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Abstract The tectonic background of Yunkai massif in the Early Paleozoic has still been controversial. Studying on the garnet-
bearing charnockites cropping out in Yunlu-Longxiu area may provide important constraints on the tectono-metamorphism evolution of
this region. Detailed petrological studies showed that there are two genetic types of garnets ( garnet [ and garnet II ) within the
charnockite, and a three-stage evolution is also distinguished ( M,-M; ). The pre-peak assemblages (M, ) are composed of garnet +
biotite + plagioclase + ilmenite + quartz, which occur as inclusions within porphyroblastic hypersthene. The peak metamorphism-
anatexis mineral assemblages (M, ) consist of the equilibrated association of garnet | + hypersthene + biotite + quartz + plagioclase +
ilmenite in the matrix. The retrograde assemblages (M) are characterized by garnet Il + quartz corona ( ‘red-eye socket’ texture)
after coarse-grained hypersthene, biotite and ilmenite, together with the formation of biotite + quartz symplectite. Thermobarometries,
average P-T approaches and phase equilibrium modeling in the NCKFMASHTO system indicate the the three-stage evolutional P-T
conditions of 720°C /7. Okbar (M, ), 835 ~810°C/6.5 ~ 5. 8kbar (M, ) and 740°C/5. 6kbar (M, ), respectively. The petrological
observations and P-T calculations suggest a possible clockwise P-T evolution path, which was characteristic of a pre-peak minor
decompression associated with obviously heating evolution, and subsequently, a post-peak nearly isobaric cooling (IBC) process. LA-
ICP-MS zircon U-Pb age dating results show the two weighted mean ages of ~431Ma for the cores and ~243Ma for the rims. We
propose that the peak metamorphism (M, ) and the followed formation of magmatic crystallized garnet | might occur in the Early
Paleozoic ( Caledonian), whereas the late metamorphism ( M;) and formation of metamorphic recrystallized garnet II probably
occurred in the Early Mesozoic (Indosinian). This study also suggests that the formation of garnet-bearing charnockites in this region
was tightly associated with the Early Paleozoic uplifting process after the collision between Yangtze and Cathaysia blocks, and it suffered
an obvious overprint of the Early Mesozoic tectono-thermal event.

Key words Yunkai massif; Charnockite; Two types of garnets; Phase equilibrium modeling; Zircon U-Pb dating; P-T path
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Fig. 1 Simplified geological map of the study area ( modified after Chen et al. , 2017)

(a) relevant tectonic units in the Yangtze and Cathaysia sub-blocks of the South China Block, including Yunkai massif (YKM ), Song Chay massif
(SCM) , Darongshan (DRS), Xuefengshan Belt ( XFSB), Hainan Island ( HN), Taiwan Island (TW), Wuyishan ( WYS)-Biyunshan ( BYS)
massif in the South China, and Kontum massif (KTM) and Truong Son Belt (TSB) in the Indochina Block. The formerly proposed Early Paleozoic
units are marked by blue and Triassic units, by pink colors. Ailaoshan ( ALS)-Song Ma (SM) zone is the collision boundary between the South China
and Indochina ( + Simao) Blocks; (b) the simplified geological map of the Yunkai massif; (c) relative position of major tectonic blocks in East
Asia. Faults: 1-the Wuzhou-Bobai Fault; 2-the Luoding-Yuocheng Fault (one of the major shear zones) ; 3-the Wuchuang-Sihui Fault; 4-Chenzhou-
Linwu Fault, and 5-Poko Zone
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Fig.2 Simplified geological map ( modified after Chen et al. , 2012) and sample locality of the Gaozhou complex
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Fig.3 Field photographs of the Yunkai charnockite

(a) the charnockites stretch in the NW-SE direction; (b) porphyroblastic garnet, hypersthene, plagioclase and quartz in the Yunkai charnockite;

() field photo of charnockite and its granulite enclave; (d) the peripheral pelitic-gneiss has undergone a strong deformation accompanied by the
appearance of felsic leucosome. Mineral abbreviations are after Whitney and Evans (2010)
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Fig.4 Photomicrographs illustrating the textures observed in Yunkai charnockite

(a) corase-grained hypersthene coexisting with biotite and quartz, garet growing in the hypersthene; (b) corase-grained garnet coexisting with
biotitie, symplectitic Bty + Qtz at the margin of the large garnet and biotite; (¢) the large euhedual hypersthene contains rounded inclusions of
plagioclase, representing the product of incongruent melting; (d) very fine-grained ilmenite exsolution rods occur in the core of matrix hypersthene,
and inclusions of biotite, plagioclase, ilmenite and quartz occur in the core of corase-grained matrix hypersthene; (e) photomicrograph illustrating the
triple junction texture of quartz; (f) globular garnet and quartz symplectites growing in the margin of the large biotite
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() R 4 A
@) B SRA
@) #0174

0.5 1.0
Ca

1.5 2.0

BS  mFSRIER A DA A K Mg/ (Mg + Fe’ ™ + Mn) -Ca” " ARG A (HE AR RISK 24, 1977)
Fig.5 Relationship diagram of Mg/ ( Mg + Fe>* +Mn) vs. Ca’* of garnet from charnockite in Yunkai area (after Cong and Zhang,

1977)
EF AT, SR TE KA A0 R AL = W 1,

4.1 A¥AE
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A-TEFOR A S PR E AT TUBUA B IR R R LA PRSI s B-AR IN A AR R UG s Bi-wh ME-IR VR 5 s s Ci- T 20K A m U B
A, Cii-HA R Mg IR ZEE S A A TS ) s D-SSAURUA A7, AR AL ZE V5 R & i 28 B A A RERR SRR 5 (o) AT B AR AR 40 -
BREGRE A - AR O ol . AR B I (HP) 2885 B (UHP) & 1A 4, B-oR B RHE S FURRRLE S A 1A i, G-k B AN G
EHAOBAARAT . C AP AP R C) KA B SR AN A ERRLE AR AR, 0 Cy AR B AINEME A1
AR A R AL 5K B VP 2 AR I B A AR, BN R 7 R S ECA RUE R . XSS A0 X B A PR A 9 7 e 10K
PR UHP MM A 80 B0 MOHE A G 0, 251 U T HP MRS A HP SEPERRRLA 50 00, 3R IR T K S BURR L A B0 1 W0, 4R JR T ol
IR AE AN A DN AR AL BGRL S 26 18 T 1 IR P B AR A, S -SRI T 1 JBRORE 0 AR £ T 5 A A ol P 2 1 A0 DR SR IR A AR, 60k R T £
INEARAS BRI AR T R RRE B, TR IR T A AR AL B T A IRE AR A (d) A A R BESE R O - SRR R - B SE A 0 =
TG 5 (e) AAR AT RO BESEMR A1 -85 50 A1 -S40 AR 0 = J0IRU# : LA P-Tsla-rp P-T( @S £MAINEA) s H-m P-Tslg, , lgp- P-TORRKBLAA) 5
E-RiA s C-AS ek a i

Fig.6 Ternary diagrams used for garnet discrimination (Krippner et al. , 2014 and references in)

(a) ternary discrimination diagram with proportion of pyrope, almandine plus spessartine, and grossular as poles; (b) ternary discrimination diagram
with molecular proportions of pyrope, almandine plus spessartine, and grossular as poles. A-mainly from high-grade granulite-facies metasediments or
charnockites and intermediate felsic igneous rocks, B-amphibolite-facies metasedimentary rocks, Bi-intermediate to felsic igneous rocks, Ci-mainly from
high-grade mafic rocks, Cii-ultramafics with high Mg ( pyroxenites and peridotites ) , D-metasomatic rocks, very low-grade metamafic rocks and
ultrahigh temperature metamorphosed calc-silicate granulites; (c) ternary discrimination diagram with pyrope, almandine, and grossular compositions
as poles. A-garnets from high-pressure (HP) to ultrahigh-pressure (UHP) rocks, B-garnets from eclogite- and granulite-facies rocks, C-garnets from
amphibolite-facies rocks. The group C is further subdivided into two subgroups. The transitional field C, includes garnets from higher amphibolite- to
granulite-facies rocks whereas the field C, includes garnets from amphibolite-facies rocks but also includes garnets from many other rocks such as
blueschists, skarns, serpentinites and igneous rocks. The source lithologies for garnets are distinguished into 7 groups: 1-garnets derived from UHP
eclogites or garnet peridotites, 2-garnets derived from HP eclogites and HP mafic granulites, 3-garmets derived from felsic and intermediate granulites,
4-garnets derived from gneisses metamorphosed under pressure and temperature conditions transitional to granulite- and amphibolite-facies
metamorphism, S-garnets derived from amphibolites metamorphosed under pressure and temperature conditions transitional to granulite- and
amphibolite-facies metamorphism, 6-garnets derived from gneisses metamorphosed under amphibolite-facies conditions, 7-garnets derived from
amphibolites metamorphosed under amphibolite-facies conditions; (d) ternary diagram with pyrope, almandine, and spessartine compositions as poles;
(e) ternary discrimination diagram with proportions of pyrope, grossular, and spessartine as poles. L-low P-T, la-intermediate P-T (up to amphibolites
facies) , H-high P-T, lg, , lg,-intermediate P-T ( granulite facies), E-eclogite, G-grandite garnets

2 I B E 26 BT 0132 P A R 507 Mt 24
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. d o MEA R T (Harley, 1984 ; Bhattacharya et al. , 1991) 5.4
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B JE J37t (Newton and Perkins, 1982) 1544 270 5045 S B BoE
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Fig.7 Chemical composition of biotite in term of Mg”* vs. BRI 2 2 720 ~760°C 5. 1 ~ 5. 3kbar, 5 A i {1 Fi 75
Fe” (a) and Ti vs. Fe?"/(Fe™ +Mg) (b) TS 5 B 7 K 770 5 B 2 T30
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5 AR FEFF ( Pattison et al. , 2003) L4 J 41 8 £i-5k 0" L JE
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Table 2 Various thermobarometers and thermodynamic modeling P-T estimate results for charnockite
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P-T ] Pl T 45 A
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ALK B

Grt-Ilm

Grt-Opx/Grt-Opx

Plag-Opx-Qtz

Bt-Qtz

720°C 7. Okbar

670 ~720°C .
7.0 ~7.3kbar

710 ~738%C .
6.9 ~7.5kbar

TR (M)

835 ~810°C .
6.5 ~5.8kbar

833 ~845°C .
6.3 ~6. 6kbar

810 ~820°C .
5.7 ~5.9kbar

830 ~840°C .
6.3 ~6. 6kbar

805 ~830°C .
5.5 ~6. 1kbar

780 ~810°C

810 ~835°C .
5.8 ~6.3kbar

810 ~835°C .
6.0 ~6.8kbar

800 ~850°C .
5.6 ~6.2kbar

780 ~840°C .
5.5 ~6.0kbar

720 ~760°C | 660 ~710°C . 772 ~812°C | 750 ~770°C |
5.5 ~6. Okbar 640 ~670°C 5.5 ~6. Okbar 5.4 ~5. 8kbar 740°C. 5. Okbar

5.1 ~5.3kbar

710 ~760°C
4.8 ~5.2kbar
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5.2 FHERETE

H THERMOCALC - 33 & & % ( Powell and Holland,
1994) HHRARIEIR (3R 2) , AT FHEEIRAE I A 45 AT B (M)
RSN 710 ~738°C (6.9 ~ 7. Skbar; W] 2% [ By Bt (M, )
TR 454420 830 ~ 840°C (6. 3 ~ 6. 6kbar; T4 1F 15 HK 45 &
BB (M, ) JELFE 224 805 ~830°C 5. 5 ~ 6. 1kbar; i 158 45
BRI ES (M, ) TR 45 £ J 772 ~ 812°C 5. 5 ~ 6. Okbar, 5 |-
o A G B He T AR A RAE IR ST N — 2

5.3 MBI EEZEL

ASTE 55 R Perple X % £ ( Connolly, 2005; 52 A
6. 8. 6) Fll P 7B — B 7 2% B0 48 B (Holland and Powell
2011 ) 7 NCKFMASHTO ( Na,0-CaO-K,O-FeO-MgO-Al,O,-
8i0,-H,0-Ti0,-Fe, 05 ) #3014 2 T 747 A7 B R, U 32 3
>4 600 ~900°C , & J1 5 [ & 3 ~ 8kbar, MnO,P,0, Cr,0, F1
V,05 & AR, 7T ZBEA T, LIMPFAF R LRI E S
AEEB N S0, =61.4,Na,0 =1.74,Ca0 =3.26,K,0 =
1.65,Mg0 =3.89, AL O, = 12.3,Ti0, = 1. 87, Fe,0" =12.92,
LOL = ~0.09 (wt% ) . #H B b #5 K i) 9~ ¥ 40 LA b Hoxd
INF B4 143 - 1% BE (a-x) BT 55 (White er al. , 2014 ) SCHAH
[, A9 &LLAF H,0 B PIAH

PR S5 RAE R A 1) T-M (0) \T-M (H,0) DA P-T 41
AT LA 8 AE T-M (0) (& 8a) , M4 W 6™ W1 2H &
( Grt-Opx-Pl-Kfs-IIm-Qtz-Melt) i fa E 8, ;L M (0) =0.2 Xf
WL 3 R TR T-M (H,0) (& 8b) F1 P-T 4L i i 151 (
8¢) o HITIEI b R ANk S bk 4 s ek & (LOL)
HSE, F R S A 281 H,0(0.85% ), JF7EE )
FE K 6kbar f54EL T-M (H,0) #1 T-M (O) #&] T &, i — 25
e AR AR O A H,0 &5 . WE BRI 54
A PTERREBUK & BALT M (H,0) =0.85, ZmEdk
AR AR IR L 1) 45 95 AE 6 8 T8 2 T 11 (Frost and Frost,
2008; Endo et al. , 2017) , I figedE M (H,0) =0.1(H,0 =
2.21 mol% ) (¥ 8b) FILATEE P-T LA . 4l 8¢ Fis , 76
JE7123 3 ~ 8kbar T HEFEMLL (LL€4) 2 T 720 ~750°C . WS
HIFTBE (M) 57912405 5 B Y Grt-Opx-Bt-Pl-Tim-H, 0-Qtz
Fet s JOOS I, AR 8 2 BRI A7 B 45 1 2 1 2 i 300 R
JEZ518 R 720 ~740°C (6. 8 ~ 7. 3kbar; W] A% i By Bt (M, ) LA
BB B A B ARAE , Hh A R A AR A o)
S LA E 12 B T TR 25 1l 833 ~ 845°C 6.3 ~ 6. Gkbar;
TRIGAT 2 J 45 i B B (M, ) B ) 415 Grt-Opx-Qtz-Bt-Pl-
Tlm-Melt 76 F 00 e 7 0887 T 2R 4 s TR ey B804 7 il 2k
SEFIRRAE , HyA7 KA 708 B 2 o0 A5 (R R 10
WY LR 45 15 810 ~820°C 5.7 ~ 5. 9kbar; 1B 4% 5T
BrBE (M) Xif B T Grt-Opx-Bt-Pl-Ilm-H, 0-Qtz " ¥ 41 & % 5
B, 5 W I BOITTE RS E A R] , W) B, o £ B AR = B
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+P1 +Qtz
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IOO%OFO 01 02 03 04 05 06 07 08 09 50%11:0 0 01 02 03 04 05 06 07 08 09 1
€ €
0% Fe,0, M(O) 50% Fe,0, M(H:0)
3 +P1 +Qtz
X(B1)=FeO/(MgO+FeQ)
—— X(Opx)=MgO/(FeO+MgO) NCKFMASHTOR R & &
, (a) &% 4y (mol. %)
MgO Na,0 SiO, ALO, FeO TiO, CaO K,0 H,0 O
6.15 1.98 64.76 7.63 10.221.48 3.68 1.11 2.99 0.01
_ 599 197 63.15 7.44 996 145 3.59 1.08 2.91 2.49
£ .
5 (b) 424 W4 (mol. %)
MgO Na,0 SiO, Al,O, FeO TiO, CaO K,0 H,O O
6.30 2.03 6641 7.82 10.48 1.52 3.78 1.14 0.01 0.52
5 6.28 1.97 64.43 7.59 10.45 1.48 3.67 1.10 2.97 0.51
(c) &= W4 (mol. %)
" MgO Na,0 SiO, ALO, FeO TiO, CaO K,0 H,0 O
6.18 1.99 65.12 7.67 10.28 1.49 3.71 1.11 2.21 0.51

600 650
7(°C)

700 750 800 850 900

B8 SR BRI A 7E NCKFMASHTO #3128 ALY L i T 141
(a) 7E 6kbar TR T-M (0) YLHIEE 5 (b) 7E 6kbar THUUA T-M (H,0) HLHIIA A ; () B K & 4k 2. 21mol % 1Ay P-T WL THT 14 5

R EARL AL

Fig. 8 Pseudosections for charnockite calculated in the system NCKFMASHTO
(a) T-M (O) diagram calculated at 6kbar; (b) T-M (H,0) diagram calculated at 6kbar; (c¢) P-T pseudosection calculated at the adjusted H,O

content of 2. 21mol% , the wet solidus is shown in red color

5.4 ~5. 8kbar,
5.4 BIEZRNE

RN IR G SRR IR A LR IE , BETE4F 19 20 A i )
(R 75 -0 AV 3 3 4 2R 9 45 B4 ( Spear et al. , 1999) o
LR LA, AN 2 F R, 45 G He G i B s i R 2 i e K
L) T P AL A0 B0 5% 9% A o o WA S i 9 Bl TR A5 PE 2

720°C 7. Okbar(M, ) , W {1748 o -TR M 45 i B Bl o A5 1 240
835 ~810°C \6.5 ~ 5. 8kbar (M, ) , B 48 Jfi By B iR [E &4 20 h
740°C 5. 6kbar(M; ) , 25 5 R W 5L IR AL b 4 (1 s e 17—
AU B P-T 3P0 , HL LW S0 i W Sk s O it 1
TR, Bl S D — NI R B0 (IBC) I A2 $8/RiZE A1 4
Y R gl o AV )RR, 5 A 2 TR A A 5 I v 2
4l SR AR U R
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R3 KBRS (Ha GZ14-01) B9 LA-ICP-MS $5%7 U-Pb FiRMELR

Table 3 LA-ICP-MS U-Pb analysis results for zircons of charnockite (Sample GZ14-01)
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Th U [EIVENEAI: 4 (Ma)
HIERE (x10-5) Th/U 207 py, iy 207 py, iy 206 pp, iy 207 py, L 207 py, o 206 py, o
206 py, + 35y * 38y * W6p, T By * sy F
-1 57 213 0.26  0.0511 0.0033 0.2946 0.0192 0.0415 0.0008 256 144 262 15 262 5
3 79 429 0.18 0.0546 0.0021 0.5218 0.0216 0.0687 0.0010 394 87 426 14 428 6
4 34 104 0.33  0.0469 0.0030 0.2316 0.0140 0.0353 0.0006 43 144 211 12 224 4
-5 100 311 0.32  0.0557 0.0021 0.5309 0.0197 0.0687 0.0009 439 83 432 13 428 5
-6 160 171 0.94 0.0553 0.0028 0.5329 0.0272 0.0693 0.0011 433 147 434 18 432 7
-7 757 1358 0.56  0.0566 0.0015 0.5454 0.0146 0.0692 0.0009 476 57 442 10 431 5
-8 440 959 0.46  0.0545 0.0016 0.5221 0.0147 0.0692 0.0009 391 63 427 10 431 6
-10 29 185 0.16  0.0525 0.0029 0.2944 0.0159 0.0409 0.0009 309 126 262 12 258 6
-12 128 235 0.54 0.0483 0.0032 0.2483 0.0155 0.0376 0.0006 122 135 226 13 238 4
-14 22 65 0.34 0.0480 0.0045 0.2688 0.0246 0.0406 0.0012 102 207 242 20 257 7
-15 71 206 0.38 0.0502 0.0023 0.2702 0.0129 0.0391 0.0006 211 103 243 10 247 4
-16 161 282 0.57 0.0502 0.0024 0.2622 0.0116 0.0379 0.0005 206 111 236 9 240 3
-17 25 84 0.30 0.0551 0.0046 0.2867 0.0238 0.0377 0.0009 417 189 256 19 238 5
-18 370 595 0.62 0.0523 0.0018 0.2802 0.0098 0.0388 0.0006 298 78 251 8 245 4
-19 26 102 0.25 0.0523 0.0041 0.2737 0.0196 0.0388 0.0007 298 184 246 16 245 5
-20 40 136 0.29  0.0510 0.0034 0.2706 0.0173 0.0385 0.0008 243 152 243 14 244 5
21 415 652 0.64 0.0571 0.0015 0.5919 0.0182 0.0749 0.0014 494 59 472 12 465 8
22 148 405 0.37 0.0575 0.0022 0.3562 0.0139 0.0448 0.0005 509 81 309 10 283 3
24 74 248 0.30  0.0535 0.0021 0.5103 0.0203 0.0691 0.0010 350 89 419 14 431 6
25 169 360 0.47 0.0491 0.0022 0.2497 0.0103 0.0371 0.0006 154 99 226 8 235 4
27 218 635 0.34  0.0511 0.0022 0.2656 0.0117 0.0377 0.0005 256 100 239 9 238 3
28 372 751 0.49 0.0571 0.0016 0.5499 0.0169 0.0694 0.0009 494 66 445 11 432 6
32 164 280 0.59 0.0518 0.0026 0.2800 0.0143 0.0391 0.0007 276 117 251 11 248 4
33 102 251 0.41  0.0537 0.0029 0.2914 0.0167 0.0389 0.0007 367 124 260 13 246 5
34 59 157 0.37  0.0520 0.0032 0.2759 0.0166 0.0389 0.0008 283 110 247 13 246 5
-36 72 300 0.24  0.0527 0.0026 0.3404 0.0206 0.0455 0.0015 322 118 298 16 287 9
37 422 1028 0.41  0.0571 0.0015 0.5397 0.0140 0.0683 0.0007 494 57 438 9 426 4
38 246 364 0.68 0.0516 0.0030 0.2629 0.0148 0.0371 0.0007 333 133 237 12 235 5
-39 43 173 0.25 0.0523 0.0036 0.3440 0.0206 0.0456 0.0009 298 128 300 16 288 6

6 %if1 U-Pb ARARE

Pk fh B o8 B TCSE R B B A #EAT LA-ICP-MS i3, 2
AT 29 LHA AR (/D8 43 s AR 1 B AL < 90% R
TRMA) . U-Pb LR SHEE R 3, AFRMM IR Z b
IR (CL) (&l 9a) 1 U-Pb & FAE IR & (& 9b) WK 7 .
B SR OB T 5 A R SRR L B IR €, i W] 2R iE T,
WORE A 100 ~ 230 pum , EUA S [RIE sl A JEU B4R, A
LA 2 0 1B 2 1 ER A AT U3 SE 4G R BT, TC I 2
MR S5, B IR (9 5 345 A I R AE (18] 9a) o D5 —
S A RA AN SR E BRI, B RGHE, A
FA MR A (RITRAA KK, 2004) 454 Th S &N
22x107° ~757 x107°, U & &R 65 x107° ~ 1358 x 10°°,
Th/U [ 2y 0.16 ~ 0.94, R & & A1 Th/U LK 5 &

(>0.1) EAEXS =5 1 Th/U HeAE 2 8 [ AH 2R A8 B s A 131
s FFAE (Tang et al. , 2017 ; Yakymchuk et al. , 2018; Tong et
al. , 2019) , 4 CL B R W B 0% - 4540, o
FBELA 55 WO A IR R AR R G BRI
AN F1HR B I 5 PR 20 DX 5 — S 485 A JURL 5 2 P10
AR R Y B H WS B RRE (18] 9a) o U-Pb I FIAE 4L
EIRAS P IS FNAE S, — ZH AR I B A AT S B B S 4
PRHT IR R 0 4 7 AR A, 5 A7 (97 Ph/2° U AR I 1E 426 ~
465Ma Z [i] , A FIAEWE g 431 = 4Ma( 18] 9b) , Befif BN 255
TE R TS S AR IS 5 D) — EH AR IS B 5 0 1 26 50 B iR o Ve A2t
ARFRA A4 A A, 4540 (0977 Ph/2" U AR I 75 224 ~ 288Ma 22
], HCIE AR 243 £2Ma( 5] 9b) iZAE IR 7R 1 EN S5 5
T a2 P 7 VR TSN, HE I A 78 TR S 2 G, 205
PR A A IR AR UV F O AE 1% (Chen et al. , 20125 FHEZR
& 2019),
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Fig.9 Representative zircon CL images (a) and U-Pb concordia plots (b) of charnockite

7 Wi

7.1 EBRERNEREABAMBE

KTERR AN, B 20 4l 80 4L LIk, B XN
SMFEFEIAT T T Z Ve BT 1 28 s (1)
LRCAEI B A (2) 65 B YR 5 (3) B2
EIACTIRHTE R E i o3 55 (4) W A DN A FA AR A A B
B TR A Rl s (5) TR 3t 5e K G 2 o A R 40 A il s (6)
RASTARAE K A AL (7) T8 BT FRORL 5 A 722 A A s
CO, WS T (51 [ 45, 2003) 55 Bl A 41 0 Y 5%
LR AT RRRCE AR FUA BB R, HRZ s a4
S BUH (Frost and Frost, 2008; Harlov, 2013) . E[JREE g &0
e KA HTHE R A A R - BB AR A2 BT, DA 20 T2 90 0 1
AT X2 X o 1 58 5 A8 B T R BE AT T T2 IR
G T IR AR AIR (Howie, 1955; Cooray, 1969; Touret
and Huizenga, 2012) . SAEE i IA Ky 28 9546 B 5 BAT 22 BRI
WIS AN]SR ) 5 TR AE B 2 T AR AR B A B A 2
SFAEBEFTFINT, 4 Bohlender er al. (1992) i BFAMEE X 43

KSR L IR AL o 5 A AR AR MOC R IR A 9K
SE R SR TR AL B T ELBR B A5 IR 78 BT 56 4K
X%, Touret and Huizenga (2012) B%5 T kBTN AE X A Al
7 JBUEE I A B 1) A R RE L IA S T DL A P s
A5 (BINBERES T . B TR ROEA FRH A, B s B
WG HUIRSE A ) ABR AR (Cn e fi f0 2 A ) B R e 300 g iR A8
FURHIE CANER AT 5 1 o BRI HUR S A2 ) A7 U3 Frost et
al. (2000) BF5Y T 26 [ Louis Lake 55 1Y S 0546 = 4 IR
JE Ry AR B RV EGR B SR, R 3 R A KT R A
SIRAE R A ATAEAT A S8 B B A8 B BUE K O . Harlov et
al. (2013 ) @i %) Varvberg-Torpa 58 I3 fE b o5 ML A= YA 7
RO HEAT R AE R B A T BRI 5T, KB T 5 IR e b
HFEAE R R S B CO, WA, AN & AL HEA 1L 5 A I
Wy E2N H,0, 805 % CO, k. — i &, &%
FZEH CO, MATES B MKTE B EAR, e TR
(| R IR 2, R 5 WA (BRI A1) BB E i il 3K
BT S5 IR AT

BT LR A a0 F Mg A U-Pb AFACEIE S, - ATHEN =
TF b DX 28 94 B4 e R I T8 1R 0788 T -VR I 1R T T 0 1Ak 4
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A, 2 TR O A B < T 0, SRR A B
AR + STHEAT + 198 + RHR AP 2 5 g JL i v
RLAE I L ([ da-c) , FAHSARRAE R WX SE BT G A1) 2 0
P FEIZ B BRI A R Gty 15 HK, A8 5 120019 =
HERRAEH RS I RS T AN AR A (] de) s 138 7R 5F
A TRE 5 A AR BN AR SR BRCR A A + £ 9 (]
4b)  HE s AT A AR TN : Opx + PL= Grt + Quz JE Y, %
BT B AR T Grty T 5 A, i A 08 00 1 300 380 26 {4
FRRIE A R W 55 A0 22 1 1 e 228 T A T A9 38 A2 (Vavra e
al., 1999) , 307348 AT RZRAR IS o T LA, 01 50 A AR S (B
DS AR R I B AT A R 1 e AR R TG e A
(E19) o BLEMRFAES )12 20 A -4 14 A€ 22D o i o
1 K BT E A TE UK G B )6 CO, WIAAFTE N, &
A IR AR AE A T 20 il 22 I o 2 45 il 2B AU 5 A1 R
A1 IHUIR 28 5 46 B e A 2R UL (Newton, 19925 Yang et al. ,
2016) o FLABFAZE(1999) S04 T PI) S T IX S5 AE 1 v I
FUPEAE I RRORE LA LR IR < JRRORE 60 7 A I 0 J
R B R | SR AE b o D DA R A Rl ™ A R IR A R R
o LG LA E LIS AR AE R, 22 O M X 28 95046 14 2 v 1 R
KA AR T R EL A, ELAR AT RER I R 23 K Rl 14 5k B
A T A 32 285 AE B o I DA AR A U T i L AR S IR -
TR P A R RS e TR, 25 T BN S 2 1 AR B A
JELEbE=S)1

FER A AR A T LB A S BTl U2
TR R Rl SN ) 5 ) B 78 U 1R B B ) (Lackey et
al. , 2012; fEHUASE, 2013) o ARSCEAMEWEERM, =T
PHEETRAE B 5 v ST 30 T o A )l DR B Y AR A 5%
SIAER A HORL (1~ 3mm) A e e AT B R0
FKAL(Grt, 1) (& 4b) J& a3 45 S 7= 4, LR I A% o
T RE A e i e i (ARIRUIR SR, 2013) o SR AE R A
KA (0. 01 ~ 0. 0Smm ) FEBRARATHE A1) 2 S0 A1 72 5 S5
A GREBE LR SRH A Al A (B 4e, d, £) 0k
AR T P A A o 4 14 0, Rl A AR 0 B A T
TGty 1) SRR AR A1 L 2 R AL A S Bl 5 2 I
TR Gty I + Quz Ji B iR A8 SRES A iz i I A i 6 2
PR8N E ko - £LAR B

>

4

=

7.2 EHIERE P-TEE

S A LSS 18 G Gt S TR T AP 2430 3
PABe P-T W0 i A AL, JERIBRGE T 58 90 A8 o = B B
PRI A5 o S5 RW], SR I A TR U e 1 — 28
PB4 P-T AU , HL AW 00 et s s - 14 it B 2 7y 7
i, Bl R — NI A TR H (IBC) iy ad 2, X 5 iR - T 1
LA A M v R B ) P-T U3 ) Js I 28
FET M, 19945 Yu et al. , 2005; FRAHHIZE, 2015), W&
ATV (M) H 58 T3 A0 8 BE P A R R W A 4
+ R BE BT + BRERET + A S, i W) R 4
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(EER B T W B I (1435 R 25 44l 720 ~ 740°C (6. 8 ~ 7. 3kbar
(K 8c) o T i M X 58 TRAE i o v i I 01 A8 Jo - TR A 10 )
A (M) AR + SMA + BHCA + B KA + A0 +
R + WAL o A VRHEDN W AR PRy o 1) 8 ok 58
IMEEAEE ST DL [BLIR K A 98 (] 4e) 52) 7] DL 2R
o+ AU AR E T Y BORLL A A (& 4b) 53) #h A
FFBAEIE (431 £ 4Ma) 03 T840 16 il = 1 22 5 S8 90 AL B
F4S SR A (18] 9a) o 58I AE B 5 45 il B B (M, ) T 451
Jy 810 ~ 820°%C .5.7 ~ 5. 9kbar ([&] 8¢) , % I JE 4% {4 WEAIE T
Gri-Opx-P1-Qtz " ) X} 31 5% 1 #& /& (800 ~ 850°C 5.6 ~
6. 2kbar) A REJE i T84 [0 JC & (94 WLk 3 )5 0000 T 3
B (Pattison et al. , 2003) , AT 2 - B3R E 75— 25
BELE 158 I3 4K i 2 0 30 R -2 o B B U TR 2% 4R 805 ~
830%C 5.5 ~6. 1kbar, £ ik, 45 & g fat 1 40 50 T (RIS,
SRR FE A SRR RS AR5 TR 34K B 2 R il A B R
-2 Y BoR R 45112 835 ~810°C 6.5 ~ 5. 8kbar (M,) , #t
S IR O 38 ~43°C/km, 376 f2 B 7Y i i il 43 3 1Ly e
HuFAHE P (E (Imayama et al. , 2012) , 7R 589546 14 6 T o
AT AR 7 AIE R . ZERLE I 1, PR s B e TR
DRI, 75 0 B0 o 30 DX L LA AR B 1 [ AR 22, 3 35
45 LR Y DI ST I I B3 3000 3 4% T -TR M Y B o A0 & 10 T D
FEIAA A A (1] 8c) o AR Ar B B 2 B A B 7E i #A
T 30 il ok A 1 1) & A B 7K B L 1Y 45 SR ( White et al. |
2004) o S FIEIAK IS KE Al HRE AR D AR R
AF A 5 30 52 e 1 F 1Y) £ Z2HL3 ( Groppo et al. , 2012) ,
FEAR IR ISR E— B B 25 s . IR TR WAl A
(My) Hr RS TR A Bk k™ 0 2 2 B 01 A Bk
T + A0 BRI A R AR 1 R B8 + A0 E A
YKo AL 7 R 53t AR AR AR S B B 1 3 R AR A
720 ~760°C 5.4 ~ 5. 8kbar, 55 5 Hl 2 v 21 R Pl 4544 (I
4b, £) FUER TN ABE A A B RBR B 4R 7R 13 A5 TR R TR AT
FE—HL,

7.3 MIEEX

W 5EREPE N RAFTEGF I KER/3EE NN H 5
Lol AR A Rl SR A Y e — HUR (Li et al.
1995; Wang et al. , 2007 ; &F B A, 2012; Zhao and Cawood,
2012) 5 1B 2322 K A oo ity A A R T 1) SR o T2 B R
T LLHT 0 AR S R AR AR VA (s A AR A 17 P AR
Te] e AR T Iy A AR R - = T3 L (G2 A5, 20164,
b; BE/NEZE 2017 Liu et al. , 2018) ; WE B FF A G
AR AR A T RN 2 TR R R Al (AR IR
PRV a4 YIVE ) AHBE, ob AR AR 30 7 Bl e A iR 2 1 5
(Hsii et al. , 1988; ZE4k5255, 1989; SpEH55E, 1997)
I, A rg p AR 20 -l AR R AR T 2 OB AR VR e AR S
T AT TR -2 I 3 LU 144 3 i A o T R R
NIRRT UL A A 2 9K (il ) - i A 43 325 1177 ( Zhao and
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Cawood, 2012 Lin et al. , 2018) ; %5 —Fi WL 1A N Bl 9 &
W37 (Li et al. , 2010; Huang et al. , 2013) , &3+ LR
FIFTE AR 2223 4 0 B PN 3 1 500 3 5 4 e I 5, 5 B0
B B W B R LM A 5, 3 T SR E Rz (R
AEAETVE LR EVE” (Li et al. , 2010; Wang et al. ,
2013b) . fHIE Tt A AR - TR 3 LA A AR P L
PLHIA[F] 2= E A A6 19IA R . Faure et al. (2009) $2 1L E
i e rey SR A e, B G0 e A B A 36 TR T Bl A ORS b AL R o L
et al. (2010) WA Ry iz 1 Bl P9 38 L AT B2 T4 1 % R A e A2
L3 B8ONE 3 FRCAY 5 Charvet et al. (2010 ) IAHIZ M F 4 n] At
H R R A P65 | RS 1) e 0 R o b 58 i AT o ) 45 235
Wang et al. (2012) I iz i3k (L4 F] R By T3 IF.-
BB AR R 54 B R HUIL R IS AR RO 5 R 1 . (B 3 L
RO AR LA R M B 92 . 1) 1E e R B AR5 — 1Y)
W THMAEARS , WARRE 517 R R 9 1A [ 2 8 1)
MR HOKTUR, MR B RALA B MG —5)2;2) B
DAY L AR P R L ] 18 AR 5 A AR JRR R S 1 7 3 T
56 20 ~30km J-5% SO St A1 9 FE AR 0T 53 ) BRAEHE RIS XY
ZEI MRS 4 P-T #1595 ( Zhao and Cawood, 2012 ; [RAHHESE,
2015) , B M S5 WA 9 R, L5 il i A 9 5 1 LA =R
PRI, A B 2 BF 5 5 e 52 1 v T L AR ) D O o -l 8
ILAE 9 W8 25 ( Zhao and Cawood, 2012 [ AHH: %5, 2015;
Zhang et al. , 2016; AMAZE, 2016a; /N4, 2017; Lin
et al. , 2018) . IR, AT -2 T L X e A 7E Ll R AR
TEALINA o BaR G i0i SC B AN $2 D R A 22 (800 ~
680Ma) 2| Lty A= AU 7E A g SR AR VE 4, RBOITTLVE 4 AL
BRANLE S PR AR AT, R AR M TR s A
Ol MU AR 22 5 THIEE (Hsi et al. , 19905 3RAAK
4, 2003; BARAE, 19995 Hikit:, 2006) . ULAEk, B
RIFBFTE W, 15 4 TL40-M M -BR 77 1) 38 45 i A E K A
Tty A AR b - WA 3 1L (0 3 BE A - L AR R s Ak
F A AR K L A FORE S A (A 4k 41738 ( Zhao et al. |
2015; #EA KA, 20165 WAMASE, 2016b; EAFE4F, 2016;
JAESEE, 2017) s = JF 9K i3 IR 2 5 8 oI A DR 10
WA ERAE R G, B TTG F5HfM: & 9AE 5 5 1 RRAE (X
fE5, 2016) 5 -2 A b X Ay 2 4R (440 ~ 435Ma) -5
FEERBRRL S (750 ~900°C |7 ~ 11kbar) 538 B 1 55 4ff nir-filf
3 1 A G YU B P-T % (MR FIE & &, 1994
THEHFEE, 20055 Li et al. , 2010; T EEHEEZE, 2014; Zhao et
al. , 2015; BRAAHESE, 2015; ASCHFSY) ; Wil it X & 20
R A2 450Ma) i TR BRI A (IR S BB B« T = 664
~691°C P =6.8 ~7.3kbar) ([FHHa4E, 2015) s Wi R BEZE b
AR Bt A AN vhat A s (EAFR 45, 20165
FHERE, 2016) ;= T PEAL LR R 3 H 5 0 -l 2 A OC 1) 5.
AU IR (Liv et al. , 2018) 55 L, 4% ok Rl
AR ISR B ICK LA (TG | R 978 5 R ofi3dd Ak 2
IIWFTE R, e 1 1 S R P (R A AE S ot 2 A Rl AR

p-3 A -l LR, ELaE— 2B A g R AR - o AR
BRARTEZEIIAEAE o TLIL-MBIN -4 Bl b 3 25 2 T REAR R T4
FATEALIN R BBE AT | TR AR 43 S R E 8 X 1 5 L b7 45
4345 (Liu et al. |, 2018)

I, L F R A AR R FE- ) 8- JF-Song Chay 72
Jiss L B9 R (Lin e al. , 2008) , %A AR g Al R B 2%
A AR A A B, H T LG R Y B S B e AR R Y
HEJUAR A ELAE A A m B e = B 20 & 15 T 3R B A
&M A (Wang et al. , 2005, 2007, 2013b; Shu et al. ,
2015) o JAFAAEAD AL, BD St He 5 A g B e 1 AR
UL B L -F B 5% 45 (Faure er al. , 2014, 2016) (&
la), Chen et al. (2014) #4577 Song Chay HifAr U-Pb 454
SRR R IE R A = B AR B TR AR AR
BRI, TR AR Ty A AR B T D A 1 P 1
o FETARICE A A B A A% - 850, I 3R 1%k
TR LI AR RS 43 ] 431.4 4. 1Ma #1243.2 + 1. 8Ma, 3%
ATARRTF AR T 5 IR AE B A 1O 45 A AR IS, S BLAR 9935 L
IR RS S R F R R T =S (B )
Yo SeAr R R AR A O L ZR ) TE ) 48 5 76 4 2 1 T o =
PERYAENRE o Chen et al. (2012) X 2= FF 58 95 46 b & v g 1
BEAT T REAR AR TR VG ( ~ 370Ma) (AR, I A A2 R
R AHAR I 22 I — R B AR AR ARG, X 5 A SCFSE
SERA—F, IR ARIRAT 5 BLUR I VG AL 3 AR S
BEOAIE . TR (2019) X =1 B e - T 0 J 41 Bl IR
AL U-Pb @4, 3515 T 434 ~ 437Ma 1) 25 3055 £ 4R 1%
Tl A1 241 ~ 242Ma ) A% [ 4 % A0k 8 A 1Y 229 ~ 236Ma
AR AR , IR 6 B AT AR IR AR R T R RS SR (61X
AT ) WIS AR T A S A R K A 1) A 1 1 7 2 T
P i T EISCHA (230 ~ 240Ma ) ¥4 36 FAF (4 1) 28 ol 2, 3
SASCERE G R Ao Bk, = TR =& 201
TR HIREASE i8S A1 U-Pb A5 AR 4 4l AR % TIF 52 , 171 16 75 1)
P AP P A FHACIRA IR e 25 SR S s . (AR B2,
W AMTIAA 250 ~230Ma Sy B S Bl B AR T & 2 )4 36 28 ot
YE IS (E] ( Faure e al. , 2014) , 54 SR IRE <5 10 5% 1
VSIS 6] —3, 1% 4F i 15 Song Chay & Hp IE 7R e 1) 45
#1432l (Chen et al. , 2014) , Song Chay HiiA 5 = b4
ZIAAE IS AR U AR AE R Bl A AR - = B 20 i A1 -
A5, FLE KRR [ Hh AR A A L™ Ar/™ Ar B )47
Wy, HEE RN =84, KA S BIAE R A F/b B E o
A4 15 B 5 L AR M HE 1 ) = JF b JLF A TR Y o 4 i
FUI, = HFH Song Chay HifR 945 (M AT K R (B 1c) , = JF
H B2 773 4N Song Chay Hi{& — 58 211 = & 40 T /EH
I 2 AR B S Rl e 5 A e i (6] £ il 43 D45 T ( Chen
et al. , 2017) o FAE R AE AR A 138 AN
FR L AR ARAR I AT A8 SO RN =2 AR,
Hh A AR AR JO VR AT RS I o B4R B0 it ( Zhao et all. |
2015) o ELwsHbAAR , Sy B S Bl i 25 1 6 11 e K I 485 B IR
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5 R IT AR LY AL B (Osanai et al. , 2008) (A[d]
T 78 SRR B W7 A TN -JPRORE 5 AH , # TN 5 R R - T
EHD) AR IR . TERRIR A R AR I T E A A B,
BN A= 2 IRRORL S - 58 90 AE B R ARG i 2. B s
AR W 1Y BRBL A, 3 20 s A7 U-Pb & 4F (Roger et al.
2007 ) FIHE =AY Ar/® Ar 5 4F (Maluski et al. , 2005)
AR ORI, B A PY R AR JRRORL o B P A ) S TR AR K
PR T =245 U-Pb &4 (Roger et al. , 2007 ) 12 =
£ Ar/® Ar 4E 45 (Nagy er al. , 2001) . & 428 Bon 0y Hh
HEARAES (440 ~430Ma) il = 2 2048 [T 2 1 8 JIN A 0% (225 ~
245Ma) 55 |2 & b A [a) b s P AR B B AR R ARLPE . A
I, 5 TR B v i A X ) e AR R A8 TR I AL 0 78 B b AR, A
R RN SRR g oty A AR I 32 T 5m AU =B 40 G o

ASCHR IR R Y 5L TR AL R P-T 18 Ak g 52 DL 301 iy
RO - B B S8 A TR AR WS 8 D7 0 4 e v A1 (1BC)
PRI ET P-T %38 (151 8¢ ) , HARAE B g AN [] 3+ 5 B 2
KB 120 2% b 5 DXL 25 9% A PTG 3 () 34 26 B RA) 3E 305, I 5 Y P-
T HGE LI BN FRAE (Harley, 1989) o ASHIFFE 1K AL A4 ML IS
BE P-T %300 5 )5 Wik 1L BRAH— 20, 7T R 7 1 i Bl
T LA G a9 B, v A A B 4 s I R B i A A
TR, R TT BE -5 08 IR S 1 IR A 56 (RIS,
1996; Yao et al. , 2012) . Z<3C LA-ICP-MS %45 U-Pb E4E45
R IR, U-Pb 3 FAE WA I 73 3 3R A3 45 41 A% 88 431 = 4Ma FI
B HHR 243 £ 2Ma PRAIEFIAE RS (&1 9) . B, S 2=/
BiAr U-Pb (AR R 7 Tl A A3 7 5 R S i B i B
MEARE 5 46 T, A el T T T R 45 e T 8 PP I e i A A1
WAREIER S, T AERCE KA G, 1, Z R AEN
I Tt ) S A 1 2o A v T A AR IR AR T A N R LR R
A Grty 11 YA ST 52 &

3 ik

T 3 W AR 2 R N S TR AR B T BT AN R PN A A A
SRR BEIARAEL B He 8 1 U-Pb 4R AR 0005E , i LAS LR
UNZY

(1) IR RE L3732 3 BB 1) WS AT I B
(M), SR IR M B b i AR 54 Grt, + By, + Pl +
m, + Qtz ZH ;2 ) WA A% B-TR I W B (M, ), B 358 I3 v 1 £y
AR BEET Y Git, [ + Hy, + Bt, + Pl, + llm, + Qtz ¥4 i%;
3) BRI B (M, ), 5 d &5t i) Grty I + Bty + Qtz
A

(2) AR FEATHFAT B 2 I5 AL 5 A W T W) 45 T8 A%
F24 720°C | 7. Okbar (M, ) , W JH 3% 45 45 fh 25 114 835 ~
810°C 6.5 ~ 5. 8kbar (M, ), iB 78 &t 4% {2 4y 740°C . 5. 6kbar
(M), Fi 75 X 3 il A S 178 JRROAE S AR 728 T - VR 1 T R 2%
AL R N A i SOR AR B AR
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