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Abstract A continuous sedimentary-volcanic core of Songliao Basin has been obtained through ultra-deep drilling of the SK2
borehole, which provides excellent materials for systematically investigating the formation of the Songliao Basin and the tectonic
evolution history of Northeast China. In this study, we conducted a combined study of zircon U-Pb dating, whole-rock geochemical and
Sr-Nd isotopic analysis on basaltic andesite samples from SK2 borehole with depths ranging from —6035m to - 6084m. These SK2
basaltic andesite samples belong to Huoshiling Formation and they were formed at Early Cretaceous (141.6 +1.4Ma) according to the
zircon U-Pb dating results. The SK2 basaltic andesites are enriched in large ion lithophile elements, depleted in high field strength
elements, and their geochemical signatures are consistent with arc magmas. These rocks show depleted Sr-Nd isotope characteristics
((7Sr/®Sr), =0.70496 ~0.70478, £y, (1) =1.05 ~1.61), suggesting a depleted mantle source. In the Early Cretaceous, the
evolution of Northeast China was mainly controlled by the southward subduction of the Mongol-Okhotsk oceanic plate and the western
subduction of the Paleo-Pacific Plate. Previous study has shown that the subduction of Mongolia-Okhotsk Ocean induced coeval
magmatism in the Great Xing’an Range, however, it is not clear whether its influence extends into the Songliao Basin. The initial
subduction of Paleo-Pacific lithosphere may induce Late Mesozoic magmatism in the west of Songliao Basin. The Early Cretaceous
formation and evolution of Songliao Basin were mainly affected by the activities of Mongolia Okhotsk Ocean or Paleo-Pacific lithosphere
remains controversial. The Th/Hf (1.10 ~2.87) and Zr/Y ratios (10.1 ~18.7) of the SK2 basaltic andesites are similar to the
within-plate basaltic magmas, we therefore suggest that SK2 samples belong to intraplate magmatism. The samples also show higher Zr,
Hf and Ti contents, higher Nb/Ta ratios and more depleted Nd isotope compositions than the coeval mafic rocks in the Great Xingan
Range, indicating the SK2 samples formed in a different tectonic background. Accordingly, the Early Cretaceous volcanic rocks in
Songliao Basin are most likely occurred by rollback of the subducting Paleo-Pacific Plate, while incidental lithospheric extension may
promote the formation of Songliao Basin.

Key words Songliao Basin; SK2 borehole; Early Cretaceous; Basaltic andesite; Rollback of the Paleo-Pacific Plate
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Fig. 1  Structural units and simple geological map of Northeast China, and structural cross section across the Songliao Basin

(a) a ketch map of main tectonic units; (b) distribution of Paleozoic-Mesozoic magmatic rocks in NE China ( modified after Wu et al. , 2011 ; Xu
et al. , 2013); (c) structural cross section across the central part of the Songliao Basin based on regional seismic analyses. The gray bars in SK1n,
SK1s, SK2w and SK2 (or SK2e) are coring intervals and the white bars are un-cored intervals ( modified after Wang et al. , 2013 ). The age of
Early-Cretaceous mafic rocks from Wang et al. (2006b) , Zhang et al. (2008), Yang et al. (2015a), Ying et al. (2010), Cui et al. (2021),
Wu et al. (2018) and Pei et al. (2008 ). Abbreviation; XXS-Xinlin-Xiguitu suture; HHS-Heihe-Hegenshan stuture; MYS-Mudanjiang-Yilan
suture; SXCYS-Solonker-Xar Moron-Changchun-Yanji suture; JYF-Jiamusi-Yilan fault; DMF-Dunhua-Mishan fault; NT-Nadanhada accretionary
terrane; Q-Ey-Quaternary/Neogene; K,s-Sifangtai Fm. ; K,m-Mingshui Fm. ; K,n-Nenjiang Fm. ; K,y-Yaojia Fm. ; K,¢n-Qingshankou Fm. ;
K, ¢-Quantou Fm. ; K, d-Denglouku Fm. ; K, yc-Yingcheng Fm. ; K, sh-Shahezi Fm. ; K, h-Houshigou Fm.. T03-5. seismic horizons. The red

regions indicate oil reservoirs. The star represents the location of the collected magmatic samples in this study
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Fig. 2 Core and photomicrographs for the SK2 samples

(a, b) dark green basaltic andesite core, the diameter is about 12¢m; (¢, d) clinopyroxene phenocrysts and mixed plagioclases. Cpx-clinopyroxene;

Pl-plagioclase
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Fig. 3
cathodoluminescence images of zircons from basaltic andesite

in SK2 borehole

U-Pb concordia diagram with representative
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F1 BBIHFZHRLESER U-Pb FREE

Table 1 U-Pb age data of zircons from basaltic andesite in SK2 borehole

HH(x107%) [ % LU fE A (Ma)
FE ——— ThU

Pb Th U 207 ph/35 Y lo 206 /238 lo 207 ph/B5 Y lo 206 ph,/ 38y lo
01 73.37 498 2954 0.17 0.1570 0.0040 0.0223 0.0003 148. 1 3.5 141.9 1.8
02 58.07 1305 2374 0.55 0. 1480 0. 0046 0.0221 0.0002 140.2 4.0 140. 6 1.4
03 72.58 451 2970 0.15 0. 1640 0.0057 0.0222 0. 0004 154.2 5.0 141.5 2.2
04 58.79 1434 2424 0.59 0.1509 0.0042 0.0221 0.0002 142.7 3.7 140.7 1.5
05 73.03 1140 2939  0.39 0. 1591 0.0043 0.0227 0.0003 149.9 3.8 144.5 1.8
06 56.42 1380 2343  0.59 0.1488 0.0045 0.0222 0. 0003 140. 8 3.9 141.3 1.7

®2 MBZHZRRILEEEEETER(Wi%) JERTE( x107°) F Sr-Nd R EH IR

Table 2 Whole-rock major element (wt% ) , trace element ( x 10 "®) and Sr-Nd isotope data of basaltic andesites from SK2 borehole

R

in=2 SK2-3V-141 SK2-3V-144 SK2-3V-148 SK2-3V-150 SK2-3V-153 SK2-3V-155 SK2-3V-156 SK2-3V-157 SK2-3V-159

W (m) —-6035 - 6045 - 6055 - 6062 -6071 -6077 - 6080 - 6082 - 6084
Si0, 53.5 57.2 51.8 52.4 47.7 47.3 54.5 52.6 54.4
TiO, 1.17 1.36 1.21 1.22 1.09 1.20 1.36 1.51 1.50
Al, O, 15.6 16.0 16.6 16.2 15.3 16.3 13.7 15.0 14.8
Fe, 0 7.97 8.22 6.72 8.09 8.03 7.86 7.37 8.22 9.65
MnO 0.09 0.10 0.11 0.13 0.11 0.12 0.11 0.12 0.10
MgO 4.93 4.93 5.09 6.03 6.27 4.81 4.22 4.68 5.76
Ca0 3.84 1.77 5.06 4.56 6.99 7.59 5.95 5.99 4.00
Na, 0 5.35 5.14 5.25 4.41 3.81 3.42 3.06 3.24 1.66
K,0 1.54 0.71 1.05 1.17 1.22 2.33 1.56 1.73 2.16
P, 05 0.38 0.43 0.32 0.32 0.29 0.32 0.38 0.40 0.30
LOI 5.23 4.22 6.24 5.97 8.26 9.03 6.93 7.08 5.36
Total 99.6 100. 1 99.4 100.5 99.0 100.3 99.2 100.5 99.8
Mg* 55.1 54.3 60.0 59.6 60.7 54.8 53.1 53.0 54.2
Sc 17.0 14.9 19.7 19.9 18.8 21.0 15.1 15.3 10.3
Ti 7000 8176 7269 7302 6544 7209 8172 9027 8985
A% 204 120 130 146 272 327 142 146 142
Cr 367 129 346 309 604 661 111 126 128
Mn 1209 715 889 967 1651 1709 878 894 832
Co 34.7 27.0 31.6 34.5 33.7 37.1 24.9 24.4 30.3
Ni 121.6 81.0 158.3 160.8 153.0 159.3 69.1 68.9 96.5
Cu 15.7 62.3 52.3 48.1 46.4 44.3 35.8 35.6 41.8
Zn 103.8 95.4 90.6 90.6 81.3 87.6 81.7 94.4 102. 4
Ga 19.9 20.6 17.3 17.7 15.3 20.5 16.5 18.4 19.3
Ge 2.30 2.19 2.25 2.27 2.26 2.27 2.18 2.17 2.56
Rb 36.3 18.3 24.0 25.0 25.4 110.2 43.8 51.7 20.6
Sr 1005 463 1446 1230 1927 1588 890 993 610
Y 23.6 20.3 18.6 17.9 17.7 19.5 20.1 20.0 16.0
Zr 409 228 206 181 331 350 218 220 222
Nb 9.97 11.48 7.67 7.12 7.06 7.92 12.24 12.63 12.18
Cs 2.34 1.85 2.51 2.34 3.58 5.12 2.65 3.06 3.49
Ba 789 218 769 839 1058 842 408 657 530
La 28.6 22.7 20.0 16.8 18.6 20.1 27.5 20.3 18.6
Ce 113.3 48.4 45.2 38.8 55.4 71.1 58.8 48.7 45.6

Pr 7.92 6.28 5.88 5.12 5.34 5.73 7.26 6.27 6.22
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&gxR2
Continued Table 2

s SK2-3V-141 SK2-3V-144 SK2-3V-148 SK2-3V-150 SK2-3V-153 SK2-3V-155 SK2-3V-156 SK2-3V-157 SK2-3V-159

YREE(m) - 6035 - 6045 - 6055 - 6062 -6071 - 6077 - 6080 - 6082 - 6084
Nd 32.2 25.7 24.6 22.6 22.6 24.6 29.9 26.9 25.0
Sm 5.99 4.91 4.87 4.38 4.46 4.84 5.49 5.52 5.32
Eu 1.51 1.49 1.51 1.29 1.36 2.32 1.57 1.29 1.66
Gd 5.35 4.17 4.38 3.95 4.11 4.36 4.82 4.82 4.55
Th 0.77 0.66 0.64 0.61 0. 60 0.64 0.70 0.73 0.73
Dy 4.37 3.75 3.48 3.41 3.26 3.62 3.83 4.14 3.94
Ho 0.87 0.75 0.69 0.65 0.64 0.71 0.76 0.76 0.76
Er 2.23 1.96 1.70 1.73 1.60 1.81 1.88 2.09 1.89
Tm 0.32 0.28 0.25 0.24 0.23 0.25 0.26 0.28 0.28
Yh 2.03 1.80 1.55 1.40 1.44 1.63 1.66 1.68 1.59
Lu 0.31 0.27 0.23 0.22 0.22 0.24 0.25 0.26 0.25
Hf 5.02 5.52 4.66 4.10 3.91 4.43 4.60 4.97 5.09
Ta 0.56 0.69 0.45 0.41 0.40 0.45 0.71 0.77 0.71
Pb 9.24 14.76 5.53 9.74 8.50 9.23 5.89 7.97 8.88
Th 4.57 4.72 3.30 2.98 2.50 2.91 3.18 3.47 1.77
U 1.08 1.97 1.17 0.90 0.78 0.84 0.97 1.00 1.10
8 Rb/%Sr 0.10 0.20 0.10
87Qr/80Sr 0. 704990 0.705201 0.705150
lo 0. 000008 0. 000008 0. 000009
(7Se/%8r), 0.704782 0.704802 0.704956
WTSm/ 1 Nd 0.11 0.12 0.13
N/ Nd 0.512615 0.512623 0.512658
lo 0. 000004 0. 000004 0. 000004
("Nd/'"Nd); 0.512512 0.512514 0.512540
ena(t) 1.05 1.10 1.61
tpy (Ga) 0.80 0.84 0.88
10* 10
E (a) (b)  Onm=—sEs
A KHZIE~140 MabEME
BEREEHE/ARE
10 1T F
~ °
o X
% 1 g 10" |
= N
10" 10°
107 L . ; i ; 10° ! !
70 60 50 40 30 20 10 0 10 10" 1 10
Co (X10°°%) Nb/Y

B4 B —HZ 2l Th-Co K fi# (a, Hastie er al. , 2007) & Zr/TiO, x 10 *-Nb/Y K[ f# (b, Winchester and Floyd,
1977)

ARNE B 518 8 R4 ~ 140Ma HhHEPEE B 4R IR T35 3 BT 5| SCk

Fig. 4 Diagrams of Th vs. Co (a, Hastie et al. , 2007) and Zr/TiO, x 10 * vs. Nb/Y (b, Winchester and Floyd, 1977) for

basaltic andesites from SK2 borehole

The data sources of ~140Ma intermediate to basaltic igneous rocks in the Great Xing’an Range are from Table 3 in this figure and Fig. 5-Fig. 8
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Fig. 6 Primitive mantle-normalized trace element spider diagrams (a) and chondrite-normalized REE patterns (b) of basaltic

andesites from SK2 borehole ( normalization values after Sun and McDonough, 1989)
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Table 3 Ages of early Early Cretaceous basic-intermediate volcanic rocks in Northeast China
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ELF]| 2022, 38(6)

45 FERE g i G A= AE 14 (Ma) R WS EZ PG
1 ERBY04-1 T 49°50"32"N  119°57'34"E Pyiway 140 + 1 LN A Wang et al. (2006a)
2 ERBY1-9 Y0 49°50'32'N  119°57'35"E Zit 143 =1 L BN AL Wang et al. (2006a)
3 ERBY044 A 49°50’47'N  119°57'37"E  ZivZIlE 140 +1 40N P AL Wang et al. (2006a)
4 GW04037 HIREE:: 50°26'04"N  120°08'59"E  fiHi X ik A 139 £1.8 AN Ay Zhang et al. (2008)
5 GW04037 L4 50°26'04"N  120°08'59"E M Lt 139 +2 #:47 LA-ICP-MS  Zhang et al. (2008)
6 D2556 % 1M — — L= 141 1.2 FEA LA-ICP-MS HE A (2021)
7 PMO5-3TW1  #F HiEMG — — LA 142 £3 # LA-ICP-MS B A (2021)
8 D1059 HE3 50°33'14"N  121°22'54"E  ZRZINHE 14221 #:47 LA-ICP-MS SR (2018)
9 TW4 e 45°32'19'N  121°10'57"E HL 138 +2 #:47 LA-ICP-MS  Yang et al. (2015a)
10 TW9 e 45°37'57'N  121°22'54"E HLTE A 142 +3 ¥4 LA-ICP-MS  Yang et al. (2015a)
11 TQBS04-2 R 46°02'40'N  121°07'22"E el 140 £ 1 #:77 LA-ICP-MS  Ying et al. (2010)
12 SNI190-12 KAWL 44°55'00'N  123°24'43"E KL% 1L 133 =1 #:47 LA-ICP-MS JEAR T4 (2008)
13 PK10-6 KAWL 43°53°31"N 124°14'49'E 4L 129 +2 ¥:77 LA-ICP-MS JE4R B 4 (2008)
14 D069 g4 44°38'18"N  112°23'40"E  MIEZILE  140.5+2  £547 LA-ICP-MS  Zhang et al. (2017)
15 D002 R4 44°37'17'N 112°18'45"E M%K% 138.922  £5f LA-ICP-MS  Zhang et al. (2017)
16 EGN32 BEAkY;  49°53'16'N 121°17'43"E Lt 138.5+2.2 48 K-Ar Fan et al. (2003)
4 e VL L M2 (Wang et al. , 2006b; Ying et al. , 2010) ,
. fgﬁggﬁiﬁ SR 8 WAE R AT L, h B IR E B A R . R
" DLV ACES I A v A S Y U U B AR A R %
2r R LS PiZ, Wang et al. (2006a) i 1% Ar-" Ar 33818 K %%
% 'ﬁ;" 0 0 0 L X 20 1R 4 A AR 1% Dl 143 ~ 140Ma; Zhang et
A, al. (2008) fli fj* Ar-" Ar 55 LA-ICP-MS JU3{ k2% 22t 1L
0 ™ TTRECHA X B8 R 22 W MO X A, R T — BN AR IR
139Maj; 48 F XA (2021 ) 5 52 7455 (2018 ) 7E AR AT S L ff i
BIAT JHEMG X A5 T JE 141 141 ~ 140Ma )22 111455
e e LRI . TR T X 1 2 L300 1) 2

(*'sr/*°Sr),

BT AR IR R RZ U ey (1) -(7S/*Sr) | BER
FARF IR AP R P L % 115 Se-Nd 7] 2 K %4 5] B Huang
et al. (2021)

Fig. 7

exg (1) vs. (Y Si/* Sr), diagram of basaltic

andesites in SK2 borehole

Data of Early Middle Jurassic basaltic andesites in SK2 borehole from
Huang et al. (2021)

4 e
41 FEBRBZEHMLES

ALRGRES TP EARICC A B R v e
JUPAEIARACSA RS (3 3) |, ROG UG 3 DXL 3 A 00
WPE KT TR L W AL TR J& - 4 T2 R 22 i 8 A =2

KRB TR G VG 2 1 5 SR A5 M, o 7 U-Pb 4R8O
142 ~ 138Ma, J&8 FIE AR 2 W 53 )8 £ 4 (Zhang et al.
2008 ; Ying et al. , 2010; Yang et al. , 2015a) ,,

FALL Z 0 5 3 et K s LR R A O 3, AR i A vh
T 120 ~ 100Ma (& SRAH b o BB SEAH L ok Ll s S 4
T, AR AR (2008 ) TEARHLPH AR FA TG 190 JF AT 1 J A7 I 20
IR Z2 LA 3 A1 U-Pb AR08 133 ~ 129Ma, & H Fi#A L &b
R B e W L 28 K A ARl . X X E A A 3K
IS S AR TS B, TE AR I 7 L B R e V75 AR R 7R
Hu DX T BE A7 TE AR 2 I ( ~ 160Ma ) H5 22 28 L 1 2 i 17 00
( ~130Ma) A3 1B BKEA (Ji et al. , 2019b; Wu et al. , 2019;
Ma and Xu, 2021) , LR e R AR E 2 T T
FAIL A AP, AR SCIRAFAN 1L 28 3 A 08 20 20 %2 1A T
BURHACR 141.6 = 1. 4Ma, Jole 75 5 2 1R 400 50 0 0 B AR
A BB IE RN IL AR
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4.2 FABEA

I8 B 25 A B R A A v 2 RO iU Wk B bl R
T Gt B KBl 7 , 7 ) o VT R TR G 5 2R 2 B, 1
TX B Ab 2 B R U DX 2 R i 0 I T R 1) b e TR
TR . AHXT T Hb A A, thse ) B R B AR Nb Ta &
AR Th & &, FEARA Nb/Ta L1 {H (8.33 ~ 13.33,
Hofmann, 1988) , M52 1R Yt 25 R BUA M Nb/Ta L R B,
Th/La bfH bFto A SCRARE I KL A#E L 9 Nb/Ta LU E
TE16.2 ~17.7 Z[a],F3{E 17. 2, FHEE T MU 44 (4n N-
MORB,Ta =0.192 x 10 ™% Nb=3.507 x 10 ° ,Nb/Ta = 18.27;
Hofmann, 1988) . #£ 5 Nb/Ta 1 Th/La 5 Mg* 2 a5 2
WATATHa# (Cao et al. , 2019, & Sg-h) PiITEMREL —H LR
ZIATE G B, R Z B iR Y. M TGS,
HWSER I G A K B A& Th/Nb (>5), Th/Ta {4
( >10) (Wooden et al. , 1993; Neal et al. , 2002) , AR —
JERE Y Th/Nb {8 (0. 15 ~0.46) 5 Th/Ta {5 (2. 50 ~8. 13)
BIBR A R bR W RRAE . R, AR I K
B LA R R A2 REAE T LA S Bl e i I8 DX )R

AR LR ILAFES Mg HA T 53 ~ 60 Z[a], B/
FHupg Me* (4 (68 ~75; Neal et al., 2002), Ni & g (68 x
107° ~160 x 10 ~°) &A% , UL W53 28 Dy i BEAR IR0 0 14 43 5
ZEEER . WS H TR, Cr-Ni S BB 2 i 1F A 64k, Mg”
5 Ca0 AL 0, .Cr Ni ¥JH. g /R IEAHICE R 15 Tio, HA it
FEIENE , WE I R Ak R W] B RO A R B R A S Bk
T4y 845 5. A4S 100 (Fe + Mg + Mn) /Ti-100Si/Ti [&] i
(E 8) , WAR I KR ZE LA FE S B 0 A T R A 43 B8
2 MHE , R S R AL AR e A T LLERARNE A
T s E R . BRI A bR LR T Rl B
(B 6b) WA R Eu 5 Sr iyt 7, U AR R AE 408
Zhidho

AR ZIRE R BoR T B w4 KE TEATCEM T
FEITER , IR UERRE . FEHERR M 7C TR YL 1 52 T
J& ,H: Nb Ta T H#{RHEAR W] RELE 2K B IR IX, $5 7R HE X A A
P st 2 32 80 T 3V FH AR 803t o ORF WA 8 i 110 s A o
£ Th FRHITE AR T sE , KegisocE
HAS AT R R o AR SCRE i B A AR A 7 BBl /N Th/Nd L
{E(0.07 ~0.18) ,Zr/Nd [ f (7.32 ~14.65) , HAEM: + o &
fic 53 & b (& 6b) , HREE %4722 , Ul WIRE i 2R 52 A0 i 14
P G , AN B SRR R R A TR & T REZ 2 TR b
R R A T

AR T8 K 3 AR X 25 3 v 1 s MR 1) R B TR A LR Y
MR, T RS AR % Bl 1 55 R E e B AR o oe R AR

S, R PT A La,Sm, Nd #1 Yb 464 + 70 2 % g

SRR B R X2 AT ST (Xu et al. 20005 Huang et
al. , 2017, 2021) . T Yb HHEMH LK S Tk AR A
oM 10K La, Sm SFEFEA R A S BAR, AMA
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Fig. 8 100(Fe + Mg+ Mn)/Ti vs. 100 x Si/Ti diagram of
basaltic andesites in SK2 borehole

0l, Opx and Cpx represent fractional crystallization trend of olivine,
Opx and Cpx, respectively

KA R RENS i 25 U VI 3R 55 JK Sm/ YD LUAEL, T 78 2R & A AR
FEAAH, La/Sm W (E A RFFAAS, 7E Sm/Yb-La/Sm [&] fig
(&l 9;Aldanmaz et al. , 2000) , AR —H-Z 22 1 A FE AT
FERA A =1 1 EXHT G L, Bos
AR5 2K AT RE A ML P AR -2 b A A AR A IR B R
SR . AR R X R A 1Y Se-Nd [F] A7 R RRAE
((¥St/*Sr), =0.704802 ~0.704956, £, () =1.05 ~1.61)
S I RRP X RS B R R FFEAR T (18 7) , 3%
B A ARD 22 LIk, WA 7 b T A Bl bl 5 R 57 2 B 2 1Y
FIA R MGG . R, AR R 1 et R L 2 1 ml g
SRR A R A - i A A AR AR BE 3R e R 18

4.3 MEHHNEEX

rh E Rl DX e A A 3 T Al S2 T W S-SR AR
DA I S IR 1 3 (Xu e al. , 2009) . ©F
ST SLoR , o S9N 256 P T -vh = & i HT (Wang e al.
2018; Li et al. , 2020) , AR WP E AL FEZHE TH
iR e/ e sy N e A (UK R U iR (B A I/ T =
DT 8 DR A 38 3 %) s i 1 BB i o e — AR, TR BP 4L LAk, 52
-SRI 2 A vk ETO AR W e R 2 R AR
H WA (Sorokin et al. , 2003 ) a1 7 tH - 46 g A6 AL 0 o
(Chen et al. , 2011; Li et al. , 2020) , H-7E AR ALFB AP35
FIE T G- A5 M AR (Xu et al. | 20135 Li et al.
2018) . Smirnova et al. (2017) i\ H52d -2 E XK L LA T
Rk B, 1M Yang er al. (2015b) A A6 B 1 T
S-SR R AR E & S (B AR B LR Bk
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Fig. 9 Plots of La/Sm vs. Sm/Yb (a) and Th/Yb vs. Sm/Yb (b) of basaltic andesites from SK2 borehole showing melt curves

obtained using the non-modal batch melting

Melt curves are drawn for spinel-lherzolite and for garnet lherzolite, mineral proportion of the sources and melts after Aldanmaz et al. (2000).
Mineral/matrix partition coefficients are from Mckenzie and Onions (1991). DMM composition is from Workman and Hart (2005); PM, N-MORB
and E-MORB compositions are from Sun and McDonough (1989). The line with empty square and filled square represent the melting trends from

DMM and PM, respectively; the solid line with regular hexagon represents the hybrid melts from 50% spinel-lherzolite and 50% garnet-lherzolite. The

percentages on each curve correspond to degrees of partial melting for a given mantle source

V4% (Parfenov et al. , 20105 Yang et al. , 2015b) , 525 -5 5
RECTER M T4k % 2 B 1 Al (155 ~ 135Ma) , [Hit, 52
- SR IR BT I S A I 5 90 BT 5 T A AL b T R
TR (R B R TE28 ) , Zhang et al. (2017 ) ARy K2%%
TS ER 140Ma Z AT T 52 -9 IR e 1 4 K M B
A7 Pl Ay it BRI, (H 52 3ty -0 2 v e AR P 7 ) AR o 7
SO T RALL B TR FSURIE Al 4 AN A o AR SCHRGE PO AR B
TR R R O T Ol s WOR T S A AR TR
B L2 B 10 VG A0 R 2 22 0 b DX 25 ARL A Sr-Nd [ 437 38 41
B T)  AH 2 BA WY AN T f) o A 208 3 BT R RHAE
(4 18 5) , RIIEAR AT BEAR 32 31 52 il - 508 K s PR b
FHA G B A

X T ER AR 5, (67 T AR A b DX AR F ) A S b e
ARG AR T AT S 1L B v 8 A A 2L 2 b Py e =Xk
LR 7R BT 53 3 %0 I3 ) R i s 2 RIS fif e 3 5, AL I
PRI A ot P VAR o iy T AR B A (Wuer al., 20075
Tang et al. , 2018; Wang et al. , 2019) . FAIL 73 b 7o ] 4 24
b IR 2 2 L A R SRR T, R ROV
MR 22 7 A5 b AR AN ot ( Tang e al. , 2018) . Ji et al.
(2019b) i b W 4 3 v [ AR ALt X PR 2 28 1 e 28 KL s 1Y
HEREE R IUR S A B A, b R X 2k
UG Zh 2 I A ERERBRAE: (1) k2 22 (200 ~ 145Ma)
TH1E] AR V-5 AR AR BB AN L A PE 2% K ILE 2 2
By (2) FHEELL (145 ~80Ma ) ] o #2440 403 PG 2% 22 J8 Je V-

TMRE AR K L AR B WA s (3) B At S B e -
BOPRARFRLE G PR 2 TH: 2 R 1 2 30 R 7 A AR B (R 9 25 3K
[ &8} HH (ca. 160 ~ 135Ma) , Ma and Xu (2021) }% Wu et al.
(2019) WA 13X —HHE , MBI TIA N TE ~ 145Ma I R
SPPEARURT R 2 1] P AR JREORF v e 728 Ry AR I 4 I e 2 S B
ERIEEITREN FE R o AL 7 o L 2 e (120
~100Ma) 2 & H 1Y A BURECE M ik 5o BUg [R) AR g 7R B
H A A B A F R K IR EE (Yang et al. 2015a) , Ji et al.
(2019a) W NIRIRFER A S A BURECE W 55 R di
JERCE R BN PRUTE A S BV A OC, Ji e ol
(2019b ) i b X6F bU 7E ¥ v R 224t B8 1) 145Ma Y 5 81 5 11
PRPRIA [ 353K 58 B i R, 42t oy RSP PRI o 22 /DG
T RN A AT B R OR A o PRI, AT M e R B A
NS R DL bl A VAR oD e N o 2 e s =B AL I (BN
T R T R L E AR R RO R b T
B Xof A 04 5 T 1 S T e

AR EA SRNZEREAILR HEY/Th HE (1. 10 ~
2.87) 5 Th/Nb H,{H (0.15 ~0.46) (Hf/Th <8, Th/Nb >
0. 11) , AT Zr F55(206 x 10 7° ~409 x 10 °°) [z Z1/Y
LA (10. 13 ~18.69) , FF-AE Zr/Y-Zr #4385 F1 50 B f 9% TR
WZ A XI5 (8 10a) 78 Ze/Y-Ti/Y K f# F AT ARA
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