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Abstract: Highly fractionated granites, which are associated with rare metal deposits, have become a prominent
research focus within the field of solid Earth science in recent years. The petrogenesis and metallogenic specialization
of these granites are the primary areas of investigation. Some high-fractionated granites exhibit distinct geochemical
characteristics, such as the decoupling of twin element pairs (such as Nb-Ta and Zr-Hf) and tetrad effects of rare
earth elements (REE). Understanding the genetic mechanism behind these is crucial for gaining insights into the
formation of highly fractionated granites. In this study, we aim to summarize previous achievements in the
twin-element decoupling of highly fractionated granites and discuss the role of magmatism and hydrothermal
reaction in the fractionation process of twin elements. We propose that the Nb-Ta decoupling is caused by the
fractional crystallization of hornblende, biotite, and other minerals as well as the later fluorine-rich hydrothermal
fluid action. Among these, hornblende fractional crystallization has a greater impact on Nb-Ta decoupling than
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that of other minerals. The Zr-Hf decoupling is mainly controlled by the fractional crystallization of zircon. The

tetrad effect of REEs is formed after melt-fluid and fluid/gas separation of magma that has experienced high

crystallization differentiation and is related to the separation crystallization of monazite, epidote, xenotime, and

zircon, as well as chlorine-rich hydrothermal fluids. In addition, it was observed that the decrease in rare earth

content, the reduction in light to heavy rare earth ratio, and the strongly negative Eu anomaly are also related to

the fluid action and the separation crystallization of apatite, epidote, monazite, and other minerals.

Key words: highly fractionated granites; twin element decoupling; tetra-grouping effect of rare earth elements;

fractional crystallization; hydrothermal fluid
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Table 1 Characteristics of typical highly fractionated granites
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Fig.2 Distribution of Himalayan leucogranite (a), Yashan granite in China (b), and the Beauvoir granite in France (c)
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Fig.3 Diagram of LREE/HREE-SiO: (a) and the total content of REE (b) for the Yashan granites
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MAINATIIDBCRECN 4, Ta H 1.25, Dno/Dr>1(TFE (THEEE, 1993), £HB A B4 FHTHEH Nb-Ta
BE, 1993). MMINASELE M S ETZH Nb, i, BRILZ 4, = -ENZ2REERR DY), &M%
il 5% A 5 1R b Nb/Ta (BB IK, Nb-Ta & 4 . 5k T-O-T Z5HZN ] LI HAL B 7ol 3L A, #ify
Tiepolo et al. (2000)i# i L4 R, MNAMIXS  &JBICHE Li. Nb. Ta. Sn Fr] LI\ EAS B I
Nb-Ta f##EAT 5% M . Stephen et al. (2002)fF 53N HEE (19 Al .Fe Mg %5t &K, HIL = BEAH H A 501 Nb/Ta
5 £ (Mg"=100xMg>"/(Mg*'+Fe?")) £ 5 W) /1 [N A X (B4 7 B AT BeME(E VR4, 2019),

Nb-Ta W fEAE, HA Mg'<70 2247 1 A IN A A BE s i S LA TR o AL A T DLRI B (3R 1),
f Nb/Ta {8, HEREE Mg/, sH@rERG R, @ I Dao/Dr<l(BRER ST HEE, 2015), /D4
Wi, Lietal 2017) K BUREAUAIA HO it 2040 Bs 45 i S i ik Ay 03¢ Nb/Ta {67+ . (H
SRR N AR No il Ta bR EZER R & RARE A rTREX 404 Nb Al V40l i
T RMOK S ESSBCRANA SRS REBIE,  W(Liuetal., 2014), V/EREMMEICEA V3.V
o AR ELE O & s — e, A SR T, VI3 TMA, Hirp V&R DU & 204 iy Tiv,
SR AR BURINA M REAR, ARG RIEME i V ESLa TP AR 52 MR, Nb ATEUL
Db Dra Fl Dxo/Dro ¥G 901, 311733 Nb-Ta fift4 . TiY A0, WA Nb-V [R5 55 4 5 F 1 22 B A 56
RIS T, Dv=6.37, Dr=1.48; 1Ei40 LR 6). YR L LA, VRS REHINAE L, ]
JRRRIE S, Dv=4.07, Dr=1.71, Mi#HY] Dn/Dra>1 320 Nb ZMiE R 4L(Xiong et al., 2005; B4 IE4, 2018).
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Fig.5 Diagrams of Fe:03 vs. SiO2 (a), MgO vs. SiOz (b), Zr vs. SiO2 (c¢), and Zr/Hf vs. SiO2 (d) of Yashan granite
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6 NUAHIEEBEEPHELIA V-Nb BfE(ELA V.,
Nb #3545 Liu et al., 2014)

Fig.6 The V vs. Nb diagram of rutile in eclogite of Shuanghe
profile

R4 40 B e, Dy BRAK, Rfifgit T &4 A
Nb 2. FL UV PG A L 414 65 A A, 10 5
G5 30 7 2 R e o R A R St B n (2 T R/
T, 2013), 4214 Do 35K, A F]T Nb-Ta fi#fl. HH
AR SR AN AT YR, RS RD,
{H Dxo N 4.9~88, D1, N 1.3~7.3(Prowatke and Klemme,
2005), A IR A A 43 B 4G ke TR 2 Nb, 1]
{3t Nb-Ta fEFH .

NG BRBE . 2 LU o B4 X
Nb-Ta fFEflTE BRI, (L E AT R 5% i 2 B A e —
FEZES S E NI BE R B L ORE, AN A LE IR AR TR
P A Da/Dr=3.2; B = B 7E 4R R M A
Dno/Dr=4.3, TEIERIRIRYE ST Dao/Dra=2.4(T H BE,
1993), iX 2 Fp- P M/ e RECFORIFEIEA K. &
C1f MR AR R e, SRR, e
216 Dno/Dra<l, PN UL 4 21 3 FOAE A7 43 35 45 d %t
Nb-Ta f#ARF /N o 2o RE3 70 A R AL e 39
e K AR g, Hasaiimbe TAaNa . DU
WAL b A R ), R — SRR R 7 Nb/Ta B 7E
3.80~4.91 Z[u], ULEFfINA O 45845 B 4G i,
WA TR AN T4y B 25 B B B = BEAE A By
B, MO A% MBS, L Nb/Ta 5K
1.45~2.48 (ZETEFI# /N, 2013), S5ERRIFAT Nb/Ta
HA7.60 M, £ =N A B, MMINA 5
BIZE R e 2, Nb/Ta {8 E 28 %k A 5 R B B %A1,
M5 IR = BE5E 2) B 45 e, Nb/Ta {H A T T R
LI B AR AN AN A N o 25 R EIHE LR 5 25 AR 1
T BEAE XA AT R AR AE T A R o BE 4 B A A v
Nb/Ta {H 5 B M, XA 3 0 16 5 5 TRt 2k 17

i BER IR, BEE AR AL, KIS IE K
FRMEE BB A — H m BE R A — B s G
A, Nb/Ta {HZ #i AL R, 2016). Horh B BEE K
S ND/Ta fl 4 4.69~6.41, 117 1127 -1 R 4 rh R 2 1
JLFE R E a4, H Nb/Ta fH4 1.16~3.19
(#hTN, 2016), SHEILAL R AR, Pk, FRATIA
hFEIEANAFR DB B 45 G T Nb-Ta
fife R, 1 ELAA A RS IR R TR R

o AL R A Ze-HE WER I I i F 4 .
EEVEERAY Lizio Hidk Fl Questembert b 3% (4. 4E
A B R . Questembert [ Lizio XA 3¢ 18
RS, RN Sio, F i, Batkgi®
A, R BI R EI . NGE Ty Mk ik = BoE R
%, Lizio iBREES, Zo/HE (HAE 30.0~34.6 ZIf], T
Questembert Hitk Zr/Hf {HH B AR, AL RI7E
23.9~32.7 Z ], Questembert Hi3 Zr-HF fiFf 5l 2 2 T
Ko GZANMRL, Lizio {ibte:h Zr S5, Hri
KRG o S WAL B A SR LRI K- (100 pg/g;
Bruce and Mark, 1983; Tartése and Boulvais, 2010), Tfi
Questembert AL, Zr E BRI, A 25 ng/g
(Tartése and Boulvais, 2010). AH{LAYIE & A= 73
A HE LI 414 A, RN = 20 REAE 1 25 21 I 0 1
= BEAE B A R AR BN W R i R, R
W A BB A Ze SR Zo/HE (ES 5 T
BB A (K Sc. d), R AMERAT Zr &
] AR 13 pg/g(FETHFIE/INE, 2013), A3 AL
T = T = 40 SEAR B A, Ze SIS, I Ze-HE
AR RS B R 5 02 Zr, HE FEAE B A A 2 23R,
RS A RYE, Ze Ry EEITEN HE HME TR, &
AW EEMPBLNET 20 Zr, 75h, SERIESE,
AR BT Bt SRR < e 2R v, HE R AR S5 Ak
H4/m(Linnen and Keppler, 2002). K i, Zr-Hf fif il 3 2
T TR B A o
2.2 RAEBUEETE

AN TR 20 B s 1A ) 29 26 0 R TR HRAR & R Y
SECRBERE SIS, 2003). SR ERk A BA R
B L Jm e, L, B IR AW o =)
JU% 1 B TG R R s AT 4 J 4K B (R AR T AR, 2017). 4%
PG &R0 b LI IR 45 R R B, IR b iR Al
XA HLO. Li F. CLE)RYE LN WA R ICRE
RS AR R B

JNEEK Tanco flidfra A b EZAHE IKZ —,
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B AR 52 Ak e T A F A AR A S A A A
o = BE s S e, HIRAR A s b Ta
i i (29 400 pg/g), -S5O PRARA C R AE =
Nb.Ta &1 B [#K(Van Lichtervelde et al., 2008),
TR E VLU AE LA A 4R AL A T DO ER ) 5
R LA BB AR R A M s R
Y B, H A = BT REGR  R A =
Bk, Nb. Ta & it W FEA(Li et al., 2015; 27,
2015). X EERFRATIAARAE FHAE SR 7T 2 A A 1 1)
] BEAEAE A AN A5

X 2N F 45 (1996) A FHAE LU A 2 BEAH K A8 B A 1F
77 Nb. Ta fEARE MR FHEMER. WAk, &
PR O SE S . 25 R KW, Nb, Ta FE A
FRRERRER AR, T E Nb., Ta EM/FAK R PRy
B R RN DY >DY o XA Nb-Ta fifdl A — & F
FERSE I o ik LA B A R S v 43 S5 A B 1 LAY
FRER, INEIIY 25 BE A6 i< 7 21 0 30 00 3 1 B s B
fedsr, Farm il g & 7a), 3] REE 1 UL S
PRI AR G ER Nb-Ta IR w HEMHE . B
DIFASFE(1996)TETRFT A T F 5 8 L B2 1) OC &R
R F ERERREREA T, 5 5 5 O
Fo B F i m FAAEARR R ARG R, #5377 LA
AT YIRS | EASEE FUY, BT F
W S fe i K s Mot 2 a TR, $RAb s F 44
W EEHRS1979, 1992)fH & Nb, Ta K A1 164
i R RE RS, #E 800 °CTEIE . 1300 MPa, 72 h #%f4
PR AE 7K B ATl FE i HF 35540 Nb | Ta 764
I R AR A R TR A P A A LS5 . SRR,

RTINS F R MRV MR 5 AL A A AR T A R
KEAT Nb | Ta HFCE] TS o, 5Bl E R
PR, #IEFARA T Nb., Ta BES WA T
AHT L AN, DMK 0.01~0.14, DIt A 0.004~0.015(F
FoR4E, 1992), Ta bt Nb Bl ] F DAE (R AH 56 A S
PO B HF %R0 B AW &, DY /DG A
A 3 = (B 7b) . 4% Bl i 4 ) ik W A7 7E BT
Nb.Ta & & P 7E @ i AR H R e T KK
#asm, 1M H Li. Na A4 54 T Ta 72 HAM M E
. PR Nb, Ta MEAYWELRRED—ER
[, TER IR LGSR . B R b s Bl
W, AIRERY Ta 7E PN S VLM Nb/Ta {EH
TR

F X A6 1) 25 465 1R 100 3 A8 R M A A7 At 2550
A BOCHL R N BE AR, 8 R AR LU AR S8 AR 1
SR By LR . RAL, RERRER IR F ok BERG N
B BEARK [ AH 2R V5 B2 (London et al., 1993; 23 Al /)N
Je, 2013), FEiie 3 IERK LS ] (Chen et al., 2014),
5 AR LA . ANLanitt, A F iy
i, Foxifad B4 O B0 R AR, TR A
R BN B T [A102], AR AT A8 B 1,
YR K AR, AE#F % (non-bridge oxygen, NBO)IH
Jin(Keppler, 1993; =& A8 /NE, 2013), NBO ¥4
SR EEIR ) Nb | Ta & #(Van Lichtervelde et al.,
2008), 1 Ta B F2F42(0.73 A)LL Nb By 7242
(0.70 A)HE K, FFLL Ta % 5 5 NBO 45 & # B 7
R (ZE i A E N E, 2013), S5 Nb/Ta {HIF
Ko 3 HMA 2B R A o A K A TR L

10 g 10
F (a b
F (@ A-ZBESE o ®
2 St
PP ’ BEBERE
1k O EEEZFUHE 7F
5 E§ ()_
S ¢ S st
3 £z
A a 4t
0.1k A ‘i sk
2_
L 1F
0.01 - 1 1 1 1 1 1 1 1 1 1 1 O 1 1 1 1
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(a) ML ZE 5 o5 B A PR T 225 A /N iz, 20135 (b) Nb, Ta ZEANA] F AR 19 43 BE R B BRI T £ E 2R 5%, 1992,

7
Fig.7
about Nb and Ta in different F-solutions (b)

HWTE R A F-Si02 Efi#(a)F1 Nby Ta ZEAE F iR TR DB R B L ETHLE(D)

Diagram of F vs. SiO:2 for the Yashan granites (a) and variation diagram of the ratio of distribution coefficients
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A BEA I SR A AE o B S B S5 (199 7)FE X 4B 1%
6 A RS B, TR A KAk & v, H,O il
COL IRZAL Tl TR . 456 Hanruson (1980)F11 Mysen
and Virgo (1985)%2 H it 5 i 2K
14NaAlSi;Og+13xH,0=981405 ,(OH )2, +8Na(OH)+
8AIP*+6NaAISIO! (1)

10A1S130;5 +2C0,=6A1Si0; +24Si0,+2COT +4A1P" (2)

M ARG et RO, 2)m AT, 5
F XM AR VR FIZE L, IR IRIB R A, #E1fi 5] NBO
M3 N, FE Nb-Ta fif#Hl

FAESE, KRR RY], Nb-Ta-Ti B9414 AL
TE—ELFINEZER, @ Nb, Ta 7 — & 5504 T HHAE
WA R f P B 5 1T 1T #4 (Gao et al., 2007; Zhang et
al., 2008; Huang et al., 2012), % 421 f1 A At
A DME R 70 Wy ke AR 2R vh E T 520 Nb |, Ta
£ & (Philippot and Selverstone, 1991), &2, JCitHk
FOALEL, & AL A Nb-Ta RYFEFE -5 TR Y]
K

BEAVER Ze . HETEAG A0 2R, HA
o et FEE R, T IS ) IR B AR, PR AR A R A O
S M K AR T, 854 2 kb T— A &
IR R, RMEAR L IRIA RS He, hiRFRE . PTLL
Zr-Hf R F 2245 TR A 845 5, 2 mA e

R /N
3 WtonERSEARTHE

AT AL B B e R BRI R
3T Ot RSE FREHE, ARER
0 HEFEL, @FMEFIY Eu fi54, O
JGE PSRN 2 A HOn R B R REIL . RER
+ IO R /N f B 8 Bu SR LR
H Ay A6 KA B9 HE (Miller and Mittlefehldt, 1982,
1984; 5K, 2004; 220 ME/NE, 2013; RAEIC
&, 2017). VAL R A A6, R IHEI I,
+IoE S BB T, HEM 10K (LREE) M EH#
T ICEHREE)JCER & m B (& 8). i 5t & MAHHK
T LREE 3 5, HREE & B8 {b/NI& 8), HZE1E
e 101 8 R 0 < BE AR B 2 B B R A3 A o 1 B HREE
FritE T LREE MO0 PRI o0 3% S ffe
i £ UK HAE AT £ 2 i LREE &8 KRB R %
SIS, RAMICHF (20174 BLff B i & LREE 1Y &5
Py (L6 an b A BORE 15 40) A 2R 3 B 45 il I 45 2R O X
T IUE R, B AL A K B A, 0 S

S5l Si0, S, ISR T INE R, SRR
KK LREE [t HREE 4 5 ¥t AP0, DLk
A1 WA A RN R (R IRAEAE, 1992), M
LREE 7EWf KA . WA A . BiUE A b i 2 B R 50R
B, KT HREE(E 2). HEIRXLEFT YD
ISR R T 2 N N N e N 2 N R R T
RS2, A8 RN £ WORL 5y B R, &
IR AT fE W A2 BR, LREE B 2 47 5 (Miller and
Mittlefehldt, 1982), HREE I 5 £ i A B @420
H, WFIE R AR AL LA S AR G A, BT LLAE
MR AL oy SRR, WA R AN 233k B R,
AR 25T B LREE Y1/ (Keppler, 1993).
AN, BB RN T ¥ BY Dires>Dures, S ¥ A
ST, WA is R ER TR L.
BE A B Diree<Duree, [HIER T F BYAAE AT DA fin gk
AT R, WD B RS A B . BEE A K
Bk, JEURT PO REE R SR, DT AR IR
FR R B A N B RO A (Keppler, 1993), — &R -
BRIUE T 4R HREE /K, (e + 0% AR
i BLAh Bu ZEBE K A7 LA SARHE A7 7 A 43Tt 22 500
T HARS RITR (R 2), HIX 2 B LA S B A
AR S R Bu (RS, 1K Bu f 29 .
RIRAESFE(1999) LhiE ) 11 A = B1 AL i< 4 (o fs +
JCE U4 218500 R ) S W4 4, 7E 150 MPa,
850 °C&MF T, AT T ALK A& 5 NaCl 3 NaF ¥
WA EAE RIS . G5 R W, TSI vk
B3 (WS R A A £ 00 2 8 5 3 R R R 2,
YR F. CLUARXS A6 < s R s Lo R A —&
FEWLRE ST o T WA B B8 AR B AR A A A R P R o
ABUER W LR AME LT ENHNE, W
FEUEW], A 2o 58 A R AR L AR AR R DMK

15
—_ B A
10f
3 F ¢
= [
m A
5 ot AZBERE
T 5r ¢ EEBERE
L ® EEERBENE
Or....l....|....|....
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LREE (ug/g)

B8 MLFER%E HREE-LREE 25 1k B (HE 1L 78 b4 44 Al
P FE /N g, 2013)
Fig.8 The variation diagram of HREE vs. LREE for the
Yashan granites
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Table 2 Distribution coefficients of rare earth elements in different minerals or systems
UREANA La Ce Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu ks H
WA 328 366 368 267 40.0 138 \ 7.60  9.10 530 7.00 2.80 3.00  THEEE 1993
WA 2003 1731 1234 646 101 \ 206 137 \ \ \ 235 246  THEEE 1993
s \ 3397 3152 2735 1290 1859 \ 770 \ \ \ 1020 \ RS, 1992
A 16.9 168 133 144  16.0 \ 37.0 102 \ \ \ 527 642 T-HEHE, 1993
R 0.590 0.480 0.470 0.370 1.94 0.310 0.380 \ \ \ \ 0.580 0.540  THEHE, 1993
A 0.570 0.430 0.480 0.390 0.610 \ 0.260 \ \ \ \ 0290 0230  THEEE 1993
HRDE A 9.04 861 810 7.4 611 \ 4.10 \ \ \ \ 3.99 533 THE, 1993
R WA 7.64 662 608 475 184 \ 3.69  2.83 \ \ \ 228 248  THHE, 1993
w F ik \ 0.020  0.020 0.020 0.020  0.020 \ 0.020 \ \ \ 0.020 \ RS, 1992
& Clifk \ 0.033  0.032 0.030 0.070 0.025 \ 0.023 \ \ \ 0.022 \ BRI, 1992

T IR TOAH R

(10~100), i Dy"#/15(0.08~0.15), K, F ft S 1E
JER T, ClL LA mARA s R R RE 145, 2003),
(K> HREE HLA3 57 5 i H far /22 4% L (DA La 119 2.56 £
Lu £ 3.00), ArllY5 LREE #it, HREE A] LAESE S
F 45 G TR R TR X B B (B A &) 2R, filt
ISR iR A UK WHFER . (Bl T Eu HLA/2R
RH(1.53) e A # £ e RN £, 5 £ 2w 3
Tt B, Bu iR EANMUZ 5 B4 g, 320
PR AR B4R FH 452 0 (Chen et al., 2014).

FOT AR KA 2 WoR L IT R U AN, X
JE LT Y MR AL BARE . ST s R Ay
AN Y I HLER, AT AT T REMF SR T
FEMBE, EEMAE 4 FORRES: Q55K S
Wa RER LU RBIT WH A NA S, Qib#E
AL P 3 1 FF AR R S5 F IR 5 AR i A
HAEH,; @BA S B s a ik 2t T AR S
ANVRVE 3 B 0 A8 14 1 22 AR (R 4k A2 45, 20135
FEHEIIAE, 2017). HETZECFEFH NG ALK S
W 03 U LR P 28 0 e B B A S 2
PR 5 A 5 i AR B AR R B GBS IR 255, 1999, 2010;
RARITCAE, 2017). FEA KA R W & A = B
S G ENE, AR BUR B AR, KR R
i LT ER b ERALE AT, e AT 2 Ak o
ke G PRTEZE, 1992; Bau, 1996; Irber, 1999).

ARSI, Wi touRWAl S F. Cl S#R
IR A RS, 5 2 FPECA YA A 1
SR RBEA —E 2R BIRES, 1992), AR5
Bl RETERLEM, MRS E F BRI S
PIAE S VR AA 22 18] 1) 43 i R B0OTE B o 22 52 (R IR
%, 1992), {HE ClFARXTAS [ + 00K 40l R BGY

Wi AR (% 2)o BEAh, KSR (2009) 4T Y 10 R
FE I AR JTTAE 5 5 AR R AR 8] 43 e S B R B, 7R+
TCREERME F AR Z 85 Bl IR A7 76 U 3 4
RN, (HEHREE Cl. HCI FA1E B0k S B 7E pa Kk —
KRB 43 5, 7 AR AR T AR R R oo R
SR . Monecke et al. (201 1)i# i #2244t
W], REE-Cl 455 )30 <M AL Y 73 4 %007,
I REE-F 2% & 4 S “W> L U 43 el %4 i, F H REE-F
KA YA A B S P B TE S CO R
FHAYHEC, 10 REE-Cl 2844 E20F AJARAH, PR
PR Hh B MRS 1= 0 3 0 43 20 RO 2 T AR -
Oy ES IR I A R . BT, KA B A M
T 0 2 DU 43 20 4 AR U2 22 B AR S M A
Z I WSS AR A BT B (P 4k 4R 4, 2013)

BRI Z A5, BP0 AR  5 B 25 o i o AR R
AP AR GO, A A A Y (Pan,
1997; Duc-Tin and Keppler, 2015). i F5(2019)if# i 32
TEIUE MR TC R X ) o3 B 46 R AU
G598 DU 5> AR S AR B DN TR A3 48 7 B K
. R AMB B SO EEN T, FEMEA
RG24 B3 435 A T 7 A T A

SEETT AWK E, TEAAE TR 2 oIk &
U, G R B AT 50 A K S AR R
3 B 4 it A B AR R A AR SR ) o B R R
Wi, AE T B LA I B R (M D) Fis 4 6 2% DU 4321 5%
VL ) 1R 43 S AR I

>

4 e

=
2

(1) W ¥ 73 B 45 di R AR T 2 52 W e o0 e 46
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B BRI T R R

(2) 3 AL B A BURLIR DG Nb-Ta fif il 32
ZIEM TANA . RS0 B 45 LS
W FRARERIS R, Ho A I3 A 73 B 45 X Nb-Ta
FERR S K T MR B Ze-HI AR IN 32 052 2 1%
AT A, JE S RBOR AR TR N

(3) iy AL K A i 0 3R DU o3 ROV S H 42
Dk e B 45 ot 3 S ) o AR R R R AR U
EAERIRIE M. ME A, WA AL PR B O
SEOTY) Oy B A RO LT R SRR R,
R Lo R SRR BER L AR R
5 ZUGL Bu SR B4

B RMAGEELRFERAEAMENFL, &
6% % EEBRE SRR ERARS.
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