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Abstract: The Late Silurian to Early Devonian potassic alkaline rocks on the northern margin of the North China
Craton (NCC) is a key geological unit to understand the interaction processes of the Paleo-Asian Ocean and the
NCC in the Paleozoic. In this paper, we report new zircon U-Pb age, mineral chemistry, whole-rock geochemistry

and Sr-Nd isotopic compositions from the Late Silurian potassic Huangheshao (HHS) syenties on the northern margin
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of the NCC, and discuss its petrogenesis. Sensitive high-resolution ion microprobe (SHRIMP) zircon U-Pb dating
has revealed a crystallization age of 417. 6+4.7 Ma for the HHS pluton. Alkali-feldspar syenite is the main rock
type; ( AngAb, sOrys o5 )
(AnyAbgs_,0,0r,_s). Aegirine-augites locally transferred into winchite or magnesio-riebeckite. The HHS syenites
have high total alkali contents (Na,O+K,0=12.79% ~15.30%), high Rittmann index (o =8.48~11.09), high
K,O contents (8. 66% ~13.78%), and high K,0/Na,O ratios (2. 10~9.07), suggesting their alkaline, potassic-

Aegirine-augite and sanidine are the major minerals, with subordinate albite

ultrapotassic affinity. High Sr abundances and radiogenic Sr isotopic compositions (initial ¥’Sr/*Sr=0. 704 1 ~
0.706 1) argue for an enriched subcontinental lithospheric mantle (SCLM) source for the HHS magmas, which was
previously metasomatized by melts/fluids from the subducted sediments on the down-going oceanic crust. The de-
velopment of the Late Silurian to Early Devonian potassic alkaline rocks on the northern margin of the NCC indicates
that the Paleo-Asian oceanic slab had subducted beneath the NCC in the Early Pleozoic, and the subducted materi-
als metasomatised the SCLM, forming a phlogopite/K-amphibole-bearing, fertile mantle source. During the end of
the Late Silurian to Early Devonian, due to the accretion or collision of a microcontinent, the northern margin the
NCC has entered into a temporary, post-collisional extension tectonic setting.

Key words: North China Craton; Plaleozoic; potassic alkaline rocks; Huangheshao syenties; Paleo-Asian Ocean;
subduction process
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Simplified geological map of the northern North China Craton and southeastern Central Asian Orogenic Belt
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simplified tectonics units of the southeastern

Central Asian Orogenic Belt and the northern margin of the North China Craton showing the distributions of the Pleozoic-Early Meozoic magmatic rocks
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c—geological map of the Huangheshao pluton
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Fig. 2 Photomicrographs of the Huangheshao clinopyroxene-bearing alkali-feldspar syenites(a, plain-polarized light;
d, backscattered electron image; the others are crossed polars )
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Or—orthoclase; Ab—albite; Cpx—clinopyroxene; Win—winchite; Mg-Rb—magnesio-riebeckite
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Fig. 3 Cathodoluminescence and reflected-light images of representative zircons from the Huangheshao syenites
(black spots on the reflected-light images are the locations of SHRIMP U-Pb dating)
®1 BELVEKAHHE SHIRMP U-Pb EEER
Table 1 Zircon SHRIMP U-Pb dating results for the Huangheshao syenites
wy/1076 4%/ Ma
HE Th/U W6pp* /238 +% W7 pp* /25 +9%
Wpp s Th U 206 pp, /28 08 pp /22,
HH-16.2 24.30 426 29 14.7 0.066 2 2.2 0.502 2.9 413.5+8.7 374+37
HH-16.3 16.70 297 131 2.3 0.064 4 2.1 0.502 5.4 402.0+8.2 395+23
HH-16. 4 19.70 338 155 2.2 0.067 5 2.1 0.510 3.8 421.0+8.5 41115
HH-16.5 21.60 365 128 2.9 0.068 6 2.1 0.533 2.6 427.5+8.6 427+11
HH-16. 6 41.80 715 180 4.0 0.068 0 2.1 0.537 2.7 423.9+8.4 426+15
HH-16.7 38.20 659 142 4.6 0.066 8 2.1 0.515 3.9 416.7+8.3 408+30
HH-16.9 115.00 1914 729 2.6 0.069 6 2.1 0.538 2.5 433.8+9.0 425+12
HH-16. 12 48.80 850 248 3.4 0.064 5 2.1 0.485 5.0 403. 1+8.1 369+38
HH-16. 13 76.40 1322 39 33.6 0.066 5 2.1 0.498 2.9 414.9+8.2 328+150
HH-16. 14 107.00 1794 435 4.1 0.068 2 2.0 0.509 2.9 425.0+8.4 366+23
HH-16. 15 93.70 1561 398 3.9 0.067 6 2.1 0.511 4.2 421.6+8.4 70+39
HH-16. 16 22.30 389 140 2.8 0.065 4 2.1 0.498 4.8 408.3+8.3 212425
HH-16. 18 7.46 127 27 4.7 0.067 9 2.3 0.503 6.2 423.3+9.2 353146

T 2°Pb * FRMUHYE P R A, AT Ph 458 Ph HEATRIE
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Fig. 4 Zircon U-Pb concordia age diagram of the

Huangheshao syenites
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Na,O F1 K,0 F#53 518 1. 52% ~4. 13% 1 8. 66% ~
13. 78%, "Fe,0, fil MgO Y7 43314 0. 55% ~
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Bl 5 EEDIERERREA 5325 E R (P85 Morimoto et al. , 1988)
Fig. 5 Classification diagrams of clinopyroxene from the Huangheshao syenites (after Morimoto et al. , 1988)
a— WA RV MR . Q=Cat+Mg+Fe™ | J=2 Na(3ET 6 MRIEFHEME 0 5 b—WA KR Wo—HE KA ;
En—UIHEAT 5 Fs—RITT 8N Jd—8EF 5 Ae—50
a—series discrimination diagram of clinopyroxene, Q=Ca+Mg+Fe?* | J=2 Na (atoms per formula unit calculated based on 6 oxygens) ;

b—classification diagram of clinopyroxene; Wo—wollastonite; En—enstatite; I's—ferrosilite; Jd—jadeite; Ae—aegirine

(Ca+Na), =1.0; 0.5<Na,~1.5;

(Na+K),<0.5 Na,=1.5; (Na+K),<0.5
1.0
1.0 i b
(R 3 BRI A
RS el A Magnesio-
() Winchite Barroisite WALk Riebeckite
. _ F Glaucophane g
&, &,
% | BN
] =0 AT i
205 9! E 0.5 Crossite 8]
i) =0
= @) = I O
s s
- BRI | GERA o
AFd RIS I A (J*_Im- ; LA
- Ferro-Barroisite [ATELCHRTANE Riebeckite
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1 )| EEPEEPEEPRE I LT 0 L i " L L L N
8.0 75 7.0 65 0.3 o w7 1.0
Si Fe™/(Fe +Al.)

F 6 & DIERAMNARSIEEE (Y Leake et al. , 1997)
Fig. 6 Classification diagrams of amphibole from the Huangheshao syenites ( after Leake et al. , 1997)
a— WS BUA N A 73 28 AR ;. b—SN B TN A 7 26 R RIP BEOA AR AR D 23 AN AREUT- A0 A9 B 7S T 2 LE M
a—classification diagram of sodic-calcic amphibole; b—classification diagram of sodic amphibole; The values of abscissa and ordinate in the

figures are the atoms (or their ratios) per formula unit calculated based on 23 oxygens

23.47; Bu #EARE, 2R Eu i REHRIER KEASEAGDIERKS -2 REE &ME TR
#, 8Eu=0.61~1.05, fEEMMEIREIL TR M, S0 ER A NMEICEX Sio, B
Wk P 1, 5 LLE 4 Rb Ba K Pb. St Zr M1 HE,  [&f# I (& 11), HZTTE V. .Ni il Co B Si0, &t
5% Nb Ta F1 Ti JHHHAE (1 10b) . RRFELATSE, BEITT AR s D& X 3 Ao R B IRAFTERS @
10 s 45 1 7 1R B TR A 1 R IR B REE e B DN e, RESR  Si0, A, M
RCO AR B TR BRI o A s AR L WIS sl I SR, VNG A Co B9 A HEERET.
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Table 5 Major(w,/ %) and trace element (w,/10™®) compositions of the Huangheshao syenites
5 HH-31 HH-33 HH-5 HH-10 HH-14 HH-3 HH-16 HH-6
Si0, 60. 44 62.28 64. 46 64.02 64.09 64.54 64.96 65.00
TiO, 0.37 0.31 0.22 0.02 0.02 0.06 0.06 0.04
Al, 04 15.30 16. 16 17.42 17.23 17.37 17.80 17.70 18. 11
TFezO3 2.83 2.18 1.12 1. 60 1.26 0.61 0.74 0.55
MnO 0.04 0.03 0.02 0.02 0.02 0.01 0.01 0.01
MgO 0.73 0.46 0.16 0.15 0.13 0.04 0.04 0.09
CaO 3.27 2.42 0.27 0.35 0.23 0.08 0.09 0.11
Na, O 2.91 4.13 2.01 1.65 1.84 1.52 1. 60 4.04
K,O0 10. 28 8. 66 12. 84 13. 62 13.38 13.78 13.55 10.24
P,0s 0.16 0.16 0.05 0.01 0.00 0.02 0.01 0.02
LOI 2.32 1.85 0.23 0.32 0.52 0.39 0.29 0.45
Total 98. 65 98. 64 98.8 98.99 98. 86 98. 85 99. 05 98. 66
a 9.98 8.48 10. 28 11. 09 10. 98 10. 87 10. 45 9.27
K,0/Na,0 3.53 2.10 6.39 8.25 7.27 9.07 8.47 2.53
K,0+Na, 0 13.19 12.79 14. 85 15.27 15.22 15.30 15.15 14.28
Se 1.75 1.76 0.78 0. 40 0.92 0.18 0.17 0.39
Ti 1751.0 1847.0 1389.0 94.5 77.4 378.0 296.0 234.0
\Y 144.0 132.0 82.3 56. 1 41.4 21.8 31.9 20.8
Cr 11.50 6.68 9.61 4.51 3.68 4.52 4.13 5.52
Co 4.71 3.51 1.07 1.23 0.98 0.57 0.89 0.62
Ni 5.66 4. 68 3.32 1.75 1.23 0.98 2.48 2.03
Ga 17.6 21.7 28.3 28.6 28. 1 24.3 21.3 20.7
Rb 70 62 132 114 120 129 111 82
Sr 835 538 233 135 124 111 109 479
Y 8.35 7.76 4.14 0.58 0.54 0. 60 0. 80 0. 65
Zr 202 134 151 44 66 48 27 45
Nb 42.50 41.90 31.70 3.48 2.73 11.20 12.30 7.35
Cs 0.35 0.47 0.70 0.74 0.69 0.50 0.41 0.57
Ba 1125 1106 395 241 261 617 284 1712
La 19. 80 18. 10 11. 60 0.92 0.68 3.14 4.34 6.07
Ce 36.20 34.70 20.30 2.14 1. 66 6.22 7.62 9.65
Pr 4.34 4.01 2.65 0.25 0.65 0.84 0.91
Nd 2.76 2.45 1.56 0.26 0.26 0.64 0.49 1.25
Sm 15. 00 13. 60 9.05 0.89 0.70 2.20 2.70 2.62
Eu 0. 82 0.74 0.42 0.05 <0.05 0.11 0.12 0.17
Gd 1.85 1.75 1. 10 0.12 0.09 0.21 0.34 0.29
Th 0.26 0.22 0.14 <0.05 <0.05 <0.05 <0.05 <0.05
Dy 1.35 1.10 0.70 0.08 0.08 0.12 0.17 0.15
Ho 0.24 0.22 0.13 <0.05 <0.05 <0.05 <0.05 <0.05
Er 0.79 0. 68 0.42 0.07 0.06 0. 06 0.08 0.07
Tm 0.11 0.09 0. 06 <0.05 <0.05 <0.05 <0.05 <0.05
Yb 0. 66 0.52 0.38 0.11 0.10 <0.05 <0.05 <0.05
Lu 0.10 0. 08 0. 06 <0.05 <0.05 <0.05 <0.05 <0.05
Hf 4.35 3.21 3.40 1.05 1.50 0.97 0.68 1.18
Ta 0.31 0.27 0.44 <0.05 <0.05 0.10 0.09 0.07
Pb 30. 60 5.52 4.79 2.76 2.73 5.26 25.4 9.01
Th 3.85 2.72 9.15 0.73 1.73 1.33 1.12 8.29
U 0.86 0. 86 1.58 0.22 0.37 0.26 0.31 0.56
> REE 84.28 78.26 48.57 4.89 3.63 13.35 16.7 21.18
(La’Yb) oy 20.23 23.47 20. 58 5.64 4.58
dEu 1.05 1.04 0.93 0.76 0.73 0.85 0.61

. CN ICEERRLBR A bR el , BB A AR AL ECE PE Boynton (1984)
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Fig. 7 Classification diagrams of feldspar from the
Huangheshao syenites
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Fig. 8 Chemical classification diagrams of Huangheshao syenites and other representive Late Silurian to Early

Devonian potassic alkaline rocks on the northern margin of the North China Craton
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[ #541 SHRIMP U-Pb 4%k 399 Ma ( F H 4] 4%,
2012) ; #5471 LA-ICP MS U-Pb 4E{#% >} 396 Ma( Zhang
Q Qetal.,2018) ] AR MR ATIERAE K
B[ 8540 LA-ICP MS U-Pb 4E# 402 ~395 Ma
(Zhang Q Q et al., 2018) | VU5 F AR iy 3oa 14

( SRR =38 VA AR Bl 4 A 1E KA AR R A
[IEK A8 LA-ICP MS U-Pb 4E #4409 ~ 408 Ma
F1401 ~ 398 Ma( Zhang et al. , 2010, Zhang Q Q et
al. , 2018) ; %547 SHRIMP U-Pb 4E#4°4 415 Ma( Niu
et al. , 2021) ] B2k TR M A [ 382~377
Ma ( Huang and Hou, 2017; Zhang Q Q et al.,
2018) ], KSRV HHIEZ AR #5417 SHRIMP U-Pb 4F
1% 390 Ma( #HHHEAE, 2001 ; Jiang, 2005) ]
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®6 AFGLEREWEH Sr-Nd B REM
Table 6 Sr-Nd isotopic compositios of the Huangheshao syenites
wy/107° wy/107°
PES ——————— YRpMs Y58 20 (VS8 ———— WigMNg NA/MIND 20 eNd(0)  eNd(t)  fsmond
Rb Sr Sm Nd
HH-31 70.4 835.0 0.2381 0.707 524 15 0.706 1 2.76 15.00 0.116 7 0.511 112 10 29.8 25.5 0.41
HH-33  61.5 538.0 0.3229 0.707 912 14 0.706 0 2.45 13.60 0.114 3 0.511 153 7 -29.0 -24.6 -0.42
HH-5 132.0 233.0 1.600 2 0.713 616 15 0.704 1 1.56 9.05 0.109 4 0.511 268 5 -26.7 -22.1 - 0.44
HESAVEA (Niu ef al. , 2021) . %, 2015; Zhang Q Q et al. , 2018)

HSE, B BRDOE KA ERmEa b, it
SPLEAL L R H L A R R At A s 7R
J ARG DT I W 417 Y o — 2 32 %y A 25
FAINA A St B S A R, A A FELL A A
TIEM R R WO A O SR, =LA AR TR AR
399 ~382 Ma Z[0]( Zhang et al. , 2009b; Teng et al. ,
2015) ; ARFEALARINIL RN K, RALAFRRTE 390
Ma 4 (Zhang et al. , 2007a) ; TEARIGEHIX 211 2T
EE%Z$HX%C?LUggﬂﬁZiiiIEfiiEFﬁ#%*IEfEZEFﬁﬁ?#%,
EATEA A BAE R AR RHE, 854 U-Pb 4F#%
A TE 393~377 NklZiﬁﬂ(ShletaL , 2010; #i#sc

IREEPE S SIS K A BUAE A TR AR
JerEhrmAC ARV ) R A, 5 e db e hm AL e
Mok B HHoR- R BRI A E T — 5 e
P ARG B 5 3R AR X RAE I R B, AR
Tty S 5 A b v 7 3 b 2k 9 Hb T E 1R E G
HE,
52 ERBRMER
AmEﬁE%H%@&&%EI JCER AL
FER A AR RN T A R A A A A
B LA B4 b P 5 2 AR FR A R AL
AR, A AR F RS A KA A
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B A I, BB ALRA Y R 5 AR
A BN A NS RN N, K AR
HiRE AR BLRRAR & B T rf Rk E K A R 2 (1]
TR R 5 AR JE B 00 = W 5 S I A A TR
A BIRAEE A BOR NS, A S B AR AR AR R
AUt/ I e Aol o I = = W S = S e
(Na,0+K,0=12.79%~15.30% ) FI HLEF 2455 (o =
8.48~11.09), A K,0 & (8. 66% ~13.78%)
H1 K,0/Na,O {H(2.10~9.07) . & ¥ B4 75 Hb
EHE R G D IEK AN Si0,-A1,0,-K,0-Na, O-
Ca0-FeO K%,

[ Bt A A B 5 A D IR S A A
WG FITRA M, s PR LS A A
IERE R E, IF BB R A A 4R L
BRWEAT GEMEA -SSP A I ) FIE AR
F, IR AWERIHEIR LT (Niu et al. , 2021) ;
WEA & B2 & (Na,0 +K,0 = 3. 74% ~
15.36%) HAFEHEH (o =1. 60 ~10.78) } K,0/
Na,O {8 (1.19~9.36; Niu et al. , 2021) ; [l #5 /b
IERE R, WoONE A 250 (F8) .

A v dir 38 b 2% At e A B AR R At
PEAR (LIS A AN IE A AR AR IE KA
BB A B 2 RS 2 Ik BT K A O R 3 Huang
and Hou, 2017; Zhang Q Q et al. , 2018) FEZLH Wil
YoRRHE A ARA N A AR s &
HICRAM b, WHEA RS20 5 5L 2 4
$(0=2.35~19.01) , {H 585 /FH WA AR
FJR, XA IR B A IR K,0/Na,0 {H (0. 26 ~
1.09) , MEABH s R0 (E 8) .

PR, el o 7 38 b 2% e 7k B9 R - e it
B AT LA P2 — 28 g B B, LAl
MBS DIER A MR, MBS, D&
FR AN IE KA | SR A DR A NS L5k —
Kk,

5.3 BEEERBEMIBEX

wn ik, At v 4 b gk Ak B R - LR
A AR B T LA S5 A BT B R A B B
X, ARCEBEBRT U O A IE KA R
BT A

PP A IE A AN 2 5 b 0 MO 5 1 A 1 4
T, MEZead 48 o S HERR T 28l o sk AR
W, ARHEE SRR M T 1 ot R RN R 2 4 B AT vl LA
AL E A R R (S B (Niu et al., 2012, 2016,

2021) , EEDIERA AR RET JTRMIFAL
B AR SRR R R T 5 A M 1 3 40
fill, FEARIET

(1) EA/DIERA B 3B 8RR & M B
PERAER S R Al 3l 1k 225 A T R
MR A ER A LN, R E R A A, X
PIAS A B AR 5 I A R M B R i T R A
B 8 T 9) , Yo B . XA Y A
TSR Z2 M oL R A AR IR T e, M 5e 5 A
(PP RORLE B B ) B8 O3 Rl 1Y) o R
Ry Y A6 5 5T ( Rapp and Watson, 1995)

(2) BA D IER S BA & U R Y S R
PEEH R (WIHEYSt/*Sr=0. 704 1~0.706 1) F#1iF
TR TR X Si0, M sC I L, BiZE Si0, & &3
i, Se F o EA R T RE RS AR R R AR AR
HH-31(Si0, &t fik, M 60. 44% ) 1) Sr 7 1 (835
x107°) LI THIFEIY Sr & i (HbA F-1 Sr A
320x107°; Rudnick and Gao, 2003) , 1% FHH # A& £)
PR B TSR Se i A3 AR Y Se Rl
RA BT IR P AU, Rtk A D AR S
[l (o7 25 4B AT LSS e b 5 X ) S [l 7 AL, 48
AR DX i A B B e [RIREAY, A
WEAE R Sr FHE (1 591x107° ~4 807x107%) ,
H: Sr A R 48 (W AT Sr/%Sr=0. 705 4~0.706 3;
Niu et al. , 2021) 0 S W T HR X0 & 55 41 Bl
e

(3) FEfEITCEA N L, XA AR EER
MitIeR, BERETEATE, WRHEX N
S e
5.4 iR YEHIE S RIER

B I A IO S T BT A A 1) S
I3 VR (Foley et al. , 1987) , Mk iy UE I & W
TR DX TR 1 sl e 1 6 32 AR AE B 1 25 1l PR v
KR T HEAEH (W, Conticelli et al. , 2007, 2015;
Prelevi¢ et al., 2008; 2009;
Tommasini et al. , 2011; Niu et al. , 2012, 2017; Guo
et al. , 2014; Liu et al. , 2014, 2015) ,

HA DR A AR Sr Rl 7 2 20 At R H:
TRIX i % A= 1ok B IR ORI s ARVE T, 1 2R
B RB 20 & AR R A T S Bk TR A WD 46 Sr Rl 2
ZH %K 0.703 71( Yang et al. , 2009) , A LIACFE 2R
FRBF At T 7 30 25 A Pl b g 1 S [l ALk, an
LR, ARG AN AR Sr R 2 AT L

Avanzinelli et al. ,
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Mg A . At e U 2 P TH AR R 8 7t B B ) B PR R x DX Ay i 1 14 B 851

J W HL YR IX A P g Y S [ 4 22, Hi A
BAY Sr/% Se {54354 0. 704 1~0.706 1 F1 0. 705 4~
0.706 3, ¥ A rRIE Bt S ) >4 i Ak v i
TR M Y Sr [ 28 UM, e R SO R £
Sr [al437 Z2H B AT LA IR b U R A o 25 1 P b 71 22
RAEHIBIE,, 5T Z o FiR G 8 A ( Langmuir et
al. , 1978) BRI RM, 29 1% ~ 30% W v TR
Wy [ 4= Bk oh U0 AR 4 7 ¥ B 43 Sro= 380 x 107°,
¥8r/%Sr=0. 718 ( Plank and Langmuir, 1998) ] X} ¢
Je5e i i A AR A A PE M [ Sro= 600 x 107°,
TSt/%Sr= 0. 704 (K& T4, 1999; Yang et al.
2009) T3S, RIVAT LR ) it g 2 A 20 R oy Sk
ANE AR Sr (R 22 20 ok (3 B DA A B s 1Y
Sr Rl ZRA ) (B 12), K12 1, & A M4t
Py A ACE A0 B s (SCLM; K755, 1999
Yang et al. , 2009) 5 4= Bk Iff #h YT FL 4 ( GLOSS;
Plank and Langmuir, 1998) [ Sr-Nd [F] i Rk & #a
4 42 B~F b 05 Y s IE R S TTG Fr
WA (Jahn et al. , 1987; Liu et al. , 2000) —JUIR &
L (Langmuir et al. , 1978) 128 B AR ZAFF il
I (GLOSS) B2 7 A B M A [R5 TTG B e
TIUIRG L, 4 C.D E M F 435852 E] 10%
20% 30% F1 40% (ff w0 AR 40 22 AR 107 g 358 53 4
AP BAIA R S TTC e iR G Bk, F£IRA
Ui B3 A Sr Nd B LR R HETE LR 7, A
W, B gs i 1 Rl 8 a2ty s AR Y Se-
QO MELIERKSE

OF bum J
o o R - IR (Zhang eral, 2010,
5k Zhang Q Q eral, 2018; Niwer al., 2021)

—]

GLOSS

eNd()
=

LI
I 4l

ITGH BfE

L

L
0716 0718

L L 1 L 1
0706 0708 0710 0712 0714
(4751, " Sr);

L
0.704

K12 BA NIRRT Se-Nd [R {7 R ALK
Fig. 12 Sr-Nd isotopic compositions of the Huangheshao

syenites

Nd [R3 & 4343 ( Zhang et al. , 2010; Zhang Q Q et
al., 2018; Niu et al., 2021) Lk & = i Hu 2 ( DM;
Rudnick et al. , 2004 ) FI4EIY va i 38 B 2k i T Ho 7%
(5K [ #E55E, 1998; Zhou et al. , 2002; Liu et al.
2004) 4 Sr-Nd [RIZZR AL, HEAh, s DA s
PR HATE R Sr,CaO F1 K,0 F &, X EETTHE
TEALAZ YR IX A IR i CRR A 52 AR T 19 2 1L ( Conti-
celli et al. , 2007, 2015; Avanzinelli et al. , 2009) ,

*£7 Sr-Nd BZEREGITESEREHREASEH

Table 7 Parameters used in Sr-Nd modelling calculations

w L EERIFRYT A A
FOBOE swream wwss 0,
; S (GLOSS)  Hk ik e
w(Sr)/107° 600 380 1 600 320
878p/%0 sy 0.704 0.718 0.704 0.718
w(Nd)/107° 8 70 6 35
eNd -5 - 11 -5 - 40

. RPEIEFIE Jahn er al. | 1987; Kerr et al. , 1996; Plank and
Langmuir, 1998; & T4, 1999; Yang et al. , 2009; Niu et al. ,
2017; Liu et al. , 2000,

WALk, Aedb rehriE b S i i A J T AL
5O B AL B VAR OC B A D AN lOE
KA R R, 75ty 2R AR RUAAAE S AR
F i Aedb s b T AR R IR PR B S TR
SIRATR AT A, T8 4 A A SO AR A AR
FATE I TR RS & =B/ IN A FRRDE A 4
AACH W) B9 Bk 4K ( McInnes and Cameron, 1994 ),
Foley (1992) 4 4 JFA+ ] £ Jo Rl 155 78 fi e it
B H R, AR IR SR R FBK AR RlOE 18
FERFIE B HE s Rl 1A J A ) A2 B R
G, VIR Sy F2 30853 Rl B 1% 25 SR 3 Sy e 90 I
BRLPES B G R IO A A A T A e
i, T LU A i E KA R 125 Rl L 1R A e

B /DA WOE A Y B S AR L
BEARWUFE S ) Nd [FIAL R A, wA D IEK S
eNd(1)=-25.5~-22. 1 (%K 6), HERKE M
eNd(1)=-23.4~-10. 1(Niu et al. , 2021) , X 7] §g
EaRERA DI Z TTC F kA iR § 5l
A,

AT St &R, HAEDIERAN Nd & =BAL
(0.26x107°~2.76x10™; 2 5), X ffi15H Nd [F{;
RN ) 32 B\ M se IR L 52, ARl v b i B K
FA FEMETER TTC A FEMERRRC S/ AN 5
ZH A% (Jahn et al. , 1987; Liu S W et al. , 2000; Zhou
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i W

A
= % Gk

5 40 %

et al. , 2002; Liu Y Set al. , 2004) . FEPERERL S/
N Nd [F; R 8 (eNd=-24~ —12; 3K ERESE
1998; Zhou et al. , 2002; Liu et al. , 2004) 533 iFE
KA, (R G IE K 5 R 5 4 B 1 Al
FNi 2, HL, AR WIE KA Nd [FA R4
BN AT BE P RORL A B8 TN S TR AL ke . T
TTG H kA B A BARA Nd [F0 Z 4 (eNd = -44 ~
-25; Jahn et al. , 1987; Liu et al. , 2000) , /& TTG
FIRRA TR YL RI AT 5| 5 AR R Nd R 2 19 B
B4k, —Iofai IR A (Langmuir et al. |, 1978) #4li1
R, 50 10% ~ 15%F 1% ~10% 247 TTG F
TR G RO AT fif B 3 A 0 IE R A Ml e KA
Nd [RIfp R R (K 12)
5.5 MiEESRXiEHFEL

— RNy, FER 2 F LR 2 AT, Aedb s
WAL P2, T R R fedb bt
S C AL N 1% B Rl 2k (Wang and Liu, 1986; Yue et
al. , 2001; Xiao et al., 2003; Miao et al. , 2007) .
L NG ] N Y e S = i A RS S A K /R TR (O EE
TR 22 B9 ( Xiao et al. , 2003) ; BEEIRFHAEHH)
AT, SIS el e paE A gk & A Rk gE , SR T
122 B A B sE Rl 2 b, T T R
He R g S 2 7 A0 41 1) 5 22 BB i A ( Xiao et
al. , 2003; Wilhem ef al., 2012) . MK Fliflf 8 >
J& , BT R E T iR & AR, BRI e
JCGIF A T2 55 B TR S R A s B, KB T
b BBl TR R B Y i B I 2R LA R R R K T
Har: 7% (Wang and Liu, 1986; Yue et al. , 2001;
Xiao et al. , 2003) , 1H Zhang % (2014 ) i 5% % #X,
F T R ICE S A 13 A 3 B 847+ se bl s
P, S oL LR AN — G )R I K
s I A 9Nl lE 4 4 A B AR b s b 2k,
R A B ERI v hnlE 2 E RIS AT
VYN EE [ AR se R R O s T R 2

B ScfTk, Aedb ved am Jb 2 i A5 B ok -
Je B BTk R, BERAE SR TE BUZ T,
R 5 B s G B B (8 R S AR
e sEhiE T AR AR rhAR A (S B TTRR )
AHSEAA AR B A A B s A7 5240, B & 4
B/ I A BRI A SRS AT W) KA 1) 5 4 Hh
e SEBR b IRAERR R R B 20 - AR B AL R p/ T AR T
YERILL B At vepid de sy Fls A R &
A A 5y A AR T oy S 9 v A b e T 3 R Y

ff b A H A1 5 ( Tang and Yan, 1993; De et al. ,
2006; Xu et al., 2013, 2015; Zhang J R et al.
2018) .

AR EAHE At FOhniE b S 04 b o Ak B —
U ST s, 6 IR 11 i 9ICE J A R AT
OR 1S £E Z i B I B S DR AN 8 G 5 ( Wang
and Liu, 1986; Shao, 1989; Yue et al. , 2001 ; Xiao
et al. , 2003) , FEUREE T I ] R B 4 38 Iff op
AHOCHI LB/ E JHE ARG R, (B2, HAKRZLH =
B4, fedb il b sk S & B R RIS JE AR
JH ( Zhang et al. , 2007b, 2009a, 2016; 3K+ % %
20105 Ma et al. , 2013), W5 8 BA T A oty SIE 9
ek v S 38 T By AR AR T R 2T I Y R
(Wilhem et al. , 2012) , HATAZLI R, IFoprE T S
HFTRE,

Sehr b, MR R, R AR AR s am AL 2
HOE RS Ly 2458 X2 D5 T — R B A 4 3 5
Ph, TENSOT AR AT, KT EM AN
IR 5 BB 2R K LA AN A (Zhang and Tang,
1989; Rong et al. , 2001; Johnson et al. , 2001) ; 7E
TR -, SR RERLAOAES
TR AR Z I (Zhang and Tang, 1989), %
B 75 B R 2 T A i — W DX s 2 Y
1 1L e 7518 B ( Tang, 1990; A1 E45%, 2014)

B A B Ty YN ) AR L v R T R
YERI R W BRSBTS vt S W e
AR S e db s b E S S R B K A T R
PHIU : Yue 55 (2001 ) 42 Hi 95 Je 5 (s ATy ) fole ol
e SGAAL e nE A2k T R Jian 45 (2008) AN
MBI IR A 3] B RR bt B 5 Wilhem 55 (2012)
A BR AR R 3 A7) B 1 25 (8] S 8 1 ok, i
BA 2 IS I B 5 38 Bl p R A b s hE A B AR R I,
FIREARE T I B S TH S AL SR R,
AER AN, PR AR B R (R
ZHDEXRAETHE (Xuet al. , 2013, 2015; Chen et
al. , 2015; Zhang J R et al. , 2018) ,

AT FIRTE AR i AR, AT DARRE 02, 4R
b v AL 388 A Gk A 5 B TR 22 8 At i Ak T il
fi 5 R IR SN 2 E T R T , NTS BORAR b TR
WASARH & G =B f N A R A 2 2 A )
) 2 J o A P s i A= TR o, TR LT DL /b
A OE R A AR B

B 1A ST 5 1) 6 5 P R — L 8 2 e i 4



555 M
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YRS, fEAAb P b & ih & F — W — & 8 o
—REP BT R e, o A T AR T R R LA R (&
1b), WEREARTG MR AT, A 7w AR AR S
A HNFEHALAREAIERKS (214 Ma; Zhang et
al. , 2012; LFIEERAE ) 2016) BUIKIE K A (227 Ma;
KRFE) T RFEERE A (229 Ma; Niu et al. |
2017) 7 bk 5% 1 B A — 1E K 5 4 1A (209
Ma; BiAE, 2013) B ILABEEEK A IE KA A A K
(225~218 Ma; L5455, 2009; Niu et al. , 2012) iL
VYRR X85 A1 1E K (226 ~ 224 Ma; Yang et
al. , 2012) JLARFELHIMNIER A (233 Ma; =A@
JGAF, 2005) , 5 MR B R - LR A ek A A
b, Mo =Z ok s o E et 28 A bk
AR PE S, A2 0 5T TR e ol R e A
& (Niu et al. , 2012, 2017; BEALEE, 2013; ZFHEgR
4, 2016) , BFFERIHX LM A TR T & & = b/
FAIN A — PR A1 e A b %) TR B2 Al U
DX b 37 2] T ok [ PR v bl R (S DT
Yy, gL R ) A AR/ AR 1) 22 ARAE F ( Yang
et al. , 2012; Niu et al. , 2012, 2017; WExtEE, 2013,
Hou et al. , 2015; FIEEESE, 2016) . X4 =F 2050
T A A R T, fe s ARt s RE db 2
AL TR ZU A R AL 3 20y 2F 5 B R i
A B B A BRI 5E L T A i A AR T AL B B

B e — M 22 7E A4 1 T (81 A g 30 B B O B
(Faure, 2001) , At vafidb 2 w3 940 o it e 10
KB, fEd WS e A ve hm db 2k A0 BAE i
AT REAEAE A HE M, 25 G AR SR BRI
KTl I v Ak S AR v Pl b 2 e 0 A AR DG
FEBCR, e S ARl e S b 2k 0 A B4
FHATREZEDT T AN R ad e

(1) BPg2e- A& e m . B L nt, hT
12 B A= PR B Aedb e hm b 2k, Jash Tl
e A va P R IR b B B TR o S
e bk (e & | K =h A ava i | vk R 2 ¢
VR IR Wk B R R R A, Aedb s hiaE
JCGRAL T RlAR S (e R i) 3 PR S BB o TR
SRR A A P M & A o Js dail, DTG & I A B
AR RS

(2) xR =S ETEN . AR i,
bA\RE S L RS A 1 T N O /R R (R I 0 = B B o
Pt gk 7 K 2 R R Us 3 St
W=B e, WA G, et shim 5 520 b

Yol R LR R A RS £ W = ARy, 4t
SERLAL LI ABE P8 2000 R L B, % 70 =
B 0 R 71

6 it

(1) AT AL S 7 — ek B Tk
UL AEHERRYE & A ARSI R IR -, Bt
BAPER R RIS s — SR BT £, DA A
ELERARIGE; LN HTBIER, URFH
CIARRSNEE SCE I R IRV et S
k.

(2) Al S A 0 25 B LA L8 2
TR R T B oA S Y B S
WRRIX, TR R, i S EI A A [
R

(3) el 40 1t 5000 25 L8 4 1
BB % T, 8 2 A AR, 7
HEHL TSt B I o R R BN
B AT VM BT 3R 5 9055 B 0 0 4t
o TR R DS, S b 4
bR R B

(4) Al S AL 20 25 B Rt K
W =AM PRE 2100 2 B, HR T P A
SRt 2 A PR o T R A 7 i
1 S22 A2 O KPR R e 5
RIS 24 DX e R L R 8 %
) MO 3 7 42 = 2% S 00D P AR ol i
WAL SR B SR (1 =
KH).

it P B R KT E R R R
R Ao & FARAT P £ R AL Sr-Nd Rl 42 7% 447 0 3K
Aotk TR FANK I T LT T I FAB B BT
Bt KA LIATT MBI R T, AT E
TSI, R — IR T RS A
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