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Abstract: Located on the southern margin of the Central Asian giant orogenic belt, the Beishan orogenic belt is one
of the key areas for dissecting the accretionary tectonic process of the southern margin of the Central Asian orogenic
belt. Researchers have a great controversy about the closing time of the Paleo-Asian Ocean and focus on whether
the Devonian ancient Asian Ocean was still subducting or closed. In this study, the authors firstly identified a plu-

ton with typical adakite characteristics in Heishantou area on the southern margin of the Beishan orogenic belt. The
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geochemical characteristics and zircon U-Pb chronology of the pluton were studied to discuss its genesis and geody-
namic significance. The Heishantou pluton is dominated by granodiorite and partially consist of tonalite. The weigh-
ted average age of granodiorite LA-ICP-MS zircon U-Pb is 407. 7+1. 6 Ma. Geochemical data show that the
Heishantou pluton belong to peraluminous, calc-alkaline series, with typical adakite characteristics: high silicon
(Si0, =60. 85% ~ 67. 81%), high alumina (Al,0,=15.59% ~ 16. 98%) , low magnesium (MgO =0. 55% ~
1.53%, Mg"=0.36~0.46), rich sodium and poor potassium (Na,O=2.65% ~3.54%, K,0=1.09% ~3. 16%,
Na,0/K,0=0.96~2.44), high Sr (Sr=253%10"°~487x10"°) low Y and Yb (Y=5.65x10°~16.70x10°°, Yb
=0.37x107°~0.96x10™°) compositions, with high Sr/Y ratio (25.75~73.58). Their light rare earth elements
(LREE) are enriched, with obvious light and heavy rare earth fractionation. The samples do not have obvious Eu
anomaly (0.66~1.31, averaging 0. 92). Moreover, trace element composition is characterized by enrichment of
LILEs such as Rb, K, Th and U, and depletion of high field strength elements HSFEs such as Nb, Ta, Ti and P.
Geochemical characteristics show that these adakites were formed by partial melting of the subducting oceanic crust,
and the residual minerals of the crust sources might have been garnet and rutile. Based on this study and regional
geological data, the authors hold that the Liuyuan Ocean (Paleo-Asian Ocean) was still in the subduction and colli-

sion stage during the Early Devonian and had the characteristics of “scissoring” closure from west to east. The up-

per limit of the closing time of the Paleozoic ocean basin is Early Carboniferous in the Beishan area.
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Fig. |

Geotectonic map (a, after Jahn, 2002) and simplified regional geological map (b, after Wang Guoqiang, 2015)

of the Beishan area
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Fig. 2 Geological map of Heishantou area (a after Yang Hequn et al. , 2010; b after Yang Zhenxi et al. , 2021)
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Fig. 3 Field image (a) and microscopic characteristics (b, crossed nicols) of granodiorite in the Heishantou pluton
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Fig. 4 Zircon cathodoluminescence ( CL) images and test points of the Heishantou pluton
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Table 1 Zircon U-Pb isotopic analytical result of the Heishantou pluton
9 wy/107° Bqy,  Wpy, AEJ/ Ma
AJIL B lo 97pp, 55y 1o 26pp,2%0 1o
k52 Th U 28y 206p}, W07y 235 g 206py, 238 | 207py 206py |
1 2787.31 27 698.24 0.10 0.05559 0.00129 0.50043 0.01106 0.06527 0.000 64 412.0 7.5 407.6 3.9 435.8 50.4
2 3053.88 35213.76 0.09 0.06379 0.00129 0.57290 0.01096 0.065 12 0.000 62 459.9 7.1 406.7 3.8 734.8 42.3
3 5007.75 38 255.65 0.13 0.059 35 0.001 07 0.53255 0.00903 0.06507 0.000 60 433.5 6.0 406.4 3.7 579.9 38.8
4 9322.21 74202.13 0.13 0.057 21 0.000 99 0.51292 0.008 30 0.06501 0.000 60 420.4 5.6 406.0 3.6 499.0 37.6
5 4 578.57 62 195.70 0.07 0.06278 0.001 06 0.563 82 0.008 838 0.06512 0.000 60 454.0 5.8 406.7 3.6 700.9 35.6
6 3 842.95 30 680. 86 0.13 0.057 22 0.001 35 0.51553 0.01163 0.06533 0.000 65 422.2 7.8 407.9 3.9 499.5 51.8
7 3492.96 42 547.14 0.08 0.05549 0.00099 0.499 68 0.00840 0.06529 0.000 60 411.5 5.7 407.7 3.6 431.8 39.0
8 5944.83 80 343.38 0.07 0.055 85 0.000 87 0.501 58 0.00724 0.06512 0.000 59 412.8 4.9 406.7 3.6 446.1 33.9
9 3092.64 54 243.05 0.06 0.068 35 0.001 19 0.61683 0.01004 0.06543 0.000 61 487.9 6.3 408.6 3.7 879.2 35.7
10 8623.14 64 140.89 0.13 0.056 33 0.001 04 0.50741 0.008 83 0.06531 0.000 61 416.7 6.0 407.8 3.7 464.6 40.8
11 4557.61 50 480.28 0.09 0.05523 0.00092 0.49794 0.00771 0.06536 0.000 59 410.3 5.2 408.2 3.6 421.5 36.5
12 3848.11 34979.76 0.11 0.054 88 0.001 27 0.49228 0.01086 0.06503 0.000 64 406.5 7.4 406.2 3.9 407.3 50.6
13 10 106.86 101 027.30 ~ 0.10 0.055 14 0.000 81 0.49842 0.006 70 0.065 54 0.000 58 410.6 4.5 409.2 3.5 417.7 32.2
14 3068.24 28 129.87 0.11 0.054 74 0.001 14 0.49260 0.00975 0.06524 0.000 62 406.7 6.6 407.4 3.8 401.7 45.7
15 2907.78 39 825.54 0.07 0.05386 0.001 19 0.48675 0.01022 0.06552 0.000 63 402.7 7.0 409.1 3.8 365.1 49.0
16 3634.12 30 056.59 0.12 0.05558 0.00123 0.50139 0.01054 0.06540 0.000 63 412.6 7.1 408.4 3.8 4353 48.1
17 3638.53 30 152.36 0.12 0.05575 0.001 31 0.50142 0.01121 0.06521 0.000 64 412.7 7.6 407.2 3.9 442.0 51.0
18  2554.71 23 956.16 0.11 0.054 97 0.00139 0.49624 0.01200 0.06545 0.000 66 409.2 8.1 408.7 4.0 410.8 54.8
19 3886.66 31 920.05 0.12 0.05508 0.00127 0.49991 0.01102 0.06580 0.000 64 411.6 7.5 410.8 3.9 415.2 50.1
20 4746.12 35 502.41 0.13 0.05542 0.00145 0.49919 0.01252 0.065 30 0.000 66 411.2 8.5 407.8 4.0 428.9 56.9
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Fig. 5 Zircon U-Pb concordia (a) and weighted average age (b) diagrams of the Heishantou pluton
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Table 2 Analytical results of major elements (w;/ %)

and trace elements (w,/107*) of the Heishantou pluton

S 9YQ-2 9YQ-21 9YQ-41 9YQ-42 9YQ-44 9YQ-45
Sio, 60.85 67.81 67.70 67.67 64.23  63.29
TiO, 0.91 0.58 0.61 0.54 0.74 0.88
ALO;  16.98 15.59 15.73 16.23 16.80  16.59
Fe,0, 1.09 0.57 0.85 0.91 0. 89 1.41
FeO 4.73 2.89 2.74 2.38 3.28 3.55
MnO 0.06 0.06 0.04 0.05 0.05 0.08
MgO 2.75 1.19 1.08 1.08 1.83 2.19
Ca0 5.95 4.26 3.71 3.72 5.03 5.95
Na, O 2.79 3.10 3.04 3.54 3.05 2.65
K,0 1.75 1.85 3.16 2.71 1.89 1.09
P,05 0.24 0.17 0.16 0.15 0.16 0.18
H,0* 1.19 1.36 0.37 0.32 1.07 1.57
H,0"  0.21 0.21 0.12 0.11 0.11 0.18
BekdE 1,74 1.77 0.74 0.60 1.53 1.62
BE 0 99.83  99.84  99.87  99.85  99.83  99.87
Na,0+K,0 4.50 3.04 4.24 3.80 3.72 3.28
Na,0/K,0 0.64 1.55 2.92 2.50 1.03 0.50
A/NK  2.62 2.20 1.87 1.85 2.38 3.00
A/CNK  0.98 1.05 1.04 1.05 1.04 1.01
AR 1.49 1.66 1.94 1.91 1.59 1.40
Mg* 0.46 0.39 0.36 0.38 0.45 0.45
Li 18. 4 21.9 11.9 23.1 10.8 10.9
Be 2.27 3.73 3.00 4.08 2.62 2.40
Sc 28.5 5.13 6.10 4.81 10.10  15.20
% 72.1 29.2 30.6 19.6 60. 8 71.9
Cr 9.93 11.40  9.49  14.00 17.80  19.40
Co 10.80  6.17 4.36 4.28 8.06 9.34
Ni 4.46 2.74 4.02 3.70 5.24 3.88
Cu 5.32 4.80 7.51 6.52 12.60 13.80
Zn 117.0  108.0  86.4 130.0  89.4 91.4
Ga 24.7 27. 1 23.5 28.5 23.5 22.9
Ge 1.23 1.51 1.27 1.29 1.20 1.25
Rb 83.4 81.0  105.0 120.0  76.2 44.1
Sr 418 430 253 388 487 415
Zr 242 262 220 304 363 213
Nb 16. 1 25.8 21.8 31.1 15.2 22.0
Ta 0. 66 0. 69 0.49 1.22 0.48 0.93
Mo 0. 14 0.10 0.41 0.25 0.16 0.21
Cs 2.42 2.17 3.96 4.22 1.87 2.28
Ba 597 711 524 531 647 395
Hf 6.54 7.17 5.79 7.77 8. 88 5.10
W 0.06 0.22 0.43 0.12 0.27 0.20
Pb 6.23  29.60 18.00 23.20 10.30  10.70
Th 18.50 19.70  10.80  20.30  15.20  6.42
U 0.78 2.29 0.91 1.82 0.85 0. 66
Te 0.010 0.008 0.014 0.016 0.017 0.017
La 59.99  53.27  34.50 62.68 50.94 28.15
Ce 118.00 106.00 63.39 107.31 93.35  50.91
Pr 13.40 12.10  7.49  12.26 10.85  6.22

&gk 2
Continued Table 2

S 9YQ-2 9YQ-21 9YQ-41 9YQ-42 9YQ-44 9YQ-45

Nd 48.80 44.30  27.26 42.17 38.51 22.89

Sm 8.62 8.10 4.65 6. 66 6. 14 3.92
Eu 1. 64 2.10 1. 40 1.55 1.47 1.52
Gd 6.75 6.38 3.67 5.19 4.72 3.19
Th 0.84 0.82 0.42 0.57 0.55 0.36
Dy 3.20 3.40 1.56 2.18 2.24 1.52
Ho 0.45 0.51 0.22 0.31 0.34 0.23
Er 1.05 1.27 0.53 0.79 0.84 0.51
Tm 0.12 0.18 0.06 0.09 0.11 0. 06
Yb 0. 64 0.96 0.37 0.55 0. 64 0.37
Lu 0.09 0.13 0. 06 0.08 0.11 0. 06
Y 13.25 16. 69 5.72 8.25 8.55 5.65

SREE 263.51 239.21 145.60 242.40 210.79 119.92
LREE  250.37 225.56 138.69 232.63 201.26 113.61
HREE 13.14 13.64  6.91 9.77 9.54 6. 30
LREE/HREE 19.05  16.53  20.08  23.80 21.10  18.02
(La/Yb)y 63.47 37.36  62.47 76.60 54.08 51.28
3Eu 0. 66 0. 89 1.04 0.81 0.83 1.31
1 Mg" =100 Mg* /(Me®' +Fe® ) ; A/CNK = Al,0,/( CaO+Na,0+
K,0) ;A/NK=A1,0,/(Na,0+K,0) ; 3Eu=2 Euy/(Smy+Gdy), N
RIRERAL B A bR AL

)8 T WhtE A A7 (FE 6a) ;78 Si0, — AR I |, 4
PR TEAES BE X 5 (8] 6b) 5 £E K,0 — Si0, KIfi# I
(Bl 6c),Br 1 ADFERSL, HR B Ts At 251 ;54
T FNF5 % A/CNK {4 0.98~1. 05, A/NK {ii 2k 1. 85
~3.00, W HJE Tt A A R (E 6d) .
52 BIMMETE

MK FICR T 45 R R (£ 2) h Al LUE ), B
LSk AL B N A e R B B R, A T
119.92x107° ~263. 51x10™° Z ], % H# + I KW
4318  LREE/HREE {HF°% 19. 77, (La/Yb) | {H
AT 37.36~76. 60 Z ], F-Fh 57. 54, A
AR TR E B (B 7a) o FERIS B
W] B Eu 5% (8Eu=0.66~1.31,F10.92) .

AR T 2R Wk W ] (T Th) M B A A 4t SR SR
(F2)H ] LIE Y, B LSk AR b D e R B e 4
KETHEAICE Rb K. Th U, 5HEIFHMEICE Nb,
Ta Ti P, R th 5 9CA 3 R Lo FRAE

6.1 B ERRKEWHELE
16 i 2 Bl 58 5 5 B AL 4, AT OB A A
AR 43R 1AL S AL A HI K M #( Chappell, 1999;



192 A" oA T W ¥ & E %40 B

18l a b
bl s fpk [
AL SET WL /B 70f
S P ileL -
I5f iF o O
6sf o
12} W fi RS [ o
;_ Ki}?"" Ir-Irvine “\‘3 60F @]
< B =N R =) R
Z 9 e e woT
+ S5 B 2
o) », > 55¢
' e X R\ i
= Hics /NI
= 6r 4\ o el i
(TN o s0p ik wbE
o (@]
TR I
i . |K[mks| wang ast
i ek | RESEH [
0 e . . . - . 40
30 10 50 60 70 80 90 I AR 10
w(Si0,)/ %
7 3.0 o
C d -
6 G
250 HER T FURTY
O
5 L
@]
= 20
g 4t
<) 2 o
)é' z
LS
_‘_! -
1.0
1} O
I e el B4 (HBE) 25 0.5 /iw"
[ N S PR N " " . - i
40 45 30 55 60 65 70 75 80 0.5 1.0 1.5 2.0
w(Si0,)/% A/CNK

Bl 6 RilkAA SRR kb Ei
Fig. 6 Geochemical diagrams of principal elements of the Heishantou pluton
a—TAS [KIff (JEEIEIHE Middlemost, 1994) ; b—Si0, — AR [ (JE EIHE Wright, 1969) ; ¢—K,0 — Si0, K (JEEIHE Middlemost, 1985) ;
d—A/NK — A/CNK & f# ( Ji§ & # Maniar and Piccoli, 1989)
a—TAS diagram ( Middlemost, 1984) ; b—SiO, — AR diagram ( Wright, 1969) ; ¢—K,0 —SiO, diagram ( Middlemost, 1985) ;
d—A/NK — A/CNK diagram ( Maniar and Piccoli, 1989)

1000 ¢ 1000.
= —%— 9XT-2 b
—a— 9XT-21
—B&— 9Y(Q-41
100.
100 £ et
o r ~
ﬂf 10. ¢
10 F
1.
1 L L 1 i} I L 1 Il ' L 1 1 L 1 1 U_ I n i L n i n i i I i i ’I i L |' i L I
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Rb K BaTh U Ta NbLa Ce Sr Nd P Zr HF SmTi Y Yb Lu

Bl 7 # oo R Bk MG AR HELL E AR (a) FIE TC R R IR e AR HEAL R (b) (AR HELB(EE Sun and McDonough, 1989)

Fig. 7 Chondrite-normalized REE patterns (a) and trace element spider diagram (b) (normalization value after Sun and

McDonoug, 1989)



552

PR ERAE . ALl L P8 A T 4k wd i ) B B M B 7 S

193

Bonin, 2007) , HRFH il AR ATA ) M AL
b D B LSk A AR S ) L = A e gk
FEPEE FTHERR M BB R e, A BUERA S
PR IXTCK, J& T B TPk P58 v 04 & iR JC /K A6 X1 A
(RIS, 2012) , 28053 A R i 53 IX e 4 4 Jf-E
b TR B KA 15 BT, BCHERR A AL A T
e, —MIEOLT 1 B4E R A P,O, Bl Si0, 7 i
JNTREAG 17 S BUAE I PLO5 B Si0, & s i
T 8% FAARAE ( Chappell, 1999) , B 1113k 4E i 14
KAWAEAR P,0, 5 8i0, BB AMELR, 5
[ BUAE A RRIE—3, RARITAF (2007) B H& A A
T N AR T T A R ey 1Y
S AUAI A RUAY G A I H A SN Y F bRk,
it CIPW FRUER™ P55 2 L Sk A6 5 TN A 1 I 43
T AC<1% (5 9YQ-45 4 1.03) | [ A &A AT

10040,

a
- ARE R
2
g 100
‘:E.
-
v SRRIIML S. TRIAER
10

© o
AR FHIM, 8. O O
IR 2 o
] 1 1

10 100 1000

WZrNb+Ce+Y)/ 107

Kl 8

10000

1

w(FeQ')/w(Mg0)

A HEHEA R E A SRR R, X 5 s A
A5 BYHRAE (Sylvester, 19985 ZEHRAE4E | 2007) B
WATF WO IE S BE RS . I BPAh S5 T g%,
RS A AR AL B TN A G (B0 1 28 2 A I R
=B MANA SR T B KA RS, B
A1 BIE B A PR RRAE . A A RS 10° Gas/Al {H 3R
%, AT 2.00~2.49 Z ] SFHMEN 2. 27 KT A A
RS TR (2.6, Whalen et al. , 1987) ; £+ 1
Zr+Nb+Ce+Y 5 HEAE 108. 16X10°°~249.33x10°° Z
6], SR 166. 52x107° LMK T A BUAE R A IR
FRIE (350%10°°, Whalen et al. , 1987) , TEFIIH) A
A B8 R 2 AR 5 Pl g (D 8, Whalen et al. , 1987)
BRI AR T T B A X, 25 A
SRR ISk ALK K A AR 0 1 AL
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Fig. 8 Diagrammatic diagram of genetic types of the Heishantou pluton (after Whalenet al. , 1987)

6.2 FEAKRBERIEXMSER

MLk AR Si0, & 60. 85% ~ 67. 81% ( =
56%) ,AL0, & 15.59% ~ 16. 98% ( = 15%) ,
MgO & & 1. 08% ~2. 75% (<3%) ,Na,0 & H
2.65%~3.54% ,K,0 &N 1.09% ~ 3. 16% ,Na,0/
K,0 {7 0.96 ~2. 44 (& 1 A~F£ 548, Na,0>K,0>
2),Y EHEH5.65x10°~16.70x10°°( <20x10°°) ,
Ybh &84 0.37x10°~0.96x107°( <2x107°) ,Sr &%
N 253%10°° ~487x 10 (|4 9YQ-41 4, gk
T 300%10°°) ,Sr/Y fH K 25.75~73. 58 (>20) , fm
HEAA w8 S 308 AR Mg Y IR Yb,
= S/ Y (ERRHE, FRERR For R SRR, =

TR T, AR B A Eu 3% (8Eu = 0. 66 ~
1.31, F¥50.92) , E TR EERE T RATR
Th U.Rb.K, 5 H % IGFE Nb Ta Ti P, X HEHf
7R 8 LSk A R R (9 38 3K 58 5 (Defant and
Drummond, 1990; Defant et al., 2002; T )5 &= &
2010; Zheng et al. , 2018) ,7E St/Y — Y F(La/Yb)  —
Yby FUHER (B 9) b A Aiilis ABRIAve s DX,
FIP AR IEAS [ (8 B PR AL AR R SR8 e (7)) o B AT
T2, BAER ETEA LT 5 M HEAER . O 7
MEEFE BRI flOE B2 35 52 %5 ( Defant and Drum-
mond, 1990; Kay et al. , 1993; Defant et al. , 2002;
Martin et al. , 2005; Wang et al. , 2007, 2008a; Tang
et al. , 2010; BJF T, 2010; F4EIESE, 2014; Zheng
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Fig. 9 Sr/Y Y and(La’Yb), — Yby discriminant diagrams of granodiorites ( after Defant and Drummond, 1990)

et al. , 2018; T&EELE, 2018; BEHFESE, 2020);
@ Z X R IR AR AE ST P3O0 o i) 1 b 5 Ji
TKAE T HE (R A e 16 JEEF 52 1 T 1 45 3k
547 (Wang et al. , 2008b; Lai and Qin, 2013; jHil
252018 BEETRESE ) 2020) ; @ PRUL FHISEHR A
a7 A T AR L A ) 5 R A A PR ey Mg 3%
A5 (Rudnick et al., 1995; Gao et al. , 2004 ;
Wang et al. , 2006; AW 55, 2014; TS, 2016;
JERLAE 2018, BEEHESE ) 2020) ; @ SAK LIRS
W R o S8 R I8 7 (Castillo et al. , 1999;
Macpherson et al. , 2006; Castillo, 2012; PF#4¥I5SE
2014; BENISE, 2019; BEFIHESE, 2020); & RA
B B3R T 5 (VFARIESE, 2014)

S AR ER A 2E AR R BN AL Na
K RSB 3K, 550 o B ST B i 3535 e
FRFIE—3( Defant et al. , 2002 ; BEH#E4E, 2020) ,
1A LR M ST R A MY B AR AL L & K AR
TE B3I s A7 A6 B B 25 5%, 78 MgO — Sio, i
RS E P N RURE S I SRS iN b <l e A ]
10) o AR Mg 0. 36~0. 46 (V-1 0. 41) , Ja d Al
) MORB # 43 4 filt 1) 7= ) (Mg" < 0. 45; Rapp,
1997) o HFUUT HuFEHE 43I fl ok 72 v oAS AT 3k 4 i 55
i B 5 & A B N S B Mg (B 3 TR
JEIIE IR T 22 AT 7 IR Ak AR Ak A, B 5T DX RE iy v
R ULA QR VERS A1 H Mg" BRSO R A 2 7 T
TR MR BOE B IRIR A kIS (2014)
I, BK KA A S R 5k N R A4S o 5+

TR K 7 Al 15— R FN A I I AR ) P R
A BT IS ORI B LSk A A A Y
A, BRI R T L BB KA
IS A RIR e TR A B3R S I i R
B VR SRR P 5 SR A M T BAIE G . R,
RSk S A B A AR e e R T B 1
KA,

(i h i e B R
USISTES

\ S
PR FTERIE

~
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Fig. 10 MgO — SiO, diagram of the Heishantou pluton
(after Wang Qiang et al. , 2003)

Bl AR TS It E Nb, Ta Ti P Al
HREE, BB Eu 55, U6 XA TN A 504 1
TAZEFEMEREA, AN R R A IR X
A IR A B R T A B 8% B ARG SR AR ) HREE
B o R Y/ Yb (54 BH S 52 i (KB 45, 2020) ,
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R4 55 DX R DA TN A R 3% B AR B AR 19 Y/ Y
(H— B4z 10, HHA2 M E A HREE fit /04552 ; 24
DR DX LA A8 A O 3R B AR IS AR 1 Y/ YD (B B
BKTF 10 HEA MR HREE B35 (Rollinson,
1993; w7k 5, 2003; & Z W%, 2019; 55+
4502020), BLSLAEIR Y/YD {HoR 13,44 ~20. 74
(FH116.16) i KT 10 HF H oo E il or i £k (&
7a) Won H A A ARG HREE B/ 260055
FIXFREBAHL AR AN E,

HA{CT Nb Ta Ti B S5 EZALIT 3 f
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ffise . O b 5T, b B 5 KRl M7 & A=
RYe GRIRTE, 2005 ; BXGRHESE, 2018); @ JRIX A
A O R e (RPERE S, 2007) 5 B T
XA 4 20 A 5% B, A 2K ok I8 B0 IR ( Xiong et al.
2005) . SRILSKAARN Tk G Ll g Sk s pE ), 3 B
AR NI 15 T S AR R R ey L (] S A
2005; BARESE, 2012)  AbTF KO R AR i #1855 (1A
1), Hk, Bk INK A Nb Ta Ti 95755
FAHIE T 5 5 90 S I vh 885 , 5 IX 7T B
SLATRE
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Fig. 11 Rb—(Y+Nb) diagram and Nb —Y diagram of the Heishantou pluton ( after Pearce et al. , 1984)

6.3 HEKZHHFEENX

At L 1Lty 437 F S B R 5 Ll e 2% S AT
I 3 L R G A R bR e R A T X —
(RAT, 2018) , bl hiay HAZ Z% s (s A
BALIRRAE AR R © R [ AMIE 5 0 P AT
WX, WFSE Rl 2 Ly 4 18 e AL 4 T AN [
AL A, X Tty IR AT 5 ) B BRAFFE VR 228 A O
M B4 3 PRI (RIS, 1995; A
HI4E, 1996, 2003; faf fitF- 45, 2002; % K% 4%,
2002; FEAMESE, 2002, 2003; FjE B4, 2008; 1
HREAE, 2012) . REZESE(2012a) KHE IR A S =
MIHMIER R B RIS MR, 4T
Ve Za = b Lyt DX AR ARV 2 P S I BR A 1 FR 5 H
{55 (2020) 38 % b L AR IX - )8 B4 o8l R
KL BN, A6 3 LT A i e 7 1 A TR
SroN AL 3 FRIE 0 v (Tl SN ) 8 Ak AR 2 3
Hofmtt 2 )5  J T K UTRE M AR T fARAR 2
WFFE , &850 3 H A 1L b DX b — 386 A 1% 1LV A AT

fe— Mg s —Sa B R =8 (Xiao e al.
2010; Guo et al., 2012; Tian et al. , 2015; Song et
al. , 2016) .

FH {845 (2020) TA Ay, Jb s Ly H s i e 7
PR E LA PO UE DAL HE T AR P 50 + Mg i I A
WA R RE A T, W e A A0 AT A v LA
o AR ILAE(2012b) At A RAEAR2EBEGY , 4R 15
WA L g ey OV A B AR I8 R 446. 13,0 Ma,
AH 204 B L B A i P 1 e S RO A AR IR
4 362.6+£4.0 Ma, 1Y T MRV A, Bk 5 ILdgsg s
i P ARHEAE I A B4R R 350. 6+2. 0 Ma (R & %k
P, 51 @ HAESE, 2020) 40 TR A i, BILeT
L B0 (SR ) A BHRIE 351 Ma Z )5,
ARG L DX AR PR Z P G BT BR PR, 3Rk
i PR R FH T LR 110 5%, A0 Tel Hb X & BRAT 465
Ma HIHEFEZA (Liu et al. , 2011) 451 Ma fJE Nb X
B (Mao et al. , 2012) K 424 Ma fIRIK A (BIH
FHAE, 2010) , UG RS E L X FE TR BB B ek
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i W

2,
= % Gk

5 40 3

A= SR IRE I R (22 /NAESE ) 2015) . AR 1Lk
TR FE R K T A R B, I S AR R A M el
AT SIEPHTE ) A7 7 AT Ah 100 o/ il it o B2, A
FEAE R E ZE v R P A, R IR 5T T S D AR i il
AR TR 1A A SFUEE R R 25

HEABIETEIN Ny, oS 3 1y BT 4 32 14 1 7 9 3
HA AT mRE 59 717 b & R RRAE, RIPE BL A&
I PR AR X A | 4 B DD s T) AR 6o 4 i, (] - 45
2002; AW, 2002; 1k ASE, 2014), dbiliE
LT i AN el 1 X 32 58 T 5 AR S 424 Ma, &35 &
JE VA —HF BRIR T A AR IR N 407, 8~391. 0 Ma, A SCHE
BT S —HF R I AE 5 N AR A 50K v i
AYERE  BUAAEIE R 407. 7 Ma, db I 48 S 55K 72 5
A B A I I B VY 1) AR B WA R R
A UE T A0 B A () B B P ) AR R 5T )
7 A HREIE

(1) SRl Sk A8 b N AR R ok 23 S 1 3k R o
BB T AR A, A SR A R R R AR
Mg* MK Y A% Yb %5 Se/Y (EAMK HREE &5 L1355k
YA BT RHE

(2) BIAIREIN K A T A LA-ICP-MS
U-Pb A 4E WS K 407, 7+1. 6 Ma, R HIE ST
A

(3) ZEA AT ANWFFE AR, DA A0l v (ol 2 9
) HA AV R85 71207 A B RRAE, M v
CHOEYE ) FE 5L e A AT AL T o/ il 42 o Bt

gt W AT Bwi AR E KR 3
Ye AR5 AL RE RER A4th F A RF
ABLL THSFITAE, AL R EBHLH P
BT THY, S TRALRAFTAT AIARHET
E R0 E WA B A — S SOV
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