 (8
PRIESE, 2019) , MTRES W X & Nb M H AT Ta 1 HER
b2 oA G,
5 458

(1) EFVH AF BG4 $ Nb,O; Fa ¥k
0.15% ,Nb FZ LRGN Bakf S ALk B

PRk S 20 A B EAE X 5 FhRA P 7E AF BI5 £
FHIE W& B RN 0. 40% ., 485 W Bk, ek
W IR A 147 23 <90 wm, B4 41 AL LA 90%
DI <90 wm, 5 47 88. 16% <90 wm, Jei™#) 5 2F
HIE -t kAR, 2040 T 55 s A R KA
S ER A AT ORE (] | 5 R A
JEA R T A B A A LA
WETIKGT YT,

(2) kW™ beskAr oyt S AR Bk 4
2147 Nb,O, -3 8 43 5 K 73. 46% . 63. 42% |
28.43% 16.03%H1 15. 81% , HALF W42 4, 2K
G e I 523 o, BBk AT 7T 8 oty AR AR A IR AR
K5 BEL-AT Ca i35 Na 5481 Nb & W EE M T
Na F AR AIE H,0 151 5 % #a & Nb 3% Ta &
REE X Th, B 58" X kb =4 K0, e 55 YK
B AR R 2R R R a1 O Bk CL &
ARG, R T AR A R Rk LA ]
A JCR B Wenon B AE 5 FhERw Pt o
SRR =/

(3) Nb 5—S65u A AE W W AR OG5 FhiR
Wb Nb 5 Ti ¥R IEAEE 0 T OC R, P88k
W Nb 5 Mg 2R AR, s AT Nb
5 Na fil Ce EUFHTAARKR, G ff 1 Nb 5B
Ti M TCRE M AN &, Ak ARk 40 1
HNb 55 Fe $45 HE I 1 IEAH 56 & &, Ul B 28 5 [H]
SR 4 % . Nb,O, 7RS4 il 5 A R i
1 RS T A SRR IR, TR S A 32 £,
5 PR i A FEF 90, 51%

ZAEFERT 2 SR 0 TR o A e - -k
W H B TR BRI 43k G Se R IR A A A
—E MY S, WA R T R e i i v Y
BRAL 21T A, T R R 1 B 4R A AL SRR
SURH S S I T
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