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Abstract: Niobium (Nb) and tantalum (Ta) elements are significantly strategic key metal resources. Alkaline
rocks have attracted considerable attention due to their enrichment of rare earth elements. In recent years,
significant research progress has been made in Permian peralkaline-metaaluminous-peraluminous syenite and
granite as well as associated niobium-tantalum deposits developed in the Panxi region, Emeishan Igneous
Province, focusing on their geochronology and metallogenic ages, geochemical characteristics, petrogenesis,
and Nb-Ta enrichment mechanisms. In the axis of the mantle plume, the Emeishan high-Ti basalt magma,
formed by partial melted mantle peridotite, created small-scale A-type granite and alkalic- metaaluminous
syenite in the magma chamber through fractional crystallization and liquid immiscibility. The underplating
mantle-derived magma convection provided significant heat energy for the partial melting of basic gabbro,

leading to the formation of widely distributed peralkaline-metaluminous syenite and granite. Simultaneously,
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peraluminous granite was formed when a small proportion of the juvenile crust or the Yangtze basement is

involved in the process of partial melting. The research shows that the enrichment process of Nb-Ta is

controlled by both magma crystallization differentiation and hydrothermal metasomatism. The alkaline

magma from the mantle preferentially crystallizes plagioclase, amphibole, apatite, and other minerals through

crystallization differentiation, leading to the initial enrichment of Nb and Ta elements in the syenite. The F-Na

rich hydrothermal fluid from the syenite acts on rock by metasomatism , which results in alteration such as

albitization, aegirinization, and fluorization. The early magmatic niobium-tantalum minerals were

decomposed due to metasomatism, with the Nb and Ta elements being reactivated, migrated, and precipitated

to form hydrothermal pyrochlore and titanite.

Key words: alkaline rock; petrogenesis; hydrothermal alteration; Nb-Ta mineralization; the Panxi region
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Fig. 1 The map of regional geology and niobium-tantalum deposit (point) distribution in the Panxi region
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Fig. 2 The geologic map of the Baicao niobium-tantalum

deposit in the Panxi region
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Table 2 Age data of major alkaline syenite or granite rocks in the Panxi region

H 5/ R i = N WRZN AR (Ma) E =BT
KA TH-14 ARITE A 5 SHRIMP 261.4+23 Xu'Y G etal., 2008
ik CD-0401 pidsEe) #541 SHRIMP 261+ 4 Zhong H et al., 2007

GS04-143 Viaska) A CA-TIMS 2584+ 0.6 Shellnutt et al., 2012
HG-1 R BT R B SHRIMP 2552+3.6 Xu'Y G etal., 2008
KRR ALH-0401 A ks £541SHRIMP 251+ 6 Zhong H et al., 2007
ALH-0401 AL HHLA-ICP-MS 256.8 2.8 Zhong H et al., 2011
ALH-0702 Db R A LA-ICP-MS 256.2+3.0 Zhong H et al., 2011
25k GS05-067 WiAsbas #1 SHRIMP 260.5+2.3 Shellnutt and Zhou M F, 2
GS05-067 IERA B CA-TIMS 259.6 £0.5 Shellnutt et al., 2012
WB-0604 ERKE H:F SHRIMP 253.1£19 Zhong H et al., 2009
o WB-0604 ERKE FEALA-ICP-MS 2558+ 1.8 Zhong H et al., 2011
EM-PZH11 EKA BABYAYAr 251.6+ 1.6 Lo et al., 2002
EM-PZHO01 IERE BB A Ar 2546+ 1.3 Lo et al., 2002
GS03-122 BRI TR #:41 SHRIMP 252+25 Shellnutt and Zhou M F, 2
G0S3-092 EKA #5417 SHRIMP 259+5 Shellnutt et al., 2009
GS04-016 ERKE H:SHRIMP 258+ 4 Shellnutt et al., 2009
MY-6 EERA #541SHRIMP 262+2 Zhou M F et al., 2008
A CD-0401 1L HEALA-ICP-MS 256.2+1.5 Zhong H et al., 2011
TJ-0401 ERA A LA-ICP-MS 257.8+2.6 Zhong H et al., 2011
TJ-0602 IERE B AILA-ICP-MS 258.5+2.3 Zhong H et al., 2011
BM-1-9 BRI IE R A B4 LA-ICP-MS 259+1.0 Zhang Z Z et al., 2021
BM-2-9 BRBTIE R #:4 LA-ICP-MS 2589+1.0 Zhang Z Z et al., 2021
BM-3-5 1A ¥4 LA-ICP-MS 2587+ 1.0 Zhang Z Z et al., 2021
s HC-2 WA IERE 5541 SHRIMP 266.5+5.1 XuY G etal., 2008
a GS05-059 BHEAIE KRS #iACA-TIMS 258.9+0.7  Shellnutt et al., 2012
— LQ-3 BEAIERKS #:47 SHRIMP 261.6 +4.4 Luo Z Y et al., 2007
EM-MMGO05 EKA BABE YA Ar 252.0£13 Lo et al., 2002
BC2003 My e KA B4 LA-ICP-MS 257+0.8 Zeng Z Y and Liu Y, 2022
HH BC-3 AT ILIERE B LA-ICP-MS 257.8+13 E¥itE, 2014
BC2004 EKE HBA LA-ICP-MS 256.7+3.3 AR k4, 2023
P LK12-15 PR ILIER A B4 LA-ICP-MS 256.7+4.4 L‘;’\ 14,2014
214 HGZ-1-12 B B SHRIMP 2572+15 AAETEAE, 2017
KA DHS-1 EKE FEHCA-TIMS 259.1+0.5 Shellnutt et al., 2012
Kz MY-5 AWIERKSA 51 SHRIMP 259.8+3.5 Xu'Y G et al., 2008
TRV oW ERKE #5471 LA-ICP-MS 2598+ 1.7 Zhang Z Z et al., 2019
L HS ARIERE B ALA-ICP-MS 260.1+1.4 Zhang Z Z et al., 2019
1l HZS2 AINIERE BEA LA-ICP-MS 2602 + 1.8 Zhang Z Z et al., 2020

and Liu P P, 2023), MgO, CaO, Na,O. P,O; El"J/F‘ﬁ\
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fESIERK A FAZL, H LREE & & & 4, Ba.
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Fig. 3 Primitive mantle-normalized trace element spider diagrams and chondrite-normalized rare

earth element diagrams of syenite in Baicao deposit, Panxi region

FIREPR A LRI L IE KA B IE Wang F L et al. (2015); #e/8 (1= Bk X EUEBARAE Xiao L etal. (2004); FHIRIMAINIEK A | B BHE
Ka . BINIERSA | SEa IR RA U A S A SR KA B RAE T (2024) 5 BORL LA FSLG Hub K8 Sun and McDonough (1989)

Sr. Ti JCE 7 AL, B3 20k & /0 B0 IX 4E
i A A RS RS I, LA K A
WA KIKZ B IR G (A UESE (Zhong H et al.,
2007; Shellnutt et al., 2011) . 1383 46 B4 & F 1
JCE B A B R $27 LREE & 4, HA A
Eu i 55 %, f i oC & H(E %k W K] 2 7R Ba, Ta,
Nb., Sr. Ti R 5 fit, Th, U LR & &, XA A
PO A A Y Y S 5 (Shellnutt and
Zhou M F, 2007; Zhong H et al., 2007; Zhang Z Z et
al., 2021),
3.2 EfRHhERL

Y HIX —FH O E KA S KA B2 Sr-
Nd [AIf & | 54 HEO [ & . LKA B[R
BB S 30 WEBIKRE, FKE 5K
FRES ORI LG Sr (*°St/7Sr) M AR TE 0.704 ~ 0.706
5 0.709 ~ 0.711 BN X [H] P 5 enq(?) {H 25 5 5 5k
F, R EBREGALT 2 ~ 3.5 5-6 ~ 2 B IX ]

M (% 4, Zhong H et al., 2007, 2009; Zhou M F et
al., 2008; T-¥ri%, 2014; 5K, 2019; Lu P F and
Liu P P, 2023), ZH X 5 A1 Sr. Nd [ & 2
OB IAF W A O, R 20 S a0 E K
R i 5 29 TR IR R A B PR T 1) 22 5%
— 7T, A (*°St/7Sr)  (E N ena(?) AL AR
B A R R AR, A0 R R AR A S S —
1A, 125 (St/*Sr) , {EANMIG exa(£) W22 IH HH X 7] fiE
A T #5443 By BTk (Shellnutt and Zhou M F,
20075 Shellnutt, 2014), 11 L5 F1EE BB A6 (< 4
L, B IX M SR X RUA S IR S A R
FLAT B 0 B 28 OCHK, FEI R e R A A AT
P50 53 J8 P R HAE ( Zhong H et al., 2007; Zhou M
Fetal,2008), FIEANEFRMT IRED ERK A
Jik i Sr-Nd [R5 2 4 At — 25 B IE A 2R Y
MR (11734, 2014) 6

T A ) b 02 i 22 5 b 52 6 P22 2 [B] 1Y) eqg(£)
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Table 3 Isotopes geochemical data of major syenites and granites in the Panxi region

WA EECETHE)  (SSpSe), b O O 5Bk SCiRA
sk (asES 0.7023 ~0.7053 —0.25~0.24
BERR B 0.7102~0.7111 —634~-6.26 Zhong H et al., 2007
—_— Efwj 0.7037 ~0.7058  2.37 ~3.45 Zhong H et al., 2009
ERA 0.7045~0.7047 1.74~2.79 LuP F and Liu P P, 2023
IERKE 0.7039 ~0.7089 -5.9~3.7 Zhou M F et al., 2008
ERA 0.7045~0.7063 2.24~296 57~110 4.1~49 ,
HS ARk 0.7052 ~0.7097 —4.56 ~—2.09 —4.0 ~ 1.7 48~74 Lu P Fand Lin £ F, 2023
TR 547651 gg;(;v ZY and Liu Y et al.,
Faw EKE 0.7054 ~0.7058 0.14~0.92 3.6~ 8.6 46~54 Lu P F and Liu P P, 2023
ERE 0.7055~0.7090 -03~04  03~62 -10.96 ~—10.01
ERAECEH) 0.7044~0.7054 -0.2~0.7 —-13.45~-11.96 FIri%, 2014
ERAET) 07049~0.7076 —02~00 -02~77 —17.95 ~—14.54
FIR 5.67 ~6.41
R CAEEAT) Zeng ZY and Liu Y et al.,
224~593 2022
(B A)
IERAE 0.7032~0.7051 —0.2~0.3 1~6.6 -12.45~-11.82
ERA(EN) 07063 ~0.7064 —03~-0.1 1.7~7.7 F¥ri%E, 2014
JriEE ERAGER) 07055~0.7091 —-0.1~02  0.1~95 -16.40 ~—15.79
L Zeng ZY and Liu Y et al.,
ERA 537 ~6.35 000
KaMeFI MINIERSE  0.7049~0.7050 24~25  89~11.0
KRG URE ERKE 0.7045~0.7046  2.0~22  6.0~103 sk, 2019

KoEEIL AEEKZA  0.7100~0.7103

—-52~-39 -54~13

1 6"0 MYMH 22 AR K, —F RO R AR AT LIk
10 A IR A N o S 0 T Al A B (ke o
2009), MBS A HE-O [F) v 2 4 AL REA ZH B A X
3 LT 5 DX el R o B A7 A R T e AR
TS A Ay TR I . BE VG 1 BRI R IR
HIE R A R A KBS AT 00 H.(5.47%0 ~ 6.51%0)
T e (9'%0=5.3+0.3%0 ) , UK E5 A1 0'°0
1B (2.24%0 ~ 5.93%0 LT 7 A HIBER A, 3X B R KR
K25 T9EMT MREIE K (Zeng Z Y and
LiuY, 2022) o WRJE (R K24 ks i oo fH
e A e A AT AR 60 1E.(3.2%0 ~ 4.8%0),
BRI AR P S R IR A S
459 (Xu Jetal., 2021), LuP Fand Liu P P(2023)
FRE Sr-Nd-Pb [ {7 2 4 BB R AL IFE KA 5 4E
B LS IERA A S IER AR A FEN RS
E=R eI A= R A E =) ERSI LA Y= =
R, WX P R BN E A AT HE-O [R 2 Wikt

BEUR DHs A K AEH, BILZ R, &5 a
end?) TH A TE H. 60 (A AR T MUl (8 Y [F] 37 3 75 45
A RO R AR S i Mg TR A
il 2B ) 2 SRV HVE B M I, endt) i T (E H
S0 A & T e W R0 2 & a RIVN T
MR B 1) vy 2 B2 D7 AR Pk A ) b 7240 45
BRI = (4] 5) .

HAR A TRy B W46 2 (B, 'B) A X BT AR
ZEARK, LR A Ve o 2, RIS E A SR At
T PO I AR BRSO i R R 5 A A G
BRI 2 R (1700, 2000) o BEPY 5L 4P
Pem Rrh B A AR LI &8, FL& 0 IE A Ik
OB (—18.0%0 ~ —14.5%0) [t IF KA AT TCH 1
K5k 6B AH (—13.4 %o ~ —10.0 %o ) i, I 75
RS IR A KT A I - I B B ke A=
B A S ACE L, B[R 2 ) T BE R F-
Na Jit R IE R i, e BB A K -IE RS Sy
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o BEREAMINDRAM + A IERKERMBA
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Bl 4 ZEPHHLIX R AE DIER S (St/S), vs. eng(?) FIf#

Fig. 4 (*'Sr/*Sr), vs. exy(f) diagram for syenite of Baicao and

Baima complex in Panxi region

JEEMEEE Zhou M F etal. (2008); #A A A DAL, H T
IER AT AEEEYE Zhou M F etal. (2008); K5 I EHRYE
FKEE(2019); ARIER A BRI £ 1% (2014); ARG LIER
EHRTIERE . A AR RS SURIR R ET(2024); T
% DM Fbig i A4 Zindler and Hart (1986); Vi Z i OIB
4% Sun and McDonough (1989); 3 Fsihnili o S FI T 3
Fe 5 Chen J F and Jahn (1998)

10
TR AR e
IERIRAL7/D53
8t HHIAE R TR
PN
BAA e
~ 6} stk HE/HE=0.3 J?ﬂd!](gﬁl)ﬁ
$ - -
S b 5.3+0.3%0 ——
S o4l =
O T it Y
o i g AR | ke i me=1y (R
G EanE e T P e
O HEAERA 1 R 255 F o
O HSERE 2 HA R "‘J%M;léﬂ;éff%}‘gﬁ
0 + Joil A BRI . et : S ENAIN
=30 =20 -10 0 10 20

&yt (1)
5 BEVIX AR TS W ERIVET )
BT 60 vs. eyt RO R AL i
Fig. 5 Zircon "0 vs. &,(¢) diagram of the isotopically depleted
and enriched rock group in the Panxi region
3 Lu P F and Liu P P(2023); TG A B9FERG A BERHE Xu G W et
al. (2022); HUlg Y 0"0 fHHE Valley (2003); IR AR & HUT
TR RO DGR VR A e i AR v s RHCRE S M otk
i e BCHARSEAE A/ A B Zhu Y S et al.(2017). HE, S
TR HE B8 B HE 9SSRI HE 5

BOV U &0 A TR R o0 B KRNIE R A
B BARAY 6B B ( £ 14, 2014; Wang F L et

al., 2015),
33 EAKE

R JE 11 B 20 A B e R R 8 s R — A
KAFEGIE, HETFEZA LU JUROULS: (1) 364k
ZR A IR E B 4 S VE A (Shellnutt and Zhou
M F , 2007; Zhong H et al., 2007, 2009, 2011;
Zhang Z Z et al., 2019, 2020; Lu P F and Liu P P,
2023); (2) BB X BTUE KA ARNIRR (Zhou
M F et al., 2008, 2013; Shellnutt et al., 2009); (3) 1€
V5 Jo e A A sl AR b ST i R (2 T
£ 2006; Luo Z Y et al., 2007; Shellnutt and Zhou
M F, 2007; Shellnutt et al., 2008; Xu Y G et al.,
2008; Zhong H et al., 2007, 2009; F ¥y %, 2014;
Zhang Z Z et al., 2021; Lu P F and Liu P P, 2023)
3.3.1 HPE LR BTUA I B A i EH

F IR o A A s 2,
PO S0 b - B A BUAE R BUOE KA 2
U e L v A 2 T M S IR B P A HE R Tk
BRI K 2 oy B 45 i E B =9 (Shellnutt and
Zhou M F, 2007; Zhong H et al., 2007, 2009, 2011;
Zhang Z Z et al., 2019, 2020; Lu P F and Liu P P,
2023), BEPUSRGE A BIAE R A A E R B IRG A
FEMERE A, I B W — B R A S A
L Z R A HA T AL Sr-Nd [l R FFAE, P
TS Sr, Bu iR UM EHEAE TR, #E—
UL T Gk A BUAE KA R s ER L i E K o B
2EVERTE L Zhong H et al., 2007), ZERAE, 404%
Zee M IERAFIE R A AR A SRR S i bk A
SFERHEARL, ¥ A MG (*°Sr/4Sr) i (0.704331 ~
0.706279). 1F exg(?) 1H (0.14~2.96) (< 3) ik ALO/
(CaO +Na,0 + K,0) HAH (<~0.95) FHfik K,0/Na,0
FLAE (0.19 ~ 1.07) BYERIE, AT SRS INK A
R XA AF, 76 3 R ITE A Se-Nd Rz
R WoRa K EA B A nE AR (Lo
P Fand Liu P P, 2023), Koy Hh X IEK A MR
#+11) Sr-Nd H1 Lu-Hf [A)57 22 £ 48 2 W H s Ak A )
— AR, AR IR A LS R X A 2, I
FH 8 A PR S 00 RO 1, 2 R B X T
WA B A5 A E A R (Zhang Z Z et al.,
2019, 2020) . Shellnutt and Zhou M F(2007)IA K
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TEDXBORUEE |, ok [ kA L AT i S v RIS
(R IF K X o B 4 VR T RE A L A 22
TR AR, ST RS IRET,
Bt E Koy B AR B8 7 A /D B Y KDL A I
(Peccerillo et al., 2003 ), {HATS TG fif 228 7 b [X ik
PG IR SR U I 5T A 0]
3.3.2 BEMER R L R BUA SRS AR

— A, KRBV B ALY R (PGE) I Fe-
Ti-V " PRI H DA 5 50 43 T A 5 2 Ak
FEWRII ) F= ) (Keays, 1995), T8 5 L1 A 5
R R A S BB R BP0 C R )
(Pang K N et al., 2008; Zhou M F et al., 2008), H:
J b 5 IR PT RE 2 SR T 2 v T VLA 3 Y v A
(Zhang 7 Cetal,2008), T LEASAOBRE,
b AN A A 2 b A A Y TR R A AR
R 5 Ol J i, FE et R TP IR T KB A
FIFIE R BR s (1 L5, 2013) o X Rl
B IR Fe-Ti & AL IR A I b5 & A Ak,
WS FIE LS BT Fe-Ti 22 Ak Y T A
BOICEIK, BB/ N E R ITA K FiEE
A L VY M DCIE A TR PE B Ak BT A HORE
it — 20 & 4R Fe-Ti @&, i 73 Fe-Ti ALY 53
B R BV BRI 0 IR, B A ik e A 475 A )
BRI K 5127 A (Zhou M F et al., 2008,
2013) 0 SEHA A A RIREIEDT, Y RERR ER A (K h
Si0, ik ] 52% ~ 55% I, MR TT LA B3 2%
Fe & it FIFAEE Fe MY PIRIORTR 1G4 (Charlier
and Grove, 2012),
3.3.3 R BB 5 R A e R e il

SV RE IR ek 4 By a5 T E R R BB A /NIt
HEERREL A K, TCEIE BTG )2 o A W IR
AR B e, T P B 6 I P 2 O 2 M e
35 Tl DU) B BE 4 b e A 2 VG e DX RS e 1ok
FRASAR A S A (2274, 20065 Luo Z Y et
al., 2007; Shellnutt and Zhou M F, 2007; Shellnutt et
al., 2008; Xu Y G et al., 2008; Zhong H et al., 2007,
2011; E¥3i%, 2014; Zhang Z Z et al., 2021; Lu P F
and Liu P P, 2023), FEStafErh, Wk 1L o it 42
BEE R AR 7, R BCEE A R A
Rl (T SCRIAE, 2013,2017)

A EAAERK S . AR IR KA R i
A 25, H Nb/Ta FUIEFI ex(0) H-5 M (E AR
WAL, 75 Yb/Ta-Y/Nb HI T (FImg ) ERE G 1Y
P&TE OIB DXL, KX LL8 A | T8 A A
(BT, 20065 Uik, 2014) o KRR BTA
W5y B AR T 2 S BURAR AR T 7 i
SrotER, M FikE A2 EE Sroou R WAL,
XUCHTHR B S RHCA IR . 256 XU BT
S AN BRI 23 A, SV L R e
PEIE KA YRR I & & R AT BB R
SHERIIE S (Luo Z Y et al., 2007; T i%, 2014) ¢
F AL, BRI 4 E KA WE & T RHC A
- 0 S L R KB A B IR B 0 Mk
JE B #) (Shellnutt and Zhou M F, 2008; Zhang Z Z
etal., 2021),

F S aa PRy SR A b a SR KA TE
T IR MR R A E 22 5 I, A S iR
TR ena(?) 1HH-4.56 ~ —2.09, B AT 14 2 #%
KB eng(d) 1H 1.6 ~ 4.2 (Shellnutt et al., 2009),
FEHHOAS T B g Bt a0 o0 s il m B M R 0
SEEAE R85 [R) I LS 47 B e(e) (4.0 ~
1.7, Ze/Hf HAE Hy 33.9 ~ 38.2, HZ A W] & Nb-Ta
TS, KRRl R IR S 5 Rl 2
Ab, B AE L b ST R R AR AL T ) Ok IR
( Shellnutt and Zhou M F, 2007; Zhang Z Z et al.,
2021; Lu P fand Liu P P, 2023) . AN[E4 5 KI5
MM AR S Rl R 2 A L R TR R
RA I B 225 na K . BRI R SR BAE i
A Zr. HREE, Ga & AN, Ba, Sr. Pb &4
45, Nb 5 Ta S5, miwlh (*°Sr/*Sr), fE(0.7102 ~
0.711 1) FIT exy(?) 1H(—6.34 ~ —6.26) ZE4FAE, 1
FCRTRE R AR IR B M S 80T B re 2y
B oo b AR B ITOAR A2 BT AL TR A Rl
RS (Zhong H et al., 2007), HAh2# 2tk W FERR
T AR AR B ok bty ORI et AR 52 i
AR R (Xu Y Getal., 2008),

4 HefH TR & AL

T Nb., Ta JLER I A 1S & BEALH],
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FBEBEAEAE PR (1) 538485 M8, Al
Nb. Ta j il o 7 K 25 il A o R i 4, mdbE
FAIRICEE T AT N, Ta BUTSE A0, (R AT 1A
O & R RN TR, & F - Wds i
Hf, Nb. Ta 255 9K R i UL UE fi H (Xu C et al.,
2010; Stepanov et al., 2014; FRMESE, 2024); (2) #
WA AR, A I A e S & FL Na 19 H 22
AR, 5 RIS & 0 AR s A 0 Y s E )
SR, i Nb, Ta TG &K FIK & 4, A VITES i
(Linnen et al., 2014; #7125, 2017) » Bl i S 4E
AT AR BT, X R AE A 4 A D A7 ke XA 4
A TAERWTE I, X 4RAH TR & AL G 0 PR A
BIRA, 48 AR T i I B AR EE B — 1 1
WAE R, T2 22 B A S [R) 25 31 (=0
2024) o 1F 40153 At Jeh 5 Bk R - 1E K 244 Nb-
REE 8" /K R 25 08 J7 S B 1 4% Nb-Ta &7 4 Bff
FRY, TR B LR ARG oy R E
WP A AV E R SR [, HORHA SR B B
Wi s SR VE R O L, SR A 28 AR A TR Y
FAL & (Ying Y C et al.,, 2020, 2023; Wu B et al.,
2021; Zhu Y X et al., 2022)
4.1 B 1E AL

BEPG L PR R R 1 b DX LR (g B
RVGREHT IR, I IR B 0 A R 3 IR A K, LAk
FAFEWE S 257 ~256 Ma( |-y i%, 2014; Zeng 7Y
and Liu Y, 2022; =i, 2023), 58 1Kk
B AR PR A AR &, FRIIZIE K 5 ] fig
Ry U JE 1L s 20 b A L Sl e B (73 LK
TE,2017) o BEEWFRRITRA, X P ERT IR
FEAH LA VE FH R B H BB A (D 5 IR %)
1, B8 B (2004) TEFI B B R IR P A S
ik A7 e WA S A AR Pl RN B b A AR e AR A
FH, IF48 iz IR 3200 11 O =X ik
WAE s (2) FERAE (2014) AN ARAHT TR SRR A
G5 AT SR, IER A MO IE R S B K 2
Ja BR AR R UE— 25T B 5 (3) F 3% (2014) Al
Zeng Z'Y and Liu Y (2022) ] 37 553 45 5 /3 S A
Je S FRR A P 2 ] 92 T R B0 ™, 01 SR B B
B EH T 2R W IR A2 i AR e AR i Ak B
FERE

FE P PEIE K A K Nb, Ta % & &, Ba.
Sr JCE T, 5 Sr ik Nd, Sz B H A I8 i L s
HEA AR AR =8 (Wang F Letal., 2015), MG
W Bk B & 45 K, Tio,. CaO. MgO il P,0s &
WhEE Si0, & /A N>, Eu, Sr H1E S8
RS, A RN A R L, RHIERK
ERGED T REA A e (R
2014) o TERERRERMRZR T, Nb., Ta J& T 5 BEASAH
BIOLR, w KA I G Bl A v 54 dn, B
KA. Bk Saif . RN A ST WL SE U,
SR A AR Nb, Ta JCRE AW & 4, ik
H1 Nb, Ta JLRIXFE AR F, CL SN
RFQK A3 IF, Nb. Ta FFIRDTRESS G (Wu
Betal., 2021; Ying Y C et al., 2023),
4.2 Ty WIER

BEVG I X PR IR T T A [R) AR BE 1Y
PARVEFH, X Seph s ] F e v se A VR T (58
A-RmEat. gikath. ek atk) . Ak,
b CR A BAE . 45 bAb) DL KRR Eh AL it
AR S R, 2004; #4455, 2007; T ik,
2014) o LAFES P EGRERT IR R 5], it S AR AE
FHRFERAER 2 K E, BiE R A -
FARIN A -5 - M A o 0 AR T ) A A R
(FRA5F, 2024), FR-ENEE AR BN AT IR 1) =2
W ARBEL, BRgsE e A PR 2, Jeias i i 2

FEEAS PR IR T, FREH T R A b
Sefr, RS, B W ST Y, B
&5 S A IR R e A RN R R A S TR W
Na P (B AT 584) AR, [ 1A ik 52
TSR EE A A A A i AR VR T 10 i, 20145
Wang F L et al., 20155 25 5 ik %, 2023), XA
ZAAE A R TR E A & % (Ballovard et al.,
20205 Zeng Z Y and Liu Y, 2022) . SE8 A A <[]
BF R, F A TEREFE K Nb-Ta 48 & W 7E T4
MUIREE, X4 F LA B 0TRE R, S 30d 71
HPRIRAS Y Nb-Ta 255 W) & AL A8, TFIRSS fh ik 48
B LR T R A AL P Ak 2 5
(Aseri et al., 2015; Yong T et al., 2023) , H3KFesR
A A SHREEA R E ., MiET R AR, 5
# HATHE R A Nb, AR Ze Fl REE & & %
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(La/Yb)y LIRS, 3X AT RER & Na. F ks
BT RIAAIAA (A, 20195 4= 22 ik5, 2023),
fifi Nb, Ta, REE. Zr JCER K 5 0 BLAT
R, BT IO R B A TR S50 Wy sl SR B T AR
Rk A ., MEAT . WAL S50 )

5 4518

RSO SE LR A A AR 2 P i X
BTIE A A BCA S, BRI 2 AR AE | A IR
PECRIRLIAL, DL RAH OGP AR R L A, Bl Bl i
AERHT IS BT T RGLE4S, 1 I LR £ 5
UNE

(1) ZEPY b DX 22 7100 Wy 285 PN 6 1 —
ZR A B - -0 R B E R AR R A R A
R, oA AR T A P E~258 Ma; Joy it IX IE
KA BRI LAy~ 257 Ma, A Rl
AT TR 22 11 R PN AR — B8, T RS 1R
P TR 5 o

()BTRS RA R R Z R, A
SKURBEA Mo o3, SCA e IR A . BIR
Ui, i B BAE B AR A BOA R R ek
P T ARERIE T A8 B s o el P-4 R T A
HRIERA (AT IR ) SR e (R
ORI RIIE A 18 IR 2 BB Iy B 4G I RE S A
A BIFE R e R B - AR T E R

(3)BEVY 5 P R B PR B PR A B
VRIS e 3 205 i o3 S AR R S AL R o, T
£ AP HICER WA TS S B AT PRI Y 2
Bl AIORWHE AL Sio, B TR, RHCA L f
INAT ., BRERE 4522 Nb B IO b o g 4, f
PRI AR A A 5 SR 45K 1 1 Nb | Ta S5 AAHZ
JLER, R A AR Y o s S R By
B, IERSA TR A SR LY & F-Na JifAse L
I PR A YO 2 A A R, 2L Nb,
Ta, REE 20K BTG (L IFIER%, U & Nb,
Ta HJPRIBBRERAT | 4155
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2R AR F B LT 5K ORI AT Vi U T 0 M BTN b S
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ARk 2R, R 2Rk, N T 5. 2009, 08 A
$e A P U4 FHE LU R A8 B R 8 B P A T AL
Hf-O [A] v 2 il 24 [7]. o B BL 2% (D %5 Hh Bk RL2%),
39(7):872-887.

XIHEE . 1996. b & P S e Ak 5 ™ (M. BLAR: L
FRHE I A

BT R Sk, A 2, 8 /IR 200618 2 P AR A 18
A ERS G A 1L KU R I R AFA R
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