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It s O M e )z e 2, o O L AR K ek O I A T
SRR N . BT, BFRVCNATHE L AEIE~1.8-1.6 Ga JERIMBUR (SR EHE
LD KRR AI~1.0-0.9 Ga JIRUI¥ %7 it 6 S8R Rt AL T8 R (R SR A7 7
S

AW AL RO R AR . BT RORAT I R A B e e R, iy
R AR L IR S A R A A AR oo o i Al SR 7E A IR
AP E . @R A U-Pb 2087, RIS ARE F5EH 1233 £ 27 Ma
(SIMS). Z = AT 5% 1206.7+1.7Ma (TIMS). ILPhiE JF A1 1214.0+£4.9
Ma (TIMS) FIMEEKAARE 12363 £ 5.4 Ma (TIMS) [FRALEERS . S5ARTA
REMEIE, INEIE~1.24-1.21 Ga WA HAE A A0 ER T B ms:
ZlUE A R MR A B R R A R B ZalE (OIB) HIfE T
FFE, ATBETE R T AR N IAEE . BRUbZAb, JBURIR 0 2R 1A R R 2 25 T F> 0.1
Mkm?, WE7R %A B 7T Re 2 B AL 51RO A, 4 BN K
A, VDR ISR J9~1.24-1.21 Ga.

AR FAE =AM T IXCRAE T oo dr i AFRAR (~1.68 Ga. ~1.24 Ga Fl~1.21
Ga) F B AT HUBERE S EAT 00 A AR SE 0 (AR . Lowrie SEHGAI
AGHEIES g T 3 B =P op s ing SR iy Gl AN vy R PN VR IR 7R 7N A 7R T
—2k~1.68 Ga ‘B4 I B HUREAR R 55.6°N, 258.1°FE (Aos = 7.2°), HILEE RS
CIRIEREAEFIZ<1.71-1.61 Ga (EH:AfliTH~1.70-1.67 Ga) = WAL &,
3#3~1.68 Ga i HUfiMR (59.8°N, 265.3°E, Aos =3.3°). Utk M 945~1.24 Ga
HEE RS T I (2.6°N, 165.1°E, Aos=10.8°), M 14~1.21 Ga FiiErh
AT BHBEML (-23.0°N, 92.5°E, Aos=6.1°). ~1.24 Ga [ MA@ 1 4
PRI o 38 I XoF BB I ik B 1 oy R AR S AR RS i 2R, A SCU O ARIE AR L
85 KR i B P AL B 4E ~1.78-1.32 Ga [H] LA 324, 2R RAEDE.

FIREREAS R 1 ~1.73-1.32 Ga HRICFMISCRF . AU BT IC 3ok B 2L
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Abstract

Abstract

It has been proposed that the assembly of the supercontinent Nuna (also known as
Columbia) occurred during ~1.8-1.6 Ga, and that of the supercontinent Rodinia
occurred at ~1.0-0.9 Ga, but the exact configurations of the two early supercontinents
are still in debated. The North China Craton (NCC) has abundant Precambrian
geological records, but its positions in the two supercontinents are still controversal.

This study aims to explore the position of the NCC in Nuna through
geochronological, geochemical and paleomagnetic analyses of mafic dykes in the
Jidong, Luxi and southern Taihang regions. Through baddeleyite U-Pb analyses, dykes
with ages of 1233 + 27 Ma (SIMS), 1206.7 + 1.7 Ma (TIMS), 1214.0 + 4.9 Ma (TIMS)
and 1236.3 = 5.4 Ma (TIMS) have been identified. The ~1.24-1.21 Ga magmatism in
the NCC are subalkaline to alkaline basaltic composition. Geochemical data indicate an
intraplate tectonic setting with ocean island basalt (OIB)-like trace element signatures.
In addition, the radiating dykes cover an area of > 0.1 Mkm?, indicating a ~1.24—1.21
Ga LIP event caused by a mantle plume in the NCC, namely the Licheng LIP.

Detailed rock magnetic and pelaomagnetic analyses have been carried out on these
and other previously dated mafic dykes, with ages of ~1.68, 1.24 and 1.21 Ga in the
three regions of the NCC. Rock magnetic experiments, including «—T curves, Lowrie
and hysteresis loop experiments show that the main magnetic carrier is the
paleomagnetically stable single (or pseudo—single) domain low—Ti titanomagnetite.
Three ~1.68 Ga dykes give a mean paleopole at 55.6°N, 258.1°E (Ags = 7.2°).
Combining this pole with previously published data from the <1.71-1.61 Ga (best
estimate ~1.70—1.67 Ga) Yunmengshan Formation in southern NCC, these units give a
mean ~1.68 Ga paleomagnetic pole at 59.8°N, 265.3°E (Ags =3.3°, N=18). Nine ~1.24
Ga dykes give a mean paleomagnetic pole at 2.6°N, 165.1°E (Ags = 10.8°), supported
by a positive baked contact test. One ~1.21 Ga dyke give a VGP at -23.0°N, 92.5°E
(Ags = 6.1°). Comparable coeval paleopoles and apparent polar wander paths for the

North China and proto-Australian cratons suggest their possible connection during
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~1.78-1.32 Ga, but separation after that time.

Such an interpreted long-lived connection is supported by ~1.73-1.32 Ga
geological similarities between the Yanliao rift of the NCC and the McArthur Basin of
the North Australian Craton. Their similarities include (D comparable sedimentary
lithology, and eukaryotic microfossils Valeria lophostriata, @ styles of ore deposits
(manganese and iron), 3 hydrocarbon-bearing potential (hydrocarbon source rocks),
and @ coeval magmatism (mafic and fesic intrusive magmatism, and volcanic events).

In summary, based on the comparable paleomagnetic data and geological histories,
this work proposes a long-lived connection between the northeastern NCC and
northwestern proto-Australia for the duration of the supercontinent Nuna/Columbia.
Key Words: North China Craton, Mafic dyke swarm, Large igneous province,

Paleomagnetism, Supercontinent Nuna/Columbia
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1.1 %R R

1912 4, A4 B ORHERE R (Wegener, 1912). B, A H HiEk Y
2 (R4 FE—NEYKM, a4 Pangea (Wegener, 1915) (HHEE %
HW KRR BEA R KRR BN, RS e sz Bk,
WK R TR EE AU, ARG B BHTR AN O B X iR iE
ENWEFHIERN, BEFLEBW R R B, AN [R] b e 58 S A R] R B A SRS
20K T 2 HH b5 g St S 1 FL AR DK B, B AT 43 AR R e AR R 1 B JE T
(Rodinia) #ABf (McMenamin and McMenamin, 1990). 76 & ACHE /740 76
AR 38 55 BF 48 B I (Nuna/Columbia) #8 K ffi (Hoffman, 1997; Rogers and
Santosh, 2002; Zhao et al., 2002a).

FENAR S R R il 2 A7, B 0 8 2 e o Al 48 s LA RO M S s A U
Blm Rgs Cor o B K Bl i R & MR D, A A7 TE 8 K B Jie [l
(supercontinent cycle), FFHUMlH At KFE IAELE (Worsley et al., 1984). T K
et € [ (10 2 HH 2 3 377 % bt o A0 3 B i 1 (tectonic episodicity) & 46 )
fitz b, tham& e RS RIS AE w TR IE R B IR I B S5
(Nance and Murphy, 2013 & 275 Hr). W50, U H L b &ERE 5 2 6.5 104F
P 10 {258 B BL— kB KRE (Condie et al., 2015). #AREEM, FeAMKI A
SEREGHER . RARMZEERE, (HI6E-F I AR KR A SRR
A KAMEESE. K)IES) Y F A 57 555 (Ernst and Youbi, 2017;
Pastor-Galén et al., 2018; Pehrsson et al., 2016), J3Z g HiER 5] 712455354 Fom
(Li and Zhong, 2009; Zhong et al., 2007), [FIf, H5HERRIIAESIHZE (Evans,
2002), SEHFFLHER RG R F M. HEl, 43 £ IGCP (International
Geological Correlation Programme/ International Geoscience Programme) JiH, i#
W2 A, BUT T R s A

SRR, REARNES R BRI, 287, b= e
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AR A RAE R AR, JUH R B ARG R, ot 7 A o e e hnd
(North China Craton, NCC) AbT FiF€R 4 KRk 4%k (Lietal., 1996, 2008),
B 2 5 KR RS 2T FE (Lu et al,, 2008). {HEHZHE T2 FHF SR
N, BEFREANERIGRA T 2 oo b AR I A B, XA SR AE R R R
A R ER I AL S KR R 08 RERBE T KB (Peng, 2015b K& EH ). HEl, £
Bt FeF N RIS 5 T AT R AL ORI (s, (RO G K v 1) 7 1 %
SR PR B w45 A7 4 ey, UL B

@ JIExf b bR G RS R T A Z ST A A RS, B
FFINA ZFH RSB S, RIARAE i db & ST RIE U AHTE, RN 1%
B AT R EHER (Li et al., 1996). @ 2.0-1.8 Ga 3K 2 K B &1L,
B S0 D i 3 B 1y B 900 35 R ) 0 B IE R R R R . T X —
¥, it tediarERa s EMRCE G Wi, BFREIAN 1.8 Ga 7l
Ja He b ET BE AN PG AA RV AHE (Condie, 2002). #Eb B A & HiAH i (Qian, 1997;
Wilde et al., 2002). 26 b ANEIJE (Zhao et al., 2002a; Zhao et al., 2011; Zhao et
al., 2003) (A 1.1a) B 5/ 3E. 2P H (Kusky et al., 2007) #HiZE. #t4F, Wan et
al. (2015a) fEREALAL G K I — B BUA A 5o, X B ftily, 1E 1.8 Ga Rl
JG, SRR T FEERE R, AU L KR I AR b 2
PEAR ARG ve FIE AR I . B 5 MR AR OC ¥ 3 R 5 B I 2 U IR B S 7
(Ernst et al., 1995, 2001), 3R R KFAEEHF—ALEZ B A miE. W
SRR JBLE A B 1) U2 ES, JF S ARG B F A BT L, B r k&l
TS . b 1.78 Ga [RAT— 5 B8 BT 2 v R B K I — S 4 o B
(Qian and Chen, 1987), £ T-XFEBEMEASY: . BRI S IRIGBE TS, W90
AL B AE N W AT REANEN . JE3EAHIE (Hou et al., 2008; Peng et al., 2005)
(E 1.1b, o). H4b, HbIEHHOTHIX K B H~1.32 Ga MEEMEAIREE, 5
AR I — I AL T RE 5 5748 K PR SEAH SR (Zhang et al., 2009) 2L
AHRAL# 5L (Zhang et al., 2017) 148 (& 1.16) . b 5] B sk 2tk
BE T H LSS B ST (Zhang et al., 2012b), {HEARFEFHEELS (K
1.le)o FET X 1.78 Ga BLJ¢ 0.92 Ga 5 38 A I JEE AR, AF 583 RIS 42

2
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A6 T SR AEAZ IS AT R R I % b R 2 o B G B SO b B AR (Peng, 2015b) (]
L1d). F#E, ~1.23 Ga &5 0 R BB A2 AL S 5 26 96 G Bkl R B AR
&£ (Wang et al., 2015a).
a b

a7

3 1L I ~1.78 Ga Kt 1t 7 i o
(Zhao etal., 2002a, 2003, 2011) | (Peng et al., 2005)

~1.78 Ga 2 4 A B Bt &
d e (Hou etal., 2008)

/Q’_T k/\
‘ 1.32 Ga Lt A RS B A R B
“ . T A I (Zhang et al, 2017)
~1.78 Ga & ~0.92 Ga 4t 14 7 K # t b e
# 4 (Peng, 2015) Zhang et al 2012b)

K 1.1 fdearse el i RFE E @AY, VRN R SCHR Ui . NC—#2dt; In—E[R; NAC—Itig;
WAC-PE; SAC-F4; Bal-JkZHh; Co-RWIHE; SF- XMUITEHEl; La—5718

Fig. 1.1 Various models showing the surrounding paleogeography of the NCC in Proterozoic.
Detailed explanations see the text. NC—North China; In—India; NAC—Northern Australia; WAC—
Western Australia; SAC—Southern Australia; Bal-Baltica, Co—Congo; SF—S&o Francisco; La—

Laurentia

1.2 RTINS

1.2.1 BEREKIE. NB KR E

RAEPEER], FEC o ORRE T, Aol v b i A XA B AR AR
K4 (B 1.1, Eeinfedb 5E1JE (Chen et al., 2013; Hou et al., 2008; Peng et
al., 2005; Xu et al., 2014; Zhang et al., 2012b; Zhao et al., 2002a), 5774¢ (Hou et al.,
2008), S CHFEER (Xu et al., 2014; Zhang et al., 2012b, 2017), 5 PE{AF]F
(Chen et al., 2013; Li et al., 1996), 53 %' (Buchan, 2013; Peng, 2015b), 5K
B/ VTR (Cederberg et al., 2016; Peng, 2015b; Xu et al., 2017) Z54H46. X
S S SOV PR T A b 5 AN Bl A, 17 LR 5 3 — i B[R] A7 7 2 R 1)
i, R dE SENE (B Lla—c, e). AHFF LM NIEBIRYE, LI KkEE
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S R B R —— A O SO R, L KA B IRl
I 7T S H At Al sfoxd bS8 5%, e IR R A b o bl £ /iy 98 m 4 B Kl
MIRLE s BEIT v 2 Bk R ) SR AR AR, Dyt — PR SR SN 5 3t
BRB)) 7 A1 AL A

1.2.2 AXERE

AR R ER I RS, REJLeRnE AR s ARIR KL (5 KR
HEWRREW)E) R e hoE X 5 (Peng et al., 2014). AHFFLLAE IR -
W B RORAT L R B A B O TN R

KA E R BRI EABONESE R o R R T - B R 2
(~1.7-0.8? Ga), BIMEGINIIFILRN R, &/F5 0] eS8 KRG R AR S
(Meng et al., 2011) ; HiZX HA(RIEH 1.68 Ga. 1.62 Ga. 1.32 Ga. 1.23 Ga fl
0.775 Ga Z:MEAHAEH (Li et al., 2015; Peng et al., 2013; Wang et al., 2014a, 2015a,
2016b), X565 I AE F AT e X R R R R, PR, AR XOR AR AR
FhAb R oy b R EEAR S X (LS 3 A,

MRBEE BV, AT IR N #GC R [ 2r3, AR R =, JF
#~1.23 Ga (Peng, 2015b) J¢—Lepf AR AP A B R N o 1T & PUHh X AR 1T
B B HPIARTERE, (ERRIEF~1.68 Ga 1 1.62 Ga [F3EME A HE (Li et al.,
2015; ARIREESE, 2012), X L&A HTE B AT HE AL 2 Wr e ik ST I 2= 42kl 4 %
PRLE,  ASHFF T BT BB AR L & P RTRAT L B b X 35 g o o oy AR EEAS AR G
IXH, H ORI St X PR R AT B AN, rTLALA N & H
PR A v e R K PR )

1.2.3 BRI, TREBRBEL

(1) W Fedkix

AW FC I BRIV AR I AR . R R TR R B H B I R A
LU IR AR AR BIR R e o SRS Sl W R B, 22—
B 1) 22 Jm B I R A . — ROR RV A S e L, AR 8 HE R JF
T HEA o SRS B REAE W ORREE 7 o B R R OE, BUIRI RS
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HRE T RE S M AR AR R B KRR AR O, AT LARAMSRIK & o K (Ernst et al.,
1995, 2001). HAREERIE, HI@HE 5] & U IR E v e BEHERE KR RO 2R, 7>
HICTEAS [ [ ot B o 25 7 A [0 i bl 031 [0 3 1) DR BB o i, R
HbER Ak 25 R AR X S A R IE R, W R Wk A2 4 L AT 24 T 25 11 77 5
KR, Rk, XEAREHETER ML, SR, R A A, R
TAE.

WAk, FEVERIRAZ AR ZNE, BAERAT LLRI V)T NG ds B ERREE T I,
TR B A~580°C I, X ELRT ) o il AR A B S kA S R, @
W 5T AT 3RAE T UG (paleomagnetic pole) DL EE 7 H KRl (Halls, 2008). J& WK
NI FAF T RE S0 SR AR REAE 5 P AR R, (ELE I BT A1 e 56 e 65 4 W 3R 43 1
WEERBREER (W93.1, BERIAG. HE, KEEEAE K GET)
HALRANEE T (BRHE SV D, BAF=RE B, XA REEE 53
(RIRGAG T [FIEAT MRS B IE (Halls, 2008). [FiH, 4tk 25882 347 o Hh G 72 40
EERU

(2) MARITHE

AT TR B DA TG T T e LAE (18 1.2 )¢

@ FFAMHA R RS, IFEDE H IR

@ XTEREHHT S, KHIRI T SR A X L e A R, b
AR

@ XA BT d MR FE I A BT, DAIRAS o A

@ LAy MR il B R R, R B

FNAE RRAE L BEER \
' ! : - REAE FIES =R
“ T R e (R
KIS 10P—M5§%&?‘E§’E% EARE |
EESH SIMS/TIMS-$H4E R U-Pb Ei‘lﬂéﬂ
H ; =
RS AT HON RaRRE TR A
Huithes, HmE %

SRR CWEEREARE  [Eipgn | EE
B 1.2 W75 R S BOR 2R

Fig. 1.2 Study method and technical roadmap
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EIRRE R TR S s b ORI AR it 2 B[R] 91 oy s Al ot EE L 2.2 BF 72 7
ARy AT ROy b IR 2R, (H R A A T S SR A LTI L
Lie BN EE A SR AT KA HE Ca S/ a8 RIS KK CE D) DIRRIE RS L
LA ST BB AT n IR X b A Al st bl 5777 5%
VAR S R B o A S AR UK Se AT I8, A R S R U SR
BIF TR D iy ot 2 A i 4 B 2 0 B e A, AELRENTTVE IR R RYE, Al 5
JOS 11T AN 2 T LE SR AR A a0b 02 2% & Y ] 7L

(3) BORBAE

IR TTAR xR R E A R R AT R A T AR S . AR BT
Xt AT RS A A/ AT U-Pb €. R (ZrO2) 523k hn e SR 3AE
Ty, AR EARmEMmEE. HHRES. R H % (Heaman and
LeCheminant, 1993), {H %1k A 45 45 de AN 78 70 AEEAE T RE R A BiA
(ZrSiO4) NRERREREIW 1), TMHNE S KOVEAMIATS S, M LAGS B KRR A
NG K LTRSS RE T ikl KBS P s, ek
HHROIE IR A T A A Pl T A [ 5K S8R = Cameca BT
PRAET IRV A AN A BEAT IR e B s AEIROCRIEAHE K2 John de Laeter BfF 78
O A EL B JOT R SR 06 = N AR A HEAT 0 M B T IR AT R AR R 0 B T VR
B2 G X RV A AT SRAS 1A RN . DA SR E S BON R AE, B 5
FHABER B 56 A B AT B4, AL AR EIE (EEAMETCR) &b
MRS X o b AT IR

A P A7 038 2 o M R P A ) Bl o BRI Z A, oy R 7 ) AR AE
THHAER R RAT AR, MRUR LR AR A E . X T AR AT TT,
HA R, EasnEdtERRIFIES S, I 9.3.1 BBERKN A,
gy PR ATl D b R Y AR L 5 N B T PSR T e LS R A TSRS S
e, TR BRI A B 2 W a O R P Rt A0 AN (e %D . {HAeL
e M hnE, HEKE, HADO®ERR, &2 ANRESER, 5
GORFATF RABAIRBCE FRAGTE OL T, A ER B 2 b, B ot — bl il
WLEIE B AT, BARS S SCPRE 1 T FEVE R AE AL 32y A AR R SR

6
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124 ARHBRETIER

AT, BFAMERA AR >T70 %, Xt 5 ST TR E
BT, XL 42 253047 T HOERIL 22 00T, 20 40 2VE N AT HIREEE STt R . 45
LG EER, W HEIE~1.68 Ga Je~1.24-1.21 Ga & IAEHRAT TS 7T, LR
PIAEAETE 7 7o AR 2 b e AR I R L KRG . LR S TR E SR
1.1 FE 1.2,

RO SEIREE R T AR I8 LR ROk TAETHRI . Hor,
51 BB 5 2 mAGE KSR R SR, 5 3 mA AT
S o 4 EAGEIMAE, REESEMY BB 58 BARINHEAE BRI
T ML A AR A S SR 9 T i~1.24-1.21 Ga
HRRE AR, WAEH R KA A TR, I M R b R L 1 £
R b5 U sE OB LE TG SRR s 5 10 BONSE IR RATLEN I .
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Table 1.1 Timeline of work

FEA 2016 2017 2018 2019

A 8§ 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5

SRR
BEh A
B
HITRIL A} BT
)
T
ERFT
AT
SRR
s 30
i

B L6
1A

VE: 2017 4F 8 A2 2019 4F 1 AR KRR MARHE K2 E2
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Table 1.2 Quantity of work
THERE TEE ZTE
FEVE A R A >70%%; ~80 K R A B ~50 455 UG R AE~35 R
BN U ~80 1 '?Ei%ﬁi%*ﬁ?%%ﬁ~25 4
LR e 5+10 14 BREER S (RESAFESD
HuBRAL 223 AT 65 21 ERTEMMEICER; SRS 134
LR AT 612 14 (sample) 40 kA B B o LA
Wi 2% ) A 913 f4+ (specimen) 40 55

d R D

HAEE - L 2o A

HAE - =R R R IR R A
HA S - BE R 2

834 4 (specimen)
18 1t
10 fF
14 1

/\.Eﬁnn BRI PGE

~1.68 Ga Mi~1.24-1.21 Ga ¥t it 13 1
~1.68 Ga fll~1.24-1.21 Ga ¥t i
~1.68 Ga fll~1.24-1.21 Ga ¥t i
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B8 BAMRER

2.1 BRFEMES

AR AN I R IR B SR AR IR R R AR I VTG, B T KBRS 1) 3
e, I AR B K i 126 3 S PRI AFE (Wegener, 1915). K, 844 18 St
— MR KEGE KR, H RT3 H W EFE B 08 KR A 7% 75 T (Pangea). X
FL44 (Gondwana). %% 4IF (Pannotia) (Nance and Murphy, 2018). 't JE W
(Rodinia) (McMenamin and McMenamin, 1990). # J/&F 46 o . (Nuna/
Columbia) (Hoffman, 1997; Rogers and Santosh, 2002; Zhao et al., 2002a). GEHZ% 7.
FiE) YLVE /5082 (Kenorland) (Williams et al., 1991) LA K oA i A i i) 35 pE
V. (Amasia) (Hoffman, 1999; Mitchell et al., 2012). FEIRA W1tk 2 KREH 4R H,
(BB R R (10 S — B LA . T4, Bt ot R R B E (TR N, R LAE
PRUT 5 M8 2 7 S RGOS R T, 8 K i AR 1 A 1 8 R R (M1 Meert
and Santosh, 2017; Pastor-Galan et al., 2018). Hl, < KkEH LT LA E X:

A JLFFTH Kk B A4 (“... so Rodinia must have been a supercontinent (i.e.
a clustering of virtually all continents)” (Hoffman, 1999) ) ;

B. & 4 BT A 2 2 F B H 8 3K B S 8y R & K (“supercontinents are
assemblies that contain all, or nearly all, of the earth’s continental block (Rogers and
Santosh, 2004) ” ) ;

C. 204 Yt 75%H 7 i B & &5 (“... a proposition that 75% of the
Earth's preserved crust (of the relevant age) should be present in any reconstructed
supercontinent seems reasonable (for example 75% of Archean nuclei should be part of
any Archean supercontinent) ”” (Meert, 2012)) ;

D #% ¥ mp@EdanEA XL EL R BN —DRERE (C.. a
‘supercontinent’ is a single continental plate of a size capable of influencing mantle
convection patterns and core—mantle boundary processes)” (Pastor-Galan et al., 2018) ) ;

W2 SCECBUEEL, @ a i KRS . R4 B & UWFEIRE, BT
R Kb R A AR R TERT (] BRI E A TR, YO KR S 4R
A B RE A RBITHA R ARANB B, BRI “f REERK (maximum packing)” (Rogers
and Santosh, 2004; Rogers and Santosh, 2009). C & St 3 B3y 8 KR 0 H AR,
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Bl 2 KRGS Re g AR e KRl . BAR C At T — NS EHBIE (75%), (AR
Mege  — NIV RIARHE . FEE A, AP I AT B AL 7 A B 1 K K
by 18 THI A %G8 K i R R4 R TED AL (4 Pisarevsky et al., 2014a). 3X 265 SCH A T
AN (Gondwana) FFANE —ANEE KB, A HF & ARy “ 8 Kb
(semi-supercontinent)”, L$5 44 IR KRS (Evans et al., 2016a), {HX}H % />
R, AR A7 KRR NS T A . D sE Sk H B KRG “ R
AR, DU M08 s I 52 R 1) A T 25 0 SRR IR, RS il b
J73 S R 39 R 5 ) 0 Ko D e RN P RE SR AN — R RS S HUERLA,

44 BRI K Bl A s M @ i, /N ER R T AR 1) > 10%: 3 3 0 KB
AR CAFEMA S 0TI, AU IRER TAR Y 25%: 17 X FCghRRE, Fmf i
BRER AR HI~15%, AT Be A & SO R P 9 —ANBI{H (Pastor-Galan et al., 2018).
2, BEAE X RN A, R R A A 1 0 8 2 B R A AR AR BT A

2.2 HRITEE

BAH SR L, ik, TRAE T WA KR E AT T
FRIRE, MR TERMAEHRA . — gt i 7o 2R 4 KRy B A
TR FIEM . Guds, A LU KK E#%:

(1) VLECHUARERER: RN SRR ERMVIG, 75 RSB H
T — 2 . (ERTFE R YR — S Pl 2 AL, JRARERBIAR T RE 2 3
T

(2) BEREVIREE: — AR TR 2 2B IR, X 1R
MNP SR G IR AL T RS LUK TE S Z B4 (Mesosaurus), 7EK
PEMIE AR PRI R SE I RIS SR B P 20120 LUK K oG o o 0 1) e At S B 9
(Wilson, 1966).

(3) iEERE e R: HAMRR IR ZRiE L{EA (Caledonian Orogen), [
o HH IE K VG 7 2 (R TS AR AN I - ORI — 52 JR 2 R — R A 1 ==
X5 T 55 40 2R 38 A E I G O [R] B BT 2 B2 (L fE A (Appalachian
Orogen), MUENITERPEFEF TP AT, SRR ST H. F70 AR 5 AR L

12
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fE—ie (E 2.1b), Athedy), #F7isE EEIEEE T doo b RUT FIE L s Rkt
HELZR, T 8HMe LW K b @ H 2Bk Y (Zhao et al., 2002a).

(4) WRARIF IR I 1 2% s P 6 K0 BEE BT AR PR AR, KR e
5K, FEHE RN X R TR BE HhER R (1 A A 2R 73 A (Vine and Matthews,
1963) (4Nl 2.1c); FFERINEER PR BT, MUBE . ZEIRERIRY K
PR ISR R AR 1% WG R EEAE R (1 Seton et al.,
2012).

(5) RKHBUERBESE KM —Bol 0y, HgH:S & 7RG RM, JIf
PARKBCE R GV 5 R OLE) iR, in=845
TR 038 P KPU PSS 548 (central atlantic magmatic province, CAMP) |~
ZHiEETAbER. WL, P, AR, BACNSIR TS LA (0 May,
1971; Wilson, 1997). MW AT 51 A # 5& fft 3 3 7 AC [5) BT80SR B 22k 1% 2 et
(Ernst et al., 1995, 2001), 4 th AT LUK S 2% 5 115 KB (Bleeker and Ernst, 2006)
(Bl 2.1e).

e e RS T B 9 0 25 25K KO 8 e b e AE R TR B b, T R SRS
(barcode); i LLELAS [F) Bl B (1) 2% T A5 U ) 938 BREATT IR 00 R HE LU0, &
21 fiian, BibR AR B ILEZ T T2 T3 M T4 B AR AE A E M, kT
BE— AR UE PR IR 1

(6) g E g v oRRG U RARIE 7 e O EE R A e AR, S M
% (paleomagnetic pole) F& L) A il AR X BLLE 1) % A FE LA SO 6 B . 2 A
7 R AR 22 1) AR B F2 1 28 Capparent polar wander path, APWP), fg Al b
IR AL RGO, BISR G J5 —iIg 3l i P~ Stk B AR R I R AR 7
ek, TMiSLIE s BRI AR 2 it 26 WA [F] (Buchan, 2013). @1l 2.1d Fis, 3%
B Ik KRR WL - ERLBRE LAE-F B RSE hZ, Bx—
HAEZ B ] 2R 21 (Butler, 1992).
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(b) WL AR

s B 7 1
fﬁfk\j o A le it m
- 4%£D i B % 3
7 B B 2
('_\A IESE
$)

S B

(a)

4 5= PNl R
> g e s =
Bl 2 i 2 9 ] iz %2 7

B T [ JB W

2
(]

v =
o K3k WAk

(c) (d)

</

ﬁﬁ% / b 5% WA ilh 2

(e) (f)
HIBA WHIEB RHIEC
TE [ e —
T5  frmme b
T4 L L
T3 e o
g
I R S— —
oA ) R A 2 2 T1 e |

@7 WAL e R kAR A

Bl 2.1 KRB E R 77k, (a) YR EICE S ABEE ST b, BREE LS JEIEE B R VT RD
N B A B =B P MRS RNESNTEE (Trewick, 2017); (b) iBEE LER IR, K
TR PG EEST IF /0 PR B 2R 36 1L 5 B B4 32 WP 3 1117 (Slagstad et al., 2011); (o) HEHH
PR R i 7 o 2%y, BN K I X ()3 A 7 5 (Borradaile, 2014);  (d) #LE & xT L,
BIRAGSE 5 ik % 1 v by i B 40 2 0k B AL AR A i 2 IR 22 0k B 2 B 301 70 oy b )
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(Butler, 1992); (e) JRSHRAE RS 15 KM (Bleeker and Ernst, 2006); (f) FlidiE 3/ Kk
[DEEE=E S PR

Fig. 2.1 Supercontinental reconstruction methods. (a) Matching block outlines and fossil groups,
the figure showing matched outlines of South America and Africa, and the distributions of Permaian
and Triassic Mesosaurus and Cynognathus (Trewick, 2017); (b) Tracing orogenic belts, the figure
showing the distributions of Caledonide and Appalachian orogenetic belts before the opening of
Atlantic Ocean (Slagstad etal., 2011); (¢) Symmetrical magnetic anomalies along mid-oceanic ridge,
the figure showing seafloor magnetic anomalies of the SW Iceland (Borradaile, 2014); (d) APWP
comparison, the figure showing the APWPs of North American and Baltica cratons from Ordovician
to Jurassic (Reconstructing in Jurassic) (Butler, 1992); (e) Reconstructing paleocontinent by radial
mafic dykes (Bleeker and Ernst, 2006); (f) Comparison magmatism/LIPs barcode of blocks.

AW FUAAE F o M g 2k A b e R R TG E I I AL B T AR, A
SCHET Butler (1992) X iy i S i) i S A UBEZE N 20 . Wi 5038 8 Ay s Rk
e ARG, BEPIR AL B IREA WA A . (B S5 R, — B 8] i AR
o B % P Y0 L 8 T M BB ABR I, TR AR AP A B B ) O AR AR )
(geocentral axial dipole, GAD) %, A\J—EHS[E P R EREEIAH S T — A
T, BIAHS T — P T TRk S8 e M BR K (] . GAD B BAALE
i 2 ) AL R (Evans, 2006) . THZAER B3R IR (2/-F3#50.1-1 Ma
5 B RERR D MR PR Dy o st A, 75 W B AR Oy g M 4K (virtual geomagnetic
pole, VGP). it ek Fi—AMr B, HA%EE GAD IR ROZAL T Hi EEAK
B FEANSZ UL BRI B R o R B RS, ol R AR X B A 1
BRARAL B AL T R 5 b, R, X A T R A F) Ak B v R K L HE
B FERY A1 b (B IRBLZEZ)), Pk RIATIE SR 2 i 10 f & AR, (HGTE
PIRZE. 3T GAD R, WHHINGZIE e, (AYUAREERN: HRanbi
NI E S F, AR 3 0 AR 2 2 AN BRTH A, I I8 SR E— i,
B AR A 2%

PAFOTEEM HREA R TE FC R G . H AT, B E &S 122 Van der
Voo (1990) [RAIKrbRitE, SIL-E5, . i ARFRET, JHEE s Fild
RS — 5 il A SRR L. REMFES (N>24) KSR ST
(k=10, A9s<16.0°); iii. H CIBHE 723 RAFFRAETIRL: iv. BF /MG 249 R
AR v BN SR B Ris R E X, vio PR vil B X5 TERME. H
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AREER (R TR AER HEiEr CREEGE . Pk
AR A SR R TR S IR, PTAEAR N GBI (key paleomagnetic pole)
(Buchan, 2013).

2.3 FEARIVR

2.3.1 a7

T K P 3R A T DA A BRT V2 R 1 (R A B — R 4 e 1L T DA
&, WET URASREMN RS ——Z A OF R X BL e 4k T i
WAL (Veevers, 2003). MEARHE LTEH (McKerrow et al., 2000). [ 24732
Wit i (Hatcher, 2010); 23 JE IR G A2 Jm # R B 8] (b6, %
Wb e P SE ) T AR A AR g /R B LU AE A (Grenvillen Orogens) (Rivers,
2015); WOHR/EFAS O 56 G i 2 A 3k 22 B AR 22 3 1) ol o o ARG ) 3 3R 41 i L LA
Fil (Zhao et al., 2002a).

BIBR AR R KA, RET A NATFERICH (NS,
Introversion) #MEISCH] (414, Extroversion) (Murphy and Nance, 2003,
2013). AKHE BRI IR, KR ZAR =R 5T (RPNRTED, Bl S ZOKTE X
BT, P RREAR SR, SN PR G I s B U 2R AR o DKt &0 50 1) DR T
JE AP OC B ORRE R E:, AN G (B 2.2); trlfg
FEAE - H IR A IR (Murphy and Nance, 2003). Murphy and Nance (2003) i\ 4,
] A R, KRR 2 R TR 7S, BB IS NFEAL A 5 R e g A
77384 25 M 52 A QA S SR 2 BT N, 2 sUAE B I T 24 A T ), L D7 46
o3 % b T 38 R B BL B JE IF (Avalonia) B AR 2 [A] 30 B 4 3 VR
(Tapetus Ocean) [ 5% W, @ i ff B4 W - n B R - 8 5 6 3%
( Appalachian—Caledonide—Variscan orogen) & 57 i KM (Laurussia, 3§
FRERSE KRS s FI4 G I, SMER T RURAELE, FEAMNFECH 5] it 7o 1
FEI, 3G A A A A A S T RS TR, L n B e R KR R AR
IR (Fe- S ISP S AP L EBCIER I, Nt i 5 AR A N . s
Fr A X BLR ) 5 G 08 E ANEER P 6 (Hoffman, 1991).
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o 2 5 KR %

UbAk, Mitchell et al. (2012) i H T IEAZ 0 (Orthoversion). ZAE A% &
HRFE R IR, AT MRS —AN 1 90z & (RIVE AT — A
FEE KRR ORI 0 (B 2.2) 0 H2 R = 5 A AL e T0II A Sk 147 5] 56 75 L K
Introversion < K P, Extroversion K <M AP, Orthoversion K<k
VK (Mitchell et al., 2012).

SERA @ 7
Extroversion,” '

f / ) j(# e
o -

(b)
Introversion

2.2 HKKE=F A7 (Pastor-Galan et al., 2018)
Fig. 2.2 Three ways of supercontinent assembly (Pastor-Galan et al., 2018).

G\, BRI R/ R 51 R KR A ¥ 32 22 )5 R (Ernst et al., 1995,
2001; Li and Zhong, 2009; Li et al., 2008), Ebai 5% 2 {1 (1 F K VR A A B oA
ONFRIE T OB, S KPERERIITHT (Wilson, 1997), {HAER ML, JLATEE
FTTF4E J& 1 A B 5 o B AR s L s i+ — 80 (B 2.1b).

HAT, KRR G PR F AR, —HFCh “top-down” #53L,
BIER TR 0 0 ety S5 48051 R PR Aok 8 D BRENZRAR s 53— oA “bottom—up” HE=, R
S/ ARG (Cawood et al., 2016). FUEARIL N PIAEL AT T 118,

Hrh, DalZilio etal. (2018) I\ A 51 K [ HUNE RN ZAA K OCHE, 1) Zhang etal.
(2018) W\ Jy AT 77 1 F L AR b FE 4R/ R =% 281, Dal Zilio (2018) 1A
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DN R K () 2 AT S

2.3.2 MIERLB KRG ER

(1) IR /ET A B SRR A s 2 2 At

Bl 2.3 JoR 1 IO/ e H R KRG 1) IR B A A, o (a) BRI KRG
P& A UG AR A B Rt b & [RTHAIE Ly B (Zhao et al., 2002a), (b-e) NiTJL
FEAR BE o Hh R BTk B (BEvans and Mitchell, 2011; Meert and Santosh, 2017;
Pisarevsky et al., 2014a; Zhang et al., 2012b).

oG, KRG BT (R AT ~1.8 Ga Fi~1.6 Ga PIFIAS R IA IR : 5 —FfiA
Nt 7o AR I BRI (13 LD P B KRG IR TE B (Zhao et al., 2002a), FF47
UL SCRF (Zhang et al., 2012b); 1 J5 2 75 M i bR I A B A DR 8 KRG 7E
~1650 Ma 2 J5 /4 JE ik (Pisarevsky et al., 2014a), Jt#LIL#E Mount Isan Inlier (i
) AR K B & T i (Nordsvan et al., 2018; Pourteau et al., 2018). FLiX,
Evans and Mitchell (2011) $2H 5716 #2 Hh . VOAA R Bk KRG A% (core
of Nuna), il &¢I (A 78 A A8 Bt (11340 T A0 B AR AL FBOK FIE (Kirscher et
al., 2018b). HEAR R BIE A E~100-300 Ma IR, (EX0F5546 - W% -
PEAAFINE 34 H AT 2 E00 AR A 0 (B 2.3b-d), B %H I N~1500 Ma
ZRTPEAARIE IR I 48 (& 2.3¢). Evans etal. (2016¢) 5387 1 PH{AAIE F1 o5
AR IR, R DAEIE 5 5710 R % R (tight-fitting)  BlET A 7% 72

(loose—fitting), {FAEZ SEAIA] T I [R) (1) SR 85 ez . T i ok 2 ML M2 B R 11

XFEE, Ernst et al. (2016) A\ VAR L ¥ B Zx 5 5546 1 A6 AT REAE 70 ok 1 KIS 1]
ERE, 5K 2.3c FIBERRARL

V. 5y 3db e by 3@ 78 A6 5 U 2 Hb v by 0@ 7 RS 1) R A SAMBA (South
America-Baltica) (411 2.3b-d), A0 I ZARYE & oo AR 2 oo AU AL
frog A= AL Ly, G 1900-1850 Ma i % #[1) Svecofennian i 11 5 19801810
Ma W53 ] Ventuari-Tapajos &, LA HL 1850-1650 Ma TIB. 1640-1520
Ma Gothian i& 115 1780-1550 Ma V. 23 (1) Rio Negro—Juruena 45; R4 XJ Hhu i i
AN HLER AL 2 KN IR 5 XL, B 5T N N % W] B AE AR T~1.8-0.8 Ga
(Johansson, 2009). Pisarevsky et al. (2014a) B #7 vFAl f et g 24, Al
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SAMBA #i X F~1790 Ma %37, {H1E~1420 Ma A BEASRAT

~1800 Ma

@ 2.1-1.8Gait il #

~1740 Ma
@ 2.3-1.75 Ga it Ll i
@ 1.8-1.1Ga i L7

¢ > y
@>23Ga Wil {
@ 2.3-1.8Ga i i3

3075
® 13-1.16Ga \’/

Meert and Santosh, 2017 Pisarevsky et al., 2014a
2.3 WO/ EHAE L MR KR gAY . Hefk: NC4EdL, SC4ERE, Ta-#5HEA, In-EIE,
Aus—KFIT (WAC-FE, NACL#, SAC-F#), Ea-AKEk (Maw—5#%), La-351E,
Gr-#&F% %, Sib-Pi{AF, Bal-3i%Z'Hi, SAM-F§% (Ama— V5, SF-FHHIVEHIAD,
SAF-FIF (Kal-RHMHD, WAF-PEdE, Co-NiIR
Fig. 2.3 Various models of the supercontinent Nuna/Columbia. Block: NC—North China, SC—South
China, Ta—Tarim, In—India, Aus—Australia (WAC—West Australian Craton, NAC—North Australian
Craton, SAC—South Australian Craton), Ea—East Antarctica (Maw—Mawson), La—Laurentia, Gr—
Greenland, Sib—Siberia, Bal-Baltica, SAM—South America (Ama—Amazonian, SF-S3o Francisco),
SAF-South Africa (Kal-Kalahari), WAF-Weat Africa, Co—Congo

JRHKAE (proto-Australia) Fo il 7E~1.5 Ga 2 Rl 2 #HiE 1L AE FHTE A,
M JE 24N AR - PIR  SER il (SR EFE R e R R ke

19



K| A i S V| ok = ANk R O VA e LA @ YD N B S = A

BAE e AR, E T DA R TSP R85 P R S R R AR Rl (Albany—
Fraser i& LIAEH) (Boger, 2011; Cawood and Korsch, 2008). H1 4881 7t ik 48 1 A] I
KA Btk 2 [0 AT G & A2 T M ed% (Li and Evans, 2010), {HKF IV 5 4 w4
WERR R (B 2.4a) BHENXFLNRAEA BATHE (Boger, 2011).

5T It Elgee—Pentecost ZH A4 BE H- K Ll ) i Hil%,  Zhang etal. (2012b)
Fe —FH AR d e AR AR IE (B 2.3b). {H Elgee-Pentecost 21 Ak 2 ) 2 14
1@ N5 9~1790 Ma (Sheppard et al., 2012), #HENZ% 4 7] e A5 e B KA R 3 .
BT SEET AL ~1790 Ma f1~1320 Ma i3 #E (Kirscher et al., 2018a, b) 3
AL SIS R B i, (ARSI A AE (W 9.3 #643),

Zhang et al. (2012b) 3% E i g, A CNBORFIE fE P 5 5518 P & A vh
TOHARAETERGME (Bl 2.3b)0 X — IR FR EE 5 200 T I Iy b 25 30
AT 7838 % § 3 A28 oo A A B A 3 A AN [F] VIR . SWEAT. AUSWUS
A1 AUSMEX =l H At U AR 571 #5215 10 37 76 by AR TR RN - 2R A e

i 5 5546 0 B % R . SWEAT 343 42 15 25 16 74 19 15 43 19 W% 110 3 #%

(Southwest US—East Antarctic) (Dalziel, 1991; Hoffman, 1991; Moores, 1991),
AUSWUS J& $5 K H M 5 38 [E V5 #1148 (Austtalia—western United States)
(Karlstrom et al., 1999), AUSMEX &8 K F V-5 55 74 B /25 46 v 8 ph e 356 1)
% (Australia—Mexico) (Wingate et al., 2002) (& 2.4b). ~1.59 Ga [ i Hupid 45
SR e A I L b ] SWEAT 38 (k5 2 K UER:) vl LUAE
HEEH-F 555 (proto-SWEAT) (Betts et al., 2008; Payne et al., 2009); %%z
75 380 75 R AROR 9546 350 0 LR IR PR SR B ST R BILE AT 00 oG T AR 1 e
JHEJE a4 Nd [RIAL AR, T Rg Rl £5~1.4 Ga T8 #5401 HE A A7
55546 [ A B AL 5 55 (1 HE [7)67 % — 21 (Goodge et al., 2008). i, #F7TK ML
WKL H R A 5 S5 PE IR Wernecke TR R 8 B0 5 HRAL 14 V66 300 46 i
(Nordsvan et al., 2018), W7 7o A A proto-SWEAT IEHZ 1) AT HetE
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1000 KM

B[] Albany-Fraseri& 1l
[:]MadumfFoneH*Coom-
panati/~1.5-1.4 Ga
TG T A
B e iRy
B ki e i

27 Albany-Fraserifi 111 J7 Y 55 4 AR N
TR T R e
Albany-Fraseris L #1 ) 3275 K ki Ty

(b) 4
- 72

Ga

AUSMEX

Y BB
Y i

Kl 2.4 (a) WRFNES AR B0 7o b AR BAR AR AL B, /200H Liu et al. (2018b); (b) #
KA - Rt 55780l diiE i, 454 Wingate et al. (2002), &4 H Karlstrom

etal. (1999)

Fig. 2.4 (a) Relative positions of the Australia and East Antarctica in Neoproterozoic, modified after

Liu et al. (2018b); (b) Various models connecting Australia (—East Antarctica) and Laurentia in

Proterozoic, modified after Karlstrom et al. (1999) after combining Wingate et al. (2002).
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(2) Dt Jg 88 Kl 2 A AL

—MIAA B i e VR Kk R T BN (8] KE 0.9 Ga, KRG LUK BTETF 6
IRER U 1 G R LA R By b RS AR B R B13E L AR I bR & (Evans, 2009; Li et
al., 2008). XA AR EUR B L R el AR SO B R AL, B B
HOKFRER ST 6. B . TR, S RALE CA R T RO
(Li et al., 2008) (& 2.5). Hrv, 54855 vu4R ) 0 ) 2 42 BRT S 25 31 3 oo AR
(Ernst et al., 2016; Evans et al., 2016¢). 57 {€5 % i FERA N T b oo AR ek 77
FEFAXTJiEs: (Cawood and Pisarevsky, 2017). FHrociACHT i, fedb. KIR/2E 300
PEITRL. B ARESE shE AL E H ATETE R — PR & T (Evans et al., 2016b; Fu et
al., 2015; Salminen et al., 2018).

e |

< \ e A0 / .
K 2.5 B e W KR A (R 5 Li et al. (2008)). Hefk%i5 [ & 2.3
Fig. 2.5 Model of the supercontinent Rodinia (simplified after Li et al. (2008)). Blocks’ abbre-

viations as Fig. 2.3

4

FIEGM AR - REHIKR AR T LR SWEAT. AUSWUS fl AUSMEX
B (B 2.4b) 246, i Missing link B30, RIS AEET B T 5510 74 565 AR
W - R AR EBZIA] (Li et al., 1995; Li et al., 2008) (& 2.5), %K) B IE IR
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fdE: O M~1.8 Ga B|F il R W3, SRR —r: HH 1.1-0.9 Ga ik
KA - KEtk. #1554 - R AMIE: @ FREHN 825 Ma #1780 Ma (1]
HOBFE Ly, 1S 23 B RO 5 5540 (R A SRS B AH L OCHR 13HT
TCARERA UK NREsR: @ i LIRSS (Li et al., 2008).

Wen et al. (2017) $2H 5 #h—Ff Missing link £, B3 BT h @ E T35
e S5IARIT - Regtez (8] %0 7038 55 B T i 45 e o 40 7 3 1) oy
BEBE, N B BORTE I R A KR BE (e, HLAB BEAR AN R 1 B
R R 2 ek JE T PR R DA 0 B I A BE IS ALK B BOR B T 0746 BRI 2
6], PRIA IS BORE AT B4R, Ay Missing link (1953 4MEFE

1T, Mulder et al. (2018) 38k X bE 8 H Y R 1 #5855 B 5 JE I Rocky Cape
FES R E AR RIES Unkar B, R & BA MBI SCA ¢ (1.25-
1.10 Ga) FHALAHIEJE #540 U-Pb SF 6 0 A LA S HE [RIAL 2R, Ay oo ACIRG 3
P SR 5 550 IS R AT, I SCIE57 18 Grenville - ZRF M Maud i& 111 5
WAL AR Musgrave i (L #E— D IAE. XFEIAZEEIT AUSMEX, {HY5
WooH AL R CGAULT SWEAT %3 B 28, HIkfEEIA N, M
e d AR O E A, RN - R B AR R 57 16 % 42~4000 km (145 g1z
&, A28l T AUSMEX #3{5| SWEAT f R #4% (Mulder et al., 2018).

gi b, HErH T Rr s R AR T 8 H T R IA R, (2 —12
PR B B TR, HnvuaE. EDREE. WIS/ SE S BIva kL, fedk, 4B
F FEAESE. BRAUE ORI, A Al B N K o A B AR TE AR A, E
it WEHE AR, LRSS iz (m]) (& 2.4 F11& 2.5), X
Hi5 7 20 HI /A L IV i 381) 25 e J8 STV K T ) 2 46 T e a6 AT A 1 5 =X

(Introversion) (Evans et al., 2016a; Li et al., 2019),

2.3.3 BRKLE) 1%

N AR KR ? BRI A 28R —HHAE% TBAMKERES
5277 3 BUAFERER], A AT RS e Rl 7 2 (8] X EeE) g 5 1 7]
AR, AR XS A R AR BEAT AN, 3 S R A I 0 R 45 A LS R SR 5
Jiae HET, WU AEARMAN AT R AR A B ORARE EE A BY U0 X
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(large low shearwave velocity provinces, LLSVPs), EIfiT-#%igih %2 ERIWA

KIS BARHE S H  H P i B B R R I S 1 X, HED Ay 2 g A
(superplume) (Dziewonski, 1984; Romanowicz, 2008). 4iit &K, iL#~300 Ma
R LR A 248 K 2 B0 T LLSVP {34 FL AT (Burke et al., 2008).

Piltt, Zhong et al. (2007) 1 Li and Zhong (2009) I\ AR KBEAF i (circum-
supercontinent subduction) % B ¢ 24 (antipodal superplumes) JEf&, i##
0 08 A 0 TR K R B B s A SRR A 1 K Bt il LA A% (true polar
wander, TPW) 177 RE|A 7R, #AEE L5 R ARRE . T T4 Kb e
B, WA N degree-1 BF AR —/NME K T REM (A Brgl iRERMES (L
and Zhong, 2009; Zhong et al., 2007). X L&HEN 575 Z 5 2 F0F 70 2 500E, 4k
TR GRS Mg AE IR, JUHGR AT L X B R AR S 1R
A KRR R A N RN FIRANRITEE (Li and Zhong, 2009). {H&, 454
SAARE R KRE B A% iE, Torsvik et al. (2010) A AT 2 P AZ 45
LLSVP J2 [l EF/EN, JHA TR R Bat . 54h, AT EINN
LLSVP 54/ K K s 4 2% R E4% (Julian et al., 2015).

.

2.6 B Kl T ORI 2L A PR B (B BE A0 25 2R (Li and Zhong, 2009). TPW-ILHRH%
Fig. 2.6 Numerical modelling results of the supercontinent’s formation and break-up (Li and Zhong,
2009). TPW-True Polar Wander.

24



EWE A EONG & g

2.4 8 R ST ST
Evans et al. (2016a) &t 25 1 8 KW KR, AKIRA:
(1) Mk EAFEZDBRRE? REAFEH Y 2, 8 2.5 Ga 2 ABH
FIE A 2
(2) RN 570 WROTEAE e DAt /2 2 ] 5 ) e 8 55 ) DA o A5G 2
(3)  FIERBOI/ERE AN B 3 JE A A BE R 2
(4) BRRERETRRB NN mAMEIERR ? B0 K R e B e A
SR I ?
(5) BUASAFAER) LLSVP S5 MIMPAE | 2K, BUREAFAEZ A7 HUMG AT/ 23
18 5 KR (1 06 R e A4 2
(6)  BRICAL I & 7547 T B2 1) B ) 2
(7> Bt A7 20 IR o i 2 ke fe 2
(8) A s B A FEMLII AT Ay, B AT 5 i M SR A B 11 2
(9> AR Kt T 1o A o e 2 2
(10D ¥ 7 .2Z Aif A K ki B U 5 5 W22 i 11 oy e e 75 ek A 7 Pl A () 5
ERin A K
BRI, LA R A o s Al e Kt B A e i DR A R R (135 AL
(full-plates reconstruction) &M 70 # il SSVEM 0] 8, HRRA IR A
BN 5 BR BN ) gl . B R, 6 K KA A AT ST DL R R TR R f 1
LR AR SRAT B T I« Sergei Pisarevsky 1# 4 8 G514 3R 1.8-1.25 Ga 1
HERRANE 674, 2.5-1.8 Ga i IR A 794 (E-BlmEPra sl 2016,
o O ) T MRS B /D, DRI R A R T T R o AR o A S 4 A R
BRIWF, —Lrtid e 7B E#EIRE (Merdith et al., 2017, 2019), {H
Ure] 5 3 5 1 SR DU G AR LG UE 5 AR R TG 1Bk ik . Meert (2014) FR 4 I 1) &
AR, ORI T ARG MR S R R Rk, SR AR B H A A
FIE, LLR/BAR K FLER 4y CEREE. WORRE. ZRESHR . Sk sofE
—ifd, PTG (strange attractors); P X ELANERS> (RIE. B
PR R R BRI TG IE) LT SR A TE — P S B R BOIRES, BERR N
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R BRI N (spiritual interlopers); —Sebfkinteny, £k, RRME, 15
R, RORACTE KRG, BEFCH AT (lonely wanderers). {E#
WA b I G RT R A R AP 9 5 T 037 57 I P D 7k G A e KT L A E
Dot BCE AR AR PG ZE BT o o R A A T e, T e T ARk 17K i3
ENRIRA TR (Meert, 2014).  EIRIX — I RIE B A 19 2 56 I, (H 5] &
R4 AR R

Li et al. (2019) i@t @450 A,  HBGHR/EHME LI 212 JE 0 [ A AR
(Introversion), FH % 1t J& MV 23 35 WA 2 LA IS (224 Extroversion),
T R 7% 75 IV B e 56 78 0 PR ZERAE H TR SR IEAIR. (Introversion), 48 i\ i
KB ZLAR 5 A T RESE B O X P Ab (4 L R K A 7E, Eetn
WG LT AT BBl KV T KRR & R4 2. FT— MK
bt 2 3k JE U R TR A, B B JE I K ik B W (R 24 AR T %, T REAFAE
T ACAE ;T A % JE T ZRAR T IR ELE R i R A IR B ok, BB %
TR N E BRI, HEBICER AR, R BT
BRI, 5 2R A HE[F AL FEANEIK St [FAL 5 AR LBV
()3 A1 JE JHAE & (Li et al., 2019).

FET HUER Y EL I A AR A X 2 B DA B T EORHERE, (B4 xRk Bis Bl
(absolute plate motions), JLHEH R, IHRIRE. & KMEEEATLIILZE
FEASAR /NI AR . AR E # i RSB B R DL R ARG E T S R
(Torsvik et al., 2008), TiXfF# S RBIZE) (WHRE, WUHTIEE)) KIRTEIRE
W, ST FL S LLSVP tH % ANA] 43 (Tarduno and Bono, 2017, 2018; Tarduno and
Koppers, 2019). 5 —J7 M, )55 HUE BT FORIRTE TS R0t I AL 15 5%
A BRI AR, top—down 5 bottom—up K KFE/EFHTRERZ H (Cawood et
al., 2016; Dal Zilio, 2018; Dal Zilio et al., 2018; Murphy and Nance, 2013; Nance et
al., 2014; Zhang et al., 2018).
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38 MEYEE

3.1 LRI R H R AL

fedbehnE A T E G, REIEMIEAR: IS eI X R A AL A
TR, BAERAPTEATEHIE (Sino-Korea Craton). b4 i J& 1A .
HOG LA - EE IR G- KA LAy, PR AR LG Ly, JEE SR
Wl (RS L —#64Y) (Zhai, 2013). Hedb T id A2 v [E B AN F
b, #LHX HEEA~3.8 Galf)a A (Liu et al., 1992, 2008; Song et al., 1996;

HE

Wan et al., 2005, 2012, 2015b; Wang et al., 2015b); i F. 5 &5 #1bZ 04 H X 3E & 3
A= 4.0 Galfilishs 41 (Diwu et al,, 2013). HETHFFRINA, wiiBEMEEH
B (old continent nucleus), ZJ51E 2.7-2.5 Ga%& JJi Kt 7 B &4 K,
TERE T BN BRI, MR ZHT. MRy VF B FFT Sz 38 R B (micro-
blocks), FFIE LG AHE, WP wERoEhnEN: MEKE KEFBIER I
PEBEAS i /E H (Zhai and Santosh, 2011; Zhai, 2011) (/& 3.1a).

JC T R IAOA N R BRI B I B A A, UK EK F 5 6 R R AR
(2.5-2.3 Ga, &) (Huston and Logan, 2004) Nt &, 2 Ja KAEMICUKEAS
4+ (Huronian glaciation event, HGE) (Tang and Chen, 2013; Young, 2014) X4 JZ
313Ceary IEFH (Lomagundi-Jatulian $14) (Martin et al., 2013), IXEEF4F R K4
b FF (great oxidation event, GOE) H]—#i5r, S&BKE. KAE K RAR
PIFR . A hnd e & oot AR I F A K B 77 R AR BLERT (5K 2 4%, 2012),
HAERENED, NEFE EHE, 2013), (HCAFURRIA LG RKRS
FUURm R T 428k L-J S (Kong et al., 2011; Tang et al., 2011), LA BAFLEARAS
VK3 (DSTEREDU4E R4 ; Chen et al., 2019).

2.1 Ga fiJ5, LR KR 2. HE. SRS Z AR N,
Al SR — IR N S R ZEF (Peng et al., 2017; Wang et al., 2016¢, 2017), BX
N SREE (Meng et al., 2014; Yuan et al., 2015). 7F 1.95-1.85 Ga, wwiil) 21
S AR RS, b e R RRORE 5 R iR OB R TR (R B 4,
1992, 1995, 1996; FHUMESE, 1993). Hi N FT S E5 N A% BA R AR ot th fR S T
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B BOCMFEHX, A AT IACKERE ARG L RS L SRR “IES)
i7" (Zhai and Liu, 2003; 2 B [H, 2011; 2 8 E R, 2007). B0 AR 57 AR
REGEFE A E 2, Nz — € RN, A 5 4 AL R BT L R AT SRR 2
Wb HRAE~1.95 Ga WRSL2LE PG MR E, 0 R AR AR IR AE~1.9 Ga
WROL H P E ORISR, B P RGPS AR R PAE~1.85 Ga PHE MRS —
4L e BB (Zhao et al., 1998, 1999a, 1999b, 2000, 2005; Zhao and Zhai, 2013)
(K 3.1b). BRiLZA, WABFE N NAFAENT LS AT AL T7 & LAy (Kusky
and Li, 2003; Wan et al., 2015a; Wu et al., 2018). Peng et al. (2014) ¥ & 75 5 AR
AR 7 OB N B (~1.96-1.90 Ga F11~1.90-1.80 Ga), KILH — BB 3= 2
AT FARIETE IR S RICHIX, TSR AN B AT 2 RS BT I B A
58— BUR R R IR -5 KA 1 AYS BUE A T, BRI Ll
HR GG I (B AT, B SIS B B AL 36 B B 23 S R 2R AL T
A S A6 00 2 i BRI AR R, DR SR A A AR AE R R - PR R 2
s, sz, Al o AR RRRL B0 S N G B A R R T A
1, 7 AR A PR i 15 e S 5 4 505 4 [ (R R A L B itk #E~1.8 Ga, *E
ALTEROE LS R G TG ), A SE R R B AL, TR A AR E 1 55 2 DT
BB (Zhai, 2011; 2 B [E 4§, 2014).

m R EH T, REKE
REARERA . LA MRS IR
(Bl 3.1¢).

BENHER, K MEEHEREEA.
A = SBIHALER L (Peng, 2015a)
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e U
-~

~2.5 Ga &t
~2.7 Ga R

(a)

K- ﬁmmgr o= 4

3.1 Ak ey i SE A b o A KEEW&%V\ wﬁﬁﬁﬁ%%ﬂ k7 (Zhai and Santosh,
2011) (a); oo ACHIHE 1LY (Zhao and Zhai, 2013) (b); o HAKRZEH o H R EE
(¢), f&iftH Pengetal. (2011a)

Fig. 3.1 Precambrian geological evolution of the NCC: Archean ancient nuclei, macro-blocks and
greenstone belts (Zhai and Santosh, 2011) (a); Orogenic belts in the late Paleoproterozoic (Zhai and
Santosh, 2011) (b); Covers from the late Paleoproterozoic to Neoproterozoic (c), simplified after
Peng et al. (2011a).

(D BRHAEAR
FRHRER T RIS, 2=, oSO ede N ER, 7o s
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Mt v S AE OIS/ AHAE FE TR R 7 B - ol S e TN U SR & 20

kRS (B 3.00). ZRBMN M LKIREFERR R (BFREPRREE; K
wad. VR, EIPA. SR, WHE CNABH/ SR, =8
WA, AREPEA. bR RgIAEE Gl gl =%, wiangD, s

EAFERA ., ERA. PRHAS (E32MKE33),

REEAE MR H . doo ARG f R, SR 1000-7600 m, 2 %5 3000
7000 m, HEEZ) 7000 km?; ZHEES KRB KON A RIGE, LRZH LA
NwmBEVE R R - R 5y, AR R Z s, Zlsa A RNE, KL
MEBUTE s b 2 UUR T B AR A, 8 R 3k v I 300350 3 b DXt g A
(Zhao et al., 2002b; Vi /& MU 775, 1989; XA F4E, 2001, 2004). U-Pb #5471/
R FER BRI B B T~1.77-1.80 Ga (Zhao et al., 2004; & H0F]45, 2010). Hf
RFPH K AR A GETE T 24453058 (Peng et al., 2008; Wang et al., 2016a, 2019;
Zhao et al., 2002b; MK, 1985; XA 45, 2007), {HMA W50 E 12 H 20 56 3 7Y s
a5 9F 215 5t (He et al., 2008, 2009; Zhao et al., 2009; B 7&i, 1985), (%
B 5 BINR 2N (FAT55, 1992).

T
111°00"E

113°00'E

=z

0 10 20km

- 34°40'N

g

I-34°00'N

34°40'N-

vvh{..Fyvvvvv W
o W v Y‘.-_Cf W
S A [~
i +++++++:'P:1+++++'fyvvvvv
'\1.|.++++++++‘hvv e
ST 4+

34°00'N

R

B e "
Romi RS T o B wmm A =T

’ - R + e SO
2118 Bt EEfE ] rernns [N wE

111°00'E 112°00'E 113°00'E

K 3.2 fefb e i R % e HLARAS R M5 T I (Hu et al., 2014a)

Fig. 3.2 Simplified geological map of the Xiong’er rift system in the southern NCC (Hu et al., 2014a)
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WA A TREHA 2 b, BE&T REIKGEE, EZON LA S U
N Tt YR A R R 2R A 3G, R 700-1500 m (R[S HUTU 77 ), 1989).
Hu et al. (2014a) 8t PR E 2= 25 1L 410 e o 85 A AR08, DONTR BHAFDTRR I
[MARET~1.74 Ga UMBCFRIERS A 1744 £+ 22 Ma); SVEREEER B0 R
PR S B A 25 SRR, OB 4RI 1711 £ 37 Ma) (VERHE, 2015). #55C
45 (2012) B KIRIE IS WG TS I8 D ALBE R S 854 U-Pb LA-MC-ICPMS 4F#%
1611 £ 8 Ma. HARZFRTFE] T HEUESE (1640 £ 16 Ma; VEREE, 2015),
RO B IS AR =20 I B ECHT 21 7R 2 1400 Ma [4FE S (Lan et al., 2014). A&
H RS BARE L I8 0 U S 7 b 2 I ARKE 2 i A2 58 10, AR SR AL A )
FALL B s . BEFR I, RS R B WA A Dictyosphaera.,
Shuiyousphaeridium . Valeria, VLK Plicatidium latum. Spiromorpha sp. M —Fh#
i 2 W) Valeria lophostriata 254447 (Pang et al., 2015); 1 Valeria lophostriata Yt A7
FEROL R KIR R ICH A KIE (Lamb et al., 2009).

(2) HMERE R

2 8 A R R T B T IS (Zhao et al., 2016), AL RLEARIELX
VU AL R M (X DA e 6 2 1 S R o b [X 7 i € 4 T B TR Ak 1 5 3 1
Kigg (Bl 3.1c). REHXHEAF i QZE (B 3.3), WreiRiE & orE s
FRE R GEAAE, BJE>S5 kms ABAETREEHERLEZ B, WFEL
R B Fe IE ., BIRA. A, A, SLTlA, 5k
M. MM, LR, HILA, SEAREH) (LAY R, 1984),
B A NARVERE . 1E S AR A R (B i 7 R X S i R AL, 1985);
FEIL T XN N A AR UOR A0 (B G, msFd Wk FAT LB
(KIS THERFA MREA, B4 MERR CEWTHA. =264,
R did, R A MNRNLD G a7, 1989); TEHIHE-F 5 2t
I EWLHE (Jikhyon Group) (A FAE BAKUCRKIEA . JHigd, K& LA, 20
WeZH) J BRI EREEE. BREE. ROBILEERIEMERE (M ERRSE, 2016). XL
22 #~0.92-0.89 Ga MM AIKEN (H 3.3), BRHithREERSIER
(Peng et al., 2011a, 2011b; Wang et al., 2012; Zhang et al., 2016).
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K 3.3 fedb il oo ROR 2 et A Z . B E 9 (2011)
Fig. 3.3 The strata of the NCC from the late Paleoproterozoic to Neoproterozoic. Modified after Hu (2011)
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(3) HULAHBRR

ML LTI H, Hrh—XmREM, 55— AL AR
ITisthX (& 3.1c MK 3.4). R E M ERKUOVKIAR (~<1.70-1.60 Ma, ##
JBAENE: WINEHE. BIRWEHE. BILFH. ROMAD . &R (~1.60-1.40
Ga, WRIRHANE: mTHEA. HEL. FRIH, dkAEA. %RIRdD. £
HAR (~1.40-1.35Ma, WEENT: FTHIRAD) MEAHR (F5A K-ArfEik
BRHOE A, BESE N KORILHARGEIZE . LD (18] 3.3 FIE
3.4), ZHALT TR O (~1.70-1.65? Ga). JHREEE (1.65? —1.60 Ga)-.
ffiHE (~1.60-1.40 Ga) Ff 2 FEAHAET DS R BRIGTS (<1.40 Ga) MIPTARM I
(Ju3CHH, 2015; A K RAXIELL, 1998).

BEWZE T RERENA, A% (2014) & REW TG EDBEIE S N=
BB A BTBONKIRAR T (>1.65? Ga), T &Y 0T F AL W0REA 2 0 a
FUEMAA: B rBABILFHEZ R LA (~1.657 —1.48 Ga), FEAFEREA
B Bh 55 SRS AT P R A A AR s C I B B K 2 & Bt (<1.452
Ga), FEEHFMERNAFPRITCEAAEYRE . K, £ A B
Bl Z R BRI AL AT Valeria lophostriata (Javaux and Lepot, 2018; Lamb et
al., 2009); £ B BB TR AR IR EI T ok R 2 40 A% B A% AW
(Zhu et al., 2016).

~1.73 Ga [E A BETE B DI RTZ 7 (Peng et al., 2012); ~1.68 Ga [
SRR SN MIT R IE T E (Li et al., 2015; Wang et al., 2016b). H4b, EKI
RRAMBAREH~1.62 Ga fvEkily (R, B8, STRERIIL X & -0 i X
A-AE A (AR A, 2007; FEFAFEMZER, 1991), KiLTE3IE0E T~1.64
Ga (K#£245%, 2013). 5~1.62 Ga [FIFIHEANE S RE S VIR LA IRIE (FR
AR, 2012), AIREAFGC TGS (Li et al., 2015). ~1.32 Ga 2R
RNZEHZERFZ LA, PISHAT D042 (Wang et al., 2014a; Zhang et al.,
2009,2012a,2017) (Kl 3.4). b4, iEH~1.23 Gafl0.775 Ga AR B H
t Bl JEi4 (Peng, 2015b; Wang et al., 2015a, 2016b). TEAFEF(5 BN 3.1.
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Fig. 3.4 Simplified geological map of the Yanliao rift in the northern NCC. Modified after Zhang et al. (2017)

34

120°00

121°00




53 5 M R

R 31 MILRBA A KF

Table 3.1 Magmatism related of the Yanliao rift

PN

it R4S, 2005
Zhang et al., 2007
BARSE4E, 2004

AAETT U-Pb £/ Ma
~1.73-1.67 Ga RHKE-SK KA WK E- AR EHE (B 3.8¢)
WBEIE R A 1681 +10. 1679 +10
MR e R A 1692 £ 19, 1753 £23
1693 +7. 1715+6
FHE

1726 +9. 1739 £43. 1712+ 15
1.73 Ga 2555 (& 3.8¢)

Hron 1731+ 4
1.68 Ga {555

EIEAERE/LX307 (& 3.8b) 1680 + 5
BRI B TD689 (B 3.8¢) 1677+ 12

1.64-1.62 Ga EHEHE 5 XA
#i A5 (K 3.8b)

Rergd kil (& 3.8¢0)
L4 kalE (B 3.80)
~1.23 Ga 555 (& 3.8¢)

1621+9/1632+4
1625+ 6
1637+ 15/1641 4

B A B 1229 + 4
1219+ 4
Vel %= 1236 £ 7
H AR 1208 + 24
1229 +4, 1229+10. 1231+16
&V
BYaR 1227 £3. 122346, 1217+ 13
~0.775 Ga &1
P F RS 775+ 5
PR B
o 1559 + 12, 1560 +5
T
ke 1483 + 13, 1487+ 16
Bk e 1437 £21. 1439+ 14
1368 £ 12, 1366+9. 1370+
T Sy 2H 11, 1379 £ 12, 1380 +36.

1372+ 18

Zhang et al., 2007

Peng et al., 2012

Lietal., 2015
Wang et al., 2016b

MHIRBESE, 2012

FEAAFERIZAE RS, 1991

ke 77 4E, 2013

Peng, 2015b
T4kHL, 2017
Wang et al., 2016b
Wang et al., 2015a
Wang et al., 2015a
T4kHL, 2017

Wang et al., 2016b
ZEPRBhaE, 2010

ZEPRBhEE, 2014
Suetal., 2010;
IREE, 2014

Su et al., 2008, 2010;

ERELE, 2007
2008a; 2008b
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(4) WBRFTE - AR5 - WERA R

FEAEALALES, #MILRR RPN E A — B o d AR B 7o AR AR
HZFA (B 3.00). XEEFEF PG AR BEFER LA (~1.8 Ga—1.0 Ga? ) (Hu et
al., 2014b; Liu et al., 2017b). #/RER (<1.7 Ga-? ; N FEAKTCAFICIAA.
WEEH. B EH. XMEAD . AnSIEH (~1.8-1.2 Ga? ; MWTFE|EKIK
N R L. MRE R e, AEEREA. S RE
“A) (Liuetal., 2017a; Zhou et al., 2017; JA &5, 2016) FALAERE O\ FE| &KX
RNERARMA. KIEHH. SER . JLREH, KXEHM=E R4 (Liu et al.,
2014,2018a) (& 3.3). HAT, XX )27 Ny .

3.2 HJLHT R LD R KBRER

b hnE TR R B S RIES (B, 2016), Hop RATER D HA

Wik 52 2.5 Ga J 1.95-1.85 Ga B iAEH (2B, 2009; & E %, 2009), MiHTIE

AR G 2 WIEM A 825 R R, %6 1.78 Gav 1.73Ga. 1.68 Ga. 1.62Ga. 1.32
Ga. 1.23 Ga. 0.92-0.89 Ga f10.81 Ga = HAEH (Peng, 2015b 57 H.H; Wang
etal., 2015a, 2016b; Zhang et al., 2016, 2017; F2{5%, 2017) PL K 1.73-1.68 Ga FH<
BB R -G K T K A (Zhang et al., 2007; ¥ iESE, 2005; XK T4,
2004). 1.80 Ga Al 1.53 Ga ] A BUfE X% (Deng et al., 2016a, 2016b). HHI, #ik
AT SIS K KA B 1.78 Ga KAT- B S E R A REH K ILIE & (Pengetal.,
2008). 1.32 Ga #eILFEMEA KR (Zhang et al., 2017) F1~0.92 Ga KA ¥yt 5 B
FESARIE - ROK - Wb BB

(1) 1.32 Ga #eT IV 75 KB

el Pl L E NI RS REA L EZEIEAIK, RN RV
4. Zild., BRISHM T LIRH PSS . Hd, #a/sE A U-Pb 4
RS RR W Z R I BRI AT S & A R A IRAR A A 1305-1330
Ma (Wang et al., 2014a; Zhang et al., 2009, 2012a, 2017; ZEPRIIEE, 2009), X L5 PR
B JLERBJVAEKE, TzamTEe. @i, PR 5. Mok,
B A >0.12 Mkm? (& 3.4). HABRAURMMESREH, HhEa 35-

YEA PRTE (Peng et al., 2011a, 2011b; Zhang et al., 2016).
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60%- RHA 40-55%- BERHT 3-10% K fINA 0-5%; 2% M5 iom b BE i
KR ZoY X Ze MR ERIR NS H IR ALRT AT RS DT T e T (BFE
BT, B, BERE AR T o AR #OE R K 4 (Zhang et al.,
2017).

(2) 1.78 Ga KAT-B B a it e HK 1L &

b T REE T RAT I, B, LE il M AEE A SRR . FE
Lt X A KRRV R . X AR R AR e AR, B
SORFEH A AR . AR EZ N 2070 m, KAAHARELHAR; 22
NNW-NW. D2 NW-EW [ (B% - fLEHIX) B4 (Qian and Chen, 1987)
(E13.5). #if/AHea U-PoEREERER, REHELZ LN T~1.78-1.76 Ga
(Yang et al., 2017; £ 5§, 2016 & ZE H ), DEAIERT 1.73 Ga. 1.23 Ga J¢
0.92 Ga (Peng, 2015b). H:A1, ~1.78 Ga AHEHEPAR N ARAT (—B ) M A HERE
(Peng et al,, 2011a). XECAEZ ML - MK, TEH 30-40%I1 R AVEA
1 50-65%MFHC AL, # WAHC A TS, BB A, s E
FRO BB R, EERNEEERS, WE DR TRRRMEA S, BRIEE MK
B E Ti-Fe-P 1.4 (Peng et al., 2007; Wang et al., 2004, 2014b; 32755, 2004).

et r I REE KL R R S5 RAT B REL T A AR, 3T A
R, TEBNRRBUE A, HIRECEER S KOlE BA — BU s IR RRE,
WOV B8 N KL A O, (H R L S A T RE A5 LA e ik
MARLREE (Peng et al., 2007, 2008) (B 3.5). R4EAEBEREIIBUPIR LA 2. Ak
FES JOLCE GBI ] A HRUE X IR IRIE S 5. AR (>0.1 Mkm?®)
5 (>0.1 Mkm?), BFFEE L5E VT TR X Z 5 M et ig i 51 & i AL v
$7iE~1.78 Ga K KHUAEE (Peng et al., 2006, 2008) (& 3.5).
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il

|

/N vl
Hog L’uﬁ
AR AL

feH
L1
Kiles &

0 60 km

K 3.5 St AT A AR B KL R A 1T B (323, 2007)
Fig. 3.5 Simplified map of the Taihang mafic dyke swarms and the Xiong’er volcanic province of

the NCC (Peng, 2007)
(3) ~0.92 Ga KA e B a i R ARHE - K - v BB FR 1t TR

AL T RLE P NW I 1.78 Ga ‘& 1E, 8H NW 1 0.92 Ga ‘&1

(K 3.6). RHEEAEFLE R LR EEZN . 8L KAV DA kA8 1

B 27T 920-926 Ma (Peng et al., 2011a). XS AERE— KT 10m %, A IEMHGE
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i 10 km; oA HERRDEAFBHCA A 47 E-MORB 8¢ OIB 4H5), AIAEk
H Ak (Peng et al., 2011a). KAV A ERE I E M AT B B4R B S, AR
A 2% HH B A 3T T[RRI S I B 145 R (Peng et al., 2011a, b; Wang et al., 2012;
Zhang et al., 2016) (] 3.6). infRiEA IR EE M SHER T F7H CAYE) %
GEEMKR, EEEZ) 10200 m, K >10 km (Wang et al., 2012). Ki#EFMP A S
I A R 2 BT AR S 2. KIR T4, RECIRAL. HIF 4. B4,
BREHANRMNE; HEEJLKEILVEK, KILEKETZ AR (Zhang et al.,
2016). JRAEIKRBARESREH, sy B2 /AR Z U, METRERA
AN HRFE (Zhang et al., 2016). BR300 B A R AE 150 m 5,
A B 5 A X 5 AT AL (Peng et al., 2011b). % REF %I
AR T AT VE B B AL, WU A IR R T B oo o RO IR R K s B

(Peng et al., 2011a; Zhang et al., 2016).

-
—
-
— -
—— i — — —

R kS
L QOOMa\

—_——_——_ s

® yoniE ST

K 3.6 AL R FEGARERAS £~0.92-0.89 Ga FLitk AR5/ A R BE /S Aifi Bl 1B H Peng et al.
(2011a) F1 Peng (2015b)

Fig. 3.6 Schematic map of the Xuhuai rift and the ~0.92-0.89 Ga mafic dyke/sill swarms of the
southeastern NCC. Modified after Peng et al. (2011a) and Peng (2015b)

3.3 AL T SRR T AU R

AT bR 2 R A K A A e R ik AR AL AT TR IR A v i
WAL LA 2] TP R, bR B YER TESR T Henry Halls % K754
BRI, B IR U-Pb e S04, AT M R AR o0 i S B A1 it
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ARSI (Halls et al., 2000). H T, fdbFEHE 7 UF Atk (€ 3.2 fE
3.7):
(1) 1.78 Ga KAT &t 5 RE H K s & B a7
I A AR E AL T RAT- B A R DL R R KL R
e A B KB A S AR, AR BE e, WORT = 1 s R T e 4
[fi (Halls et al., 2000; Piper et al., 2011; Xu et al., 2014, 2017; Yan et al., 2017; Zhang
et al., 2012b). Henry Halls {138l b g 55 10 7815 2] 1769.1 + 2.5 Ma
IS AR LA 36°N/247°E/Ags = 2.4° (1) i iRk Gl bR 50D o T f5 220t
o, Sk B L X AUORAT - BEEHLIX T s 25 A — 2, i 5 Halls et al.
(2000) HI45 58— (Xu et al., 2014), Piper et al. (2011) 1 [FIFEFS B 28U 25 B
J& #F REH KL 7 1l b 45 SR 50.2°N/263.0°E/Ags = 4.5° GBI [ EE G5
(Zhang et al., 2012b), EKAT & 5 5 8 Bkl B AR 208 41.6°N/
246.3°E/Ags = 4.3° (Xu et al., 2014). Zhang et al. (2012b) K5 H AR g B AN I AL A o Hb
fiit (~1780 Ma M~1769 Ma), (HAFEALF B BEARMEX 7 1780-1760 Ma /5
HAE (EEE, 2016). 1M1 Xu et al. (2014) A IXFE Hise B oy AR ECHT 2R AUK
A7 S RE L XA O ER BH LLh XOR AR T R
(2) WA S TR HZ 1 Hi g A 7t
Zhang et al. (2006) X A6 S BHREAVS A TE L 2 HEAT 1 s o dr, 3R
194 W R R B R T B R A e, L s B
60.6°S/87.0°E/Ags = 3.7°; 3R1F H FLFPLH Iy Ak 43.0°S/143.8°E/Ags = 11.1°; 3f
542 2N = 20 20 Ay A 41.0°S/44.8°F/Avs = 11.3°. W JE & A S KK 2 4F
FEN X B YR FI PRI Ty 7o i AR A e i AU (L 3.2 #8700
REHRBHIN D, (A5 A SERIARZT IR
(3) X HeIL AT rh oo AR TR I 2 1) oy MU AT 9
b B 2 O Bk F o i ARG R 2 —, R L0 % 52 Hh gt
FRETR W EHNHMAL I TSRS TN 455R: 17.3°N/214.5°E/ Aos = 5.7°
(Wu et al., 2005) F1 2.4°N/190.4°E/ Ags = 17.1° (Pei et al., 2006), #j & @T T H-Hf
RP RS R, R T M = SR AL . HRT, WEREEA RS

=3
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MFEH R BRI E R, Fld FRE T HEH (~1.56 Ga K1l 2,
2010) Mk BB R ILAH (~1.48 Ga KILHK; ZERHISE, 2014) VT [A]HEHEN 4 2H 7] Re
VIR F~1.53 Ga. RMFER AR SCAFIRLE H T 550K 1 4URVRIE 20 10 73 b 45 28

43128 20.2°N/221.4°E/ Ags = 3.9° (TGATEE ) 11.6°N/187.1°E/ Ags = 6.3° Gl #4

ki) (RWE, 2005).

1.61-1.74 =411
0.89_ 5P

\1.60-7. 74
1 4B

0.92?
ZERINEE!

1.68 (& )
1.68 VGP (4 0)

&

@ -
@ 4+t R
@ e

K 3.7 et a2 el o A

Fig. 3.7 Precambrian paleomagnetic poles of the NCC
(4) SF #EIL 75 PREE 1) b GBIt 7

Ed G S C =, ZHE RO TE A T~1.35 Ga (Chen et al., 2013), 5H

f) 58 FE 45 B R HAR AL T~1.32 Ga (Zhang et al., 2017 &% Hr), M3 H)

oA A-5.9°N/179.6°E/ Ags = 4.3°, lid 1 g T AR AR 9 A %6 (Chenetal.,

2013).
(5) ~1.22 Ga FH A B T Hh RGBT 55
THRYE S SCR A T 4R AE~1.22 Ga FEVES BEREM SRR 7T, %K
BAAKATFE - IR =25 455 (Wang et al., 2015a) BLE R B AL EB B4
FhE, WA AR AR BRI % SCIRAS I MU Y 16.0°N/180.3°F/
Aos = 6.6°, MEERIIGK F LU AR (T 4891, 2017).
(6) P ARHEHD = B 5 PRIF i M AT 5T
Fu et al. (2015) XHRVER X RN INAR AR BINAEARIRE S . RN

AL e PR B 58 el AR IR 56 o HEAT 1 i B o i o Wt FU A & T N BERLE Z5 00N,
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FINAA IR T~890 Ma, HE1LIZITAT 890-1120Ma ], e 2H 7 PR 1R AL
F~925 Ma, BHFEMAVIA AL KT 925-1121 Ma; F£3k15~890 Ma i Hb i #
52.6°N/330.0°E/ Aos = 5.3° Gl I 9. HUBERL), RHEREE LA b
fiH% 26.1°N/320.3°E / Ags = 5.2° GEIIFEGAGI), (il —2% 925 Ma & K Y
% 30.9°S/136.2°E/ dm/dp = 4.0°/2.4°, Bi[dl 4 B LG 54.0°S/107.3°E/ Ags =
4.0° BIWHPTRS 510 i H 5 R O5 AR, PRk 2 L H AR TE BT 925
Ma HiJi. $EbE, 2% HEIE~1120-890 Ma FIRIAEES 2k, 6 oy 42 vt

gi b, BHArHFILE CIERIRE T ARALRT R A~1.78 Ga CRAT A B HH K i
FKIEED ~1.53 Ga? (4. ~1.32 Ga (FITEREE [~1.10-0.89 Ga
HoREAR (EEIRTE) . 595~1.44 Ga (BRIGAD) % 1.22 Ga Sl 1E 304008 1 oy Hh A A
oY ki Hh R -

3.2 b e i T A T MR A R AR —
Table 3.2 Precambrian paleomagnetic data of the NCC (including paleopoles and VGPs)

HARTT E#Y/Ga WEhEre WAL Ao/t Bk

AEH B 1.78 50.2 263 4.5 Zhang et al., 2012b
KAT 4 1 1.77-1.78 36 247 2.8 Halls et al., 2000
I 1L 2 1.77-1.78 355 2452 2.4 Xu et al., 2014
WA= ~1.53? 17.3 214.5 5.7 Wau et al., 2005
A3 ~1.53? 2.4 190.4 11.9 Pei et al., 2006
BRig ~1.44 11.6 187.1 6.3 o

= kLA ~1.48 20.2 221.4 3.9 FIE, 2005
WEIL A RAE ~1.32 -5.9 179.6 3.6 Chen et al., 2013
Hilif 0.927 26.1 320.3 5.2

b b 0.89 523 3293 3.5 Fuetal, 2015
e e il = 1.22 16 180.3 6.6 T4k, 2017
=L T <1.74 60.6 267 3.7

SR 1.60-1.74 43 323.8 11.1 Zhang et al., 2006
SHEMAETEH 1.60-1.74 41 224.8 11.3

3.4 T 55 X U AR

AT e A SR B LRAT I X (& 3.8),

AR XA T BB Ee, X EAL T RO R ARG A, R R
T HZE (B 3.8¢). f/EPA MR B 45 SRR, )R E 2 il -
HRHIC, TP - T HBITMERE - R TT DU R BT U 7 SO ALK
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BAY - A 3 B R A R R R ST A LR, D B A A
RNGER. PG - TR L, 2.5-2.6 Ga (025 3 AE F AR 20 AR S5 A O =8 24
e, TEZRELRFENE. FIRE D RRTE R WE - ekl 2.6-
2.5 Ga NG BatHMINE . sFIREdEE (BIF) A, 4N 2.5 Gafill
BAARRR (BEAREE, 1991; B S, 2018). MRt A, BHMESHELEHE N
KRR (Nutman et al., 2011; J3iii2E2E, 2009).

G VGHAL T AL e ROB RS, R EEAFRRL SRR LAVE . 223 - W
I ER LB LUR ., S bhrg, DLAA IR LIACR X . %X EE
B HR LA, gk aMEmNaMERIEN, OFEMEMHCH, LE
I ZH AT L (R ACHEAEAS R TS B AR S, (A A I . ESHICULA
MITHEZL R 2.75-2.70 Ga FIINE . ORI BE (A FRAE . BHESFRAE K
B AT B AR (SR A 3 B Ak = B RE G B R AN E K a A
AL, BHRRFERE (Wan et al., 2010; B EAL 1996). 76 A7 &0 X 4B oG
RETIHE CRILEHA. ZF LA, BFREH. #RLAE. AEEA i (Hu
etal., 2012).

RAT LR AT S A A A B s R AR R R A . ool RO R
UL P HOT BBV Z . BERHMAINE. TTG KA. RLCA
AYE FE. KBS, RIS LIRE SR (LG 5T 7 5, 1989). H
MBS THER B, WTFE LA UEA., EyamEEHamg, o
AR ERAR R (PEEE 1 20 HUBTEL, 19960, AX o AR R ol
R0 H B A4

HIRTEIX S X )72 . FERARMIX, BTAWDDEE T AR, A
NIZIXAFAE 3-5 WAL o1 S RAZ JUa B (RIBG, 1990; X 30, 1988; BRE =, 1990).
Ak, RXHRIER 2504-2516 Ma FIEE R EK A AR, HARNHRRT
Tehii@E Ak (Liet al., 2010). Wang et al. (2015a) 7EA [X b3 o Hb X A AR BB AR X 1R
ST 1208-1244 Ma ‘F85 (B 3.8¢), A NZ~1230 Ma St & (1 Mg A% B 51
. BHEZHMTAERR, HEERMFME~1680Ma (FHEA). ~1230Ma (RHEAD
Je~775 Ma CBE A7) FEPE A RS FAF (Wang et al., 2016b) (] 3.8¢). 7EE KX,
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e AT S IR B e Al A 2 0 F BT (I3 K—Ar #1 Rb—St fF88), # Ui 43
fi, KAMIA S km, % 1-20 m J&3#BAA 220 m, HEEHZ 13 km? (ILARA N
MR FE B A B, 2003) . BOHT IRV 47 U-Pb B EM AR, S X £ 17E~1.68
Ga Fl1~1.62 Ga ] N-NW [r]JE 545 (Li et al., 2015; AHIRAEES, 2012). b4, WF
TR AR KL B R N AR E~1.21 Ga 2R AR (B U-Pb, 1209 + 6 Ma;
Peng et al., 2013). {ERATIIFEH, MLEFILMKRATILX, A X751 5 If
A2, HEMARER B4~1.23 Ga 1545 (Peng, 2015b), ZEBRAKIRRE
MVALH . BIVE, JE FEHARE ) — B A B MR AR L8 (AR 1: 20 Jiih
L, 1972).
gi b, CH AR BRI =AM FLIX R 52 I 2 TG Bl Y X

F /0 RH~1.68 Gay ~1.62 Ga F1~1.23-1.21 Ga (LA BAR N F4F, IXL8id %
BE 8% R IR A L S B 3 1) b o s A R A A
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Taihang Mt. respectively. Triangles represent paleomagnetic sample locations.
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Kl 3.8 WFFt X BT fRi (o) #Rdbmidhnd, beA b ol fOREH T ARS: (b-d) HAAER. I EIARIRAT I EHIX . = MR R AEA B
Fig. 3.8 Sketched geological map of the study areas. (a) NCC, with distributions of late Paleoproterozoic to Neoproterozoic rifts; (b—d) Luxi, Beijing to Jidong, and southern
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F4E FIMAE, RESEEF

4.1 FHMAE

RBFAAE =R X AR >T70 4%, HAPRBRBTE A REL) 50 4. B

T MP1050 A84h, HAh A IR NK S 4 AR, Z2HCE R WA kL
(Bl 4.0, REERE L TEZ 7 H (B 4.1b, d-D. M5 E R R MP1050
DIgFKIM AR R IVAA. BhlTFAH. ROBARE R RETHEH (GSIER 1:5 ik
i, 1995), HREEIGROEZE, IFREAEZHE. ERAMIX, SHEEZLL
NE % NEE [f @A, /D#sr Ak 5% NNE [T N-S [\ (& 3.8¢); Xl
ZH>10m %, HH~20m %, HoHIHARETE~80m 5. X, &
1% DL NNW 2 N-S [f]Jgfi, /D#5r58509 NE [\ A (WnZ i X (1) NE [\
%) (B 3.8b), H HATCAESE NNW-NW 2E A1) 5 5 22 /D775 ~1.68 Ga f~1.62
Ga P (Li et al., 2015; MAREESE, 2012); ARG TEHCK B L HKAS, HEZH>10
mo EAAT L A 2 2% 1A B A NW ) (&1 3.8dD, 38 20-30 m.

A FARAE AT HERIG 2 SO MR 45 R, e 16 scm e NI 2
PR R, efilnni: BRZEEZR G (JD1027). EF Kk (JD68T).
BRI sk ks (JD689 NI 690). Bk Ak (JD517). PufiM-AE (JD1008).
A RE (JD1009) %= HWHHA R (MY1033), ZREKAA % (MP1050)
(K 3.8c); BWALKE T AR (LX307). FOBRE AR (LX323). £EiA Y
(LX1064). TFEJEER (LX1066). maKH 15k (LX1068) (K 3.8b); K
TR AR (CT11) AR A (C716) (F 3.8d). He, EH AT
1) TAE B € H JD517 F1 JD689 KR ALK, 43 7lo8 1236 & 7Ma 1 1677 £ 12
Ma (Wang et al., 2016b); 1l LX307 HI{ZALA {8y 1680 &= 5 Ma (Li et al., 2015).

4.2 HH%¥

FEFLARHIX, JD1027 FhL Tl v B P2 8E E XA, ZaiE2
AIFRIE ) TD687 4% (Wang et al., 2016b) ZE[AAHEE JLAE (K 3.8¢). EEF A
WAEMZ) 24°, BEFE >30m; HUERBRAKE R L (EA R KA BT
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e | 0 VA KV Y A= A4 SN i O A= R LA &R A S e AL

Ho et EEALS A AR (B 4.1a). PEHIM-ARS (JD1008) AIZR A
M55 (JD1009) E T T N-S (~350-002°) ([ 3.8¢). JD1008 AHHiALE 10
m 35, WHERMELLH 200m; JD1009 HEGEELfE/ M E F, HE~10m %,

55 A B AR AH X oy, (HR ILA SR . X s il F B AHCOH (50-55%) Al
WA (35-40%) M, S/ ERARE. Fe-Ti 84 I EABIT Y (B 4.1g h).

Kl 4.1 ARARERMEESME R (o) KB (gD. (b, d-D Hik$gm GLT) #EEM
ARHREAERAL. GO A D REMEE; (gD M (O RIERZHmSE. PHRHSA . Cpx-
FRDEAT . Hbl-AIN A BBkt

Fig. 4.1 Representative photos of outcrops (a—f) and thin sections micro-photographs (g—1) of the
studied dykes. Arrows in (b, d—f) indicate (near) vertical and regular boundaries between mafic

dykes and country rocks. Micro-photographs (j) and (1) are under single polarized and (g—i, k) are
under cross polarized lights. Pl-plagioclase, Cpx—clinopyroxene, Hbl-hornblende, Bt-biotite
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HIE S (MY1033) Ao BERAbTm (K 3.8c). aEMLAA
35°, ~80m %, PLERMMIFAEL (B 4.1b). HANESE, HAREE
GReiky (B 410 . KEERE (MP1050) fi T2 fl i M F BRI M T, 24
AR AR T (B 3.8¢). %A NE RN, A 2R, HXL
o,

FEEPHIX, HhE LX323. LX1064. LX1066 fil LX1068 £ NNW [f] & A

(~350°) (& 3.8b), 10-20 m %i. HEELZNERTUE A, MARSE 5 R A 5
HHEERAL (B 41D LX323 HiRETE UL, ZXEHE%E, A{E
AR RIB R AR . LX1064 SR B 5 ) BRSO, 2 R A i HiE 4
iR (Wang et al., 2007), HH1 ~40% ) BRI FI~50% ) RBHE A S /b8 A
F BB AR YIS A (FEdh 05SD-21) (Wang et al., 2007).
LX1066 A1 LX1068 &tk H P BAHZ L N M E K 7 HX . XA b
AR, B BRI ACE R ANEA E AL I A A B . LX1068 Hik &A%
IR, MR R, EF i m™E (& 41D,

FEEAL TRl 3, SR CT11 AN CT716 23 55K A6 48 Ik B B v ks A
SEAEZKIAM. C711 Al C716 ¥WRAK G 2R HH>15 m %, NW [q/&
M (~310°) (K 3.8d). #&kilm Erf WA R . A FERMAKA

(~50%) FIREAAR (~40%), SMINA (2-5%; AT ILIEMTRIRE ). B ht

(2-5%) A Fe-Ti AN (~5%)> (& 4.1j-k)

BAR b, AR R A BRI 1 mm, (B AR NEIE L B
RHEA AR RH AT B NN HT i, Fe-Ti SALY)IE % 0.1-0.5 mm, JEF LLETEH"
Yy BAE R A IR 22 18] (B 4.1g-Ds

4.3 XpE

BRI T, AHIE FOTERY SN BREEAT B A A A Ah, BT TR A M
BRAG 22 DL G B R AR . — JRIA — S a B — AN 0T, BRAEIR A5
P E SAHBEROZ . A d R S IE g HOh “ Xt RGPS 57, W
3.8b 1) “LX3237, REEVIHIX 323 S50, HATHEARE T IRE & — AR
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HEGE AR (>15 m) WH0AL, FEAEEZ) 10-20 kgo HEATHLERAL 2273471
B2 BCR B B A S R AL E, ARYE PR AL 828 A AR A0 % 8 Sk I ik
B 24 HUFARA KN EERE S o AR 5 R AR S I 2 5 05 12— 3
Bl “GPS S+ H T B S 7, WSS 10270WI1 (WL 5.2 #70)
REEZR 1027 5E EF ARk 1o

TERFAL, A AT 485 QP T B LAl Tty R i, A P v 8 BB B A0t
FEfhER . WRRS AV, FFHGRRHE RELR, DRIEE . K+,
REERA AR5, AR A R sl ™ 5, 3 DAORE . 2 30 ok
B 2B R Sk, 35 e fe T i s AOR T (R R Sk R B AR,
BIRFE S AR Hd, GPS 459 1009, 1027, 517. 687 Fl 689 (1) F.5%
HhE, FAEBREOEWA RIS, (AEAK AR A, AT
BB ~12 MR A AR R ST 8. X T HAb s, GREmRAH
—AREL F 6-16 NEUNAEUIFES (LB SKIEBLMNE, PR 12 MR,
IR, AH 7R T 4R A R, LS AT B ke

ARHFFELL “GPS-#53k-1A/B/C” B “GPS-1A/B/C” W 2\bric i M AE &
HIRE S5 158 — NP R R ET4b GPS A5 B — M REBRR S, A5
HERE AR T, WARERER k'S, @ N 1-3, BAEAE P E T
ERRE DR H—MFEMYIR T 2-3 YohFEs (specimens), T H
A/B/C [X4F, % A N B EE S I A BT EERE SR BRI R 5
INEIE T3 k3R s FFRER RPI 1 B (specimen), WBH TR, W1 “1027-
2-3B” I 1027 5 E 80 2 5 85 L EE SHFE S, SR 3HRFEMTIEL T 2/ e,
UEFE AN B A 0 “1056-37 B4R 1056 5485155 3 B it (sample), 1%
i A AR S HAz A RO T — PR . R R TURTE (AMS)
MEE2 J5, o braERE MBS VI T RS, o RE ARy L, b
IIFRC N Us X THAFEMEIg S, Sl

ST AR, AT T N BT A B (MY 1033) . K4l A B
(MP1050) FIZZEF AR (JD1027) Wikt 7 RMEA . Btk sh, b
THIR—2 A5 (12LNS4-1) &7~ LA-ICPMS #5457 U-Pb 4E#4°4 1226 = 11 Ma

50



04 BN, CREES A

(Wang et al., 2015a), AWM ZETE IS TR A, A TIMS 775Xt E
FrEE (QY1036, Fidh 1036QY1). ACHTAM BRI B4l R B 2 £ X
(JD1027). Paf it (JD1008) . Z At (JD1009) . FEZKIF (C716). B4
(C71D). HEHE (LX323). ¥ (LX1064). HHZEE (LX1066) FlE 5K H 1
(LX1068) Juékght, L 13HHWE. HA MRS, FR AL T il AN RIE R
Him, NGB XTIl BT T, AN HEE Rk 13 SE 0, 1A
25 55 (JD1008) & Sk %= . KAl A B (MP1050) & 1 BB, T i A B
(QY1036) ArT#EJE B - M, AR X =5 a5 HEAT I HUBEORE .
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FSE FRF

5.1 47k

A FAEPIAS 200 = AT RYEE A 40 0%, e — @7 b R 2% e 5T 5 H Bk
BRI T RE 5 20 b7 S8 = {8 Wilfley800 B2 PR 43 3k &M 41 (Soderlund
and Johansson, 2002); H “7EHRYS FHEH A H AR MRS A w Se i R IR AT RLIE
SR A3 AT Ve A I R ML E— 2D ar ik . &, MRS JD1027.
MY 1033, QY1036 F1 MP1050 ()55 5 H 70 53845 1 ~40 Fil. 44 i, 24 Fil. 16 Fil
R, BEBE EBRIB N (<100 x 40 pm). 55 ID1027 W@ E0 s A
Bl s A0 R ¢ B S == 58 K, ] Cameca 1280 ZUES 1484 A8 MY1033.
QY1036 F1 MP1050 52 5=/ HT 7R AR R E K2~ John de Laeter fff 78 1 0a 58
Jl,  FLARTE GRS 58 AL 2B AR AL ], 7R E K 1 A F B 3 S 0 = 4

Thermo Triton Plus 7€ 73T

B RE 23 BT IEAE Li et al. (2009) MIFR/F . FEAHTZHT, W HBURLHE 8] 2
FEMEM RS b, JDGMEHEE M R . Al iEER . EHHER R
SOCEHUG WS VTS . B R s g ik, P REEETT IO 2 A W Td
IR WS B ARR AT B B AR A e (AR R (s, LB & 27Pb/ 2P 143
PORSFE (Li et al., 2010). [FWS 7387 1 RIS A AREE Phalaborw LA Pb [FIAL 2K 5>
. BmTREEA - BE BRI EE P &, R AT P41 Pb 41
43 (Stacey and Kramers, 1975) E RV A 1188 Pb 448, DARSIE R 46 204 (Li et
al., 2010).

PTG (TIMS) 70, R 7472818 HNOs Ml HCL i Ptk 2
b, B AT HAATALEE . FEME AT, FERTPIAT 2%Pb - 25U NEIRER A
VR, JRAEPEIROR 22 (W 1 S0 00 S5 A . AR Rl HF Z8USEIiny, (8 A
Teflon T FEAE Parr JE 2588 HE, 16 230°CHIMAA P RFSICE /S K. F HCI
M HsPOs HEFIEMHITIFERRY), HET - NERMREHINRRL L, HH S
nL FERREEIR . DL UO, TR M 24l & & . A SRM981 Al SRM 982 Wi il 731«
RSN 0.04 £ 0.09%/ amu, A URZFEHKH Jaffey et al. (1971).
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F Tripoli (R H CIRDLES.org) #I Isoplot H A ELANEEEHE I K. RS A ik
) = el B A I B AR B = AR TSRS, AHE R 50%.

5.2 irgE R
SATEERIE 5.1 Fivs.

(1) BEREZTFZF A8 (FEM 1027LWI1)

2T AR RS A BAREBIR, K2 50-80 pm x 1020 um (] 5.1a).
BT SR AR RORLE N, AT T 6 MRS (3% 6 ANarbT i), 2°Pb2%Phb LB N
1069-47966. F i, DUZHAHT45 R 2P %Ph (R HIFEHE A 1202-1246 Ma

(H 5.12). FTA 0T 45 310 27Pb/2°Ph BT H414E# 4 1233 + 27 Ma (MSWD
= 0.55). EMLEE, RHESAEOR A B B A AR, BRI AN BT s A AR
ZEO[BER H AT A @ P VR G, AT RESE KA AT R B 25 2 T
WER (A 3) BETYINIRER G5 6) (B 5.1a), X& i@t Bt T
Pb AT IR IEAHE, DABUHIUEB KR ZE (Frr4E, 2016). 1H5 B EIH—EUT)
207pb/206Ph iy, FATTIAN~1233 Ma A3 T %A Ba 145 SRS .

(2) B EHARE CBERL 1033BHID)

MIZa B 5 BRSO TR B G U S84 85-218 ppm;
Th/UKT 0.10. AIgEt T A Ak, M EdE AR (B 5.10), fhRer
FEERE . —2UW 2P/ P ERE VLI B KNI, BRI IR 35 4 6 m
KL FR . 5B Y1 27Pb/2°Pb T3 F 4N 1206.7 + 1.7 Ma (26, MSWD
=1.09),

(3) JEEARE (FEdh 1036QY 1)

BIEERA T T AE, AR RMIR RN AT T 6 MR A . X
SRR A HAR /N, U &8N 178-276 ppm; Th/U FEIRE/NT 0.10. BAR 2 Pkl
AR M aE RIEM, (I 4 B ERAERT (B 5.10). Fra ) 27Pb/%Pb 4
We—B, RN ERONRIL, HINBCFYFER Y 1214.0+£4.9Ma (26, MSWD =
0.49). AWFAWAHMRTEEEMER . ZERSZATREN CFELER (1226
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o5 &

+ 11 Ma, #i47 LA-ICPMS (Wang et al., 2015a) ) 7Ei% 235 Bl N — 2.

1600 | (a) & £ F I 1027LWIA
©
E, Weighted-mean
a ““Pb/**Pb age:
& 1400 1233 + 27 Ma
& MSWD=0.55, N=6
-
o
5 1200
%
1000 61303182 N qsms
m
- 51245119
- o=,
800 ., o 4
& 3omse3sd, 7
600 —au 1:12174338
0.204 =
(b) (11T il # £ 1033BHI1 -
180"
o5 0200 i
= 116 —
E'-‘- 0.196 u/;ﬁ‘// 1218
114 g1214
0.192 /’/ & 1210
=y £ 1206 1=
" Weighted-mean | * 1202
0183 . “'Pb/"'Pb age:
1206.7£1.7 Ma 1198
S ooma MSWD=1.09, N=5
0.184 I
2.04 2.08 212 2.16 220 224
ZDTPbIZJSU
0.210] (€) 7B % 1036QY1 1?/
- 0.206
e .
& 0202
N 1170/ =20
0.198 s 3
‘ o 1230
a
0.194 E 1210
Welghted mean B U
0 190 ‘__,_9 “'Pb/™Pb age: 1170
1214.0 £ 4.9 Ma e
tuOMa MSWD 0.49, N=6
0‘136 L . |
2.0 2.4
lﬂTPbIZSSU
0.2135 - —~
e B b o ¥
e (d) Aehl & b 1050MP1 ’12?/
a8 0.2125 i
= .
0.2115 >
0.2105
0.2095
1200/
; Weighled-mean H
0.2085 7 “'Pb/*'Pb age:
/ 1236.3+5.4 Ma
*/m OMa |\ MSWD=0.20, N=4
0.2075

232 234 236 238 240 242 244
7Py

K 5.1 RS U-Pb EEER. (a) ZEZCETERM 10270WI1, HHEDVESHE TR A
BEF s (b—d) ARKUCH A BEFE D 1033BHIL. T 5 A HEREN 1036QY 1 FUKEH & HEFE i
1050MP1

Fig. 5.1 Baddeleyite U-Pb dating results. (a) sample 1027LWJ1 from Laowangjia dyke (JD1027)
with mineral picture under transmitted light; (b—d) are samples 1033BHJ1 from Baihejian dyke,
1036QY1 from Qingyuan dyke, and 1050MP1 from Mipu dyke, respectively.
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(4) MFEKEAERE (FEM 1050MP1)

MZa RN 4 BURMS A AT, U &8N 139-198 ppm, Th/U KT
0.06. =PI 3 dr 45 R T8 A0, BT 20 A 297Pb/20Pb AL H4 458y
1236.3 £ 5.4 Ma (MSWD =0.49) (F 5.1d), AEBEMLGERER . %A 28T
GRGZTRAERMNER (B S.1a) JFRHIX U6 KA A RS 1 RS A 5 73R4T
SIHTEE R (1236 + 7 Ma; Wang et al., 2016b) AT .

AR BT N AR R AW 0 e AR A5, A SR g5 Al oo ol AR B P ot
A RAEJb Rl R B A 2 WA R A R RN S, FEEA~1.73-1.68 Ga
HIARE IeE AR (AN S . RHCE S ~1.68 Ga FEIE AR, ~1.64 Ga
KIPER Y ~1.62 Ga AR 5 KILE . ~1.32 Ga iU S IR BES KA AR, PRk
~1.23 Ga )31 25 226 Fi] (Peng, 2015b; Wang et al., 2015a, 2016b; Zhang et al., 2017;
A3).
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% 5.1 RV U-Pb & HUE R
Table 5.1 U-Pb isotopic data for baddeleyites dating

BT 204py (cps.) 206ppy/204p}y 207pp/206pp +16 % 207p206pPp (Ma) +16 %
Sample 1027LWJ1
1 48.8 1069 0.081 8.59 1217.0 338
2 12.6 6699 0.080 0.66 1202.3 26
3 17.1 7766 0.076 9.58 1084.6 384
4 56.6 1358 0.081 0.89 1232.2 35
5 22 47966 0.082 0.48 1246.2 19
6 5.8 17229 0.084 2.12 1303.2 82
] EE U Pbe mol% Th 26pp 27pp  +2¢ 207Ph +26  26pp £26 p  WPpBU  +26 207PHPhH  +26
(ng) (ppm) (pg) Pb* U Mpp  26Pb (%) PU (%) By (%) Age (Ma) (Ma) Age(Ma) (Ma)
#£ 5 1033BHI1
1 0.1 131 09 94 0 197  0.0803 0.5 218 0.5 0.197369 0.1 0.5 1161.17 1.22 1205 8.8
2 0.1 174 03 97 0.1 572 0.0803 0.2 2221 02 0200563 0.1 0.7 1178.34 1.5 1205 3.2
3 0.1 8 03 95 0.1 330 0.0806 04 2218 0.5 0.199551 0.1 0.6 117291  1.38 1212 8.2
4 0.1 164 05 94 0.1 346 0.0805 0.2 2087 03 0.188052 0.1 06 111081  1.19 1209 45
5 0.2 218 05 99 0.1 977  0.0804 0.1 2.105 0.2 0.18983 0.1 0.8 112045 1.22 1207 25
FE5 1036QL1
1 0.2 231 04 92 0.1 1377 0.0805 0.9 2.11 1 0.190042 0.1 08 11216  1.58 1209 17.6
2 0.1 193 0.6 94 0.1 428  0.0803 09 2287 1 0206590 02 0.7 121062  1.91 1204 17.2
3 0.2 276 3.1 81 0.1 245  0.0808 3.4 2281 3.8 0204732 04 1.0 1200.69  4.57 1217 66.6
4 0.2 178 04 97 0 938  0.0808 1.2 2262 13 0203065 02 09 1191.77  1.91 1216 233
5 0.2 224 03 91 0.1 1596 0.0808 04 2306 0.5 0206913 0.1 0.7 121235  1.27 1217 7.6
6 0.2 180 03 95 0 1345 0.0807 04 2.8 05 0.196529 0.1 0.7 1156.65 1.26 1213 8.6
FEM 1050MP1
1 0.2 187 1.8 8 003 146 0.08174 0.61 23547 0.67 0208917 0.11 0.6 1223.04  1.38 1239 11.9
2 0.1 187 1.1 82 001 121 0.08170 0.65 23832 0.72 0211568 0.12 0.6 1237.17 147 1238 12.8
3 0.2 198 06 95 006 401 0.08154 036 23731 042 0211071 0.10 0.6 123452 1.28 1235 7.1
4 0.1 139 07 79  0.06 89 0.08163 139 23847 1.54 0211886 021 0.8 1238.86  2.65 1237 272

1027LWJ1: cps. = FFFP )i+ %0 (counts per second); 27Pb/2%Pbc = L IE ] 207Pb/2%Pb;
1033BHJ1. 1036QL1 1 1050MP1: Pb. = &35 Pb, BIEFAARK (A28 0.8 +£0.3 pg)
25 4045 2°Pb/2%Pb = 18.55 + 0.63, 207Pb/2%Pb = 15.50 + 0.55, 295Pb/2%Pb =38.07 + 1.56 (34 26);  29°Pb/2%Pb—2"7Pb/2%Pb A K144 0.9.
Th/U 5 E U A 1) 208Pb/2%Ph FIAF RS s I8 1) IR0 2 AR A 7~ B35 S T B 2018 (0.04 %+ 0.09 %o/amu) 2 1E
p = JEUIT AL (1) 207Pb/25U b 2P/ 28U R ZEAH G R AL 5 2°°Pb AH I ELH CARTE 20Th/28U WG AP (45 R ThU = 4) K IE;
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%6 % HhBREAE

o= Tk

6.1 STk

HERAG R T AR S TR A E TR, b, B EXK D1027). T
M (JD1008). ZRAfit (JD1009) AUEZKIE (C716) DU LKA K i /N 2 E 4R
SFERCT B R B T SR B S B (CT1D. TR (LX323).
I (LX1064). HZEE (LX1066) Az ET (LX1068) 3t H & AR LA
B 56 TR S ) S = — ST ATRI D A RA .

B, BACRIERIRE R 200 BB R X TERT AT M E R ITR >
B, BT SR SEAE S T 1000°C Koke— /N, WA SEIREHARE, DUKBERT.
JEEREZETREERE, 2RSSR (LiBsO7) BhIR TR A e il B
B, WA X L6 (XRF) AXIOS Minerals {388 Rl & . X T 78
BT AT IR T R AT, R AR R B TR &8 (HNOs + HF) /% 200°C [
FANIELRIEM, REERBRGEE i (Inductively Coupled Plasma
Mass Spectrometry, ICPMS) ELEMENT {88 Hill & . 7E# S0 se0 = 3t 47 10 £ &
TCEA IR S B EE TR RBUEE, XOTE T &k & 12 57—
G FRELIRE . 0T3S PANalytical PW2424., 78 SZSe i =347 IR T
oM, Hoh Cr A1 Ni oR M & AR MR AR, AR T/EH
P thIRIA IR E 2%, il ICPMS Agilent 7900 {X 38347 BUA—0r kS, FRIIA
(i B R 5 DU B B AR SRR 53850, 76 1025°C LA ERE S pith, 4315 FAY
B2 THRAMERREZR, HH ICPMS Agilent 7700x X 3% /3#r HAth e XK .

EiRoytreh, FEITTRISIRERT 5%, METRIHREEIRT 10%.

6.2 SrHTEE R

MRAEFAEEE R (B 5.1 B RIFE b B HIERAL A RE (B 6.1 AR 6.2),
RCH IR BRI R T 1.24-1.21 Ga 5 H5FE, 44 R 6.1 is. 76
HEIR SR BRI (E6.1 fE 6.2) ML T CIRER. JFE U-
Pb & HE LR P [FIHAER 1L 5 LB ).

WM AR Si0, B LIEEN 48.4-53.2 wt.%, MgO & &2 {Liu N
4.40-6.22 wt.% (3R 6.1); & CARERARYIERIEREHE, 7RI HIE BT
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Si0, 5 MgO FEMAMKR AR, MHPHESEMEN LX323 Ml LX1066 &
(Si02>52 wt.%) FHEMMEES R (B 6.1): ArA £l h S B a R MR i
AW AR, HAEESEN 49.1 wt.% (FEfh 05LC06, M. HARAREMN
TiOy & & (>1.61 wt.%) KIEF AR H S (tFe 03 = 11.1-14.7 wt.%) (K 6.1);
H=# 5 MgO [IFHEAIFAPE (K 6.1). Mgl N 42.0-52.7 (Mg#=100
x MgO/ (FeOuwra + MgO), 3 TE) (£ 6.1). ALOs Fl CaO FZRALYE 4373
13.6-17.0 wt.%- 5.90-10.4 wt.%; 25 (NayO + K:0) & &N 3.34-6.22 wt.%
(£ 6.1). Bk L, B MgO HREMMEMK, CaO &E&EAHMIIMFEILES (K

6.1,
56 12 - 20 -
[ Si02 + CaO 1g Al203
- 10 | A .
52+ Lo . | x*- 16| o,
i Rw & . o “ad 1 Rl <
| 6 = 12
44} g [ 10}
wol (a) , Lo z ©)
" 120
18| TFe203 41 Tio2 % Ni
100} _
14 * E 80t &
X' m e_ ° 8-
10 ®.a + 2 - )§ 60 e T ee
A > | |
40t
B ! 20t
L@ . Mo [ Mo “[® MgO
1 3 5 7 9 1 3 5 7 9 1 3 5 7 9
400 c 500 7 60 - L
r - r a
= | 50 F
- 400
r 40t =
s 300 +
200 bl P 200 | 30+ AN
I X = 201 L %
100 i e M .
% 100 10 |
L@, - ol o . . o ()
. 40 20
: Th | Nb L Lal/YbN X
a0 | ) 16
4 N 12 ¢ "o+
It 20 &7 it
e - 8
2L 3 " & e
i +* 10 ol
. ) mgo [ (4 Mgo [ (1 MgO
1 3 5 7 9 1 3 5 7 9 1 3 5 7 9

#1008 ®1009 41027 x716 X711 ©323 +1064 -1066 —1068
Bl 6.1 A FEAfEIGEXN MO PE IR, KERE N CHRIEREIE (N =37, WHIFO

Fig. 6.1 Whole-rock major and trace elements vs. MgO diagrams. Grey dots represent reported data
(N =37, see Supplementary file)

B AT A B AR R G 2 Cr F Ni 175 /240 128 28-336 ppm 11 48-93 ppm (%
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6.1), AR | Cr5 MgO & &4 TEKEL, HNi 5 MgO U2 IEMR (E6.1).
500r

i (a)
o r OIB
h=b
= Hiteeag,.,
'g 100 g “*---:::'-:isa;;_ 1.32Ga :?.'4E jI /?LEJ M\
fe) - — = v Gesay —i
£ i
O - TS
T
X
]
o — 711 -+ 1064 S — -
€ 1oL — 716  ----1066
c — 1008 ----1068 /
Fo— 1009 olB 1.24-1.21 Ga & A\ £ (T4 1)
1 1 1 1 1 il 1 1 1 1 1 L 1 1 L J
La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
100
B (0]]=}
L T (b)
s [
= [ Ay s
@ < 1.32 Ga MEITE IR
>
= B
E
|5
o 10f
'\\ -
= C
o —
O -
4 B
1.24-1.21 Ga fz A& (2 4lg)
2 1 L 1 1 L 1 Il 1 1 1 1 1 1 1 1 J

Th Nb La Ce Pr Nd Zr Ti Gd Tb Dy Ho Er Tm Yb

Kl 6.2 BRBBRAARAE A LR B (o) AR A M@ AR HEALIR I ] (b) o BRRLRG AT R S5 di 1
MEARAEME R Sun and McDonough (1989). 1.24-1.21 Ga @ AMEKHE W%, 1k 1.32 Ga
O H R BHE (N =45) K H Zhang et al. (2017)

Fig. 6.2 Chondrite-normalized REE patterns (a) and primitive mantle-normalized multi-element
spider-grams (b). Chondrite normalized values and primitive mantle values are from Sun and
McDonough (1989). Complied data of the 1.24—1.21 Ga mafic intrusions see Supplementary file.
Data of the 1.32 Ga Yan-Liao sills (N = 45) in the NCC are from Zhang et al. (2017).

AT A HRE A B B LA B (SREE = 107-235 ppm),  F 5 S5
+ (La/Ybn=6.15-18.6, BRFIMAFRAEN), Frioke i AR L SRR A i Al
BAR M A AL T AL G 6., B L8O E IR R & 3R LA
AGER a1 (RO, ERAR A SR I B R EUNMIFE S, I EX
HRE (£6.1). EusHE N 0.97-1.73 (EwEu* = Eun/ [(Smn) x (GdN)]Y2), &



e o 738 A S/ BT A b R KB T A B ot b SO B SR 2 R

o615 AETEILR (Wwt%) FfEILR (ppm) HHE
Table 6.1 Whole-rock major (wt.%) and trace (ppm) elements data of the dykes

Sample 1008XT1 1009DT1 1027LWI1 1027LW2 716RID1 716RJD2 71ING22 711NG4 323WCZ2 1064JP1 1066XZ1 1066XZ2 1068-2

SiO2 48.4 48.7 49.8 48.8 49.1 49.7 49.3 48.8 525 50.8 524 53.2 50.3
TiO2 1.87 2.07 1.61 2.07 3.63 3.56 1.97 1.87 2.29 2.00 2.30 2.39 2.15
ALO; 16.1 16.3 17.0 14.4 13.8 13.9 13.7 13.6 14.2 14.1 14.3 14.1 13.9
tFe,O; 12,4 12.4 11.1 13.4 12.7 12.6 14.7 14.2 11.4 11.0 11.3 11.0 11.8
MnO 0.16 0.18 0.15 0.20 0.19 0.19 0.23 0.21 0.20 0.19 0.20 0.21 0.18
MgO 5.88 5.28 5.09 6.21 4.6 4.64 5.98 6.16 4.38 6.15 4.39 4.74 6.22
CaO 7.40 6.25 10.43 9.31 7.27 7.10 8.57 9.12 7.04 7.55 7.02 5.93 8.89
Na,O 3.37 3.67 247 2.13 3.78 3.77 2.20 2.15 3.61 3.70 3.79 3.94 2.76
K20 1.97 2.28 0.87 1.34 2.12 231 1.52 1.36 2.22 1.88 2.01 2.28 1.66
P20s 0.31 0.42 0.22 0.21 0.60 0.57 0.21 0.19 0.29 0.23 0.28 0.29 0.23
LOI 2.96 2.70 2.00 2.30 2.08 2.14 1.91 242 1.92 2.45 2.15 2.02 2.05
Total 100.8 100.2 100.7 100.4 99.8 100.5 100.2 100.1 100.1 100.1 100.1 100.1 100.1
Mg# 48.7 46.0 47.8 48.1 42.0 42.4 44.9 46.5 43.4 52.7 43.7 46.2 51.3
Cr 442 27.9 151 181 65.7 85.3 181 215 212 329 202 202 336
Ni 57.7 47.7 65.4 82.4 84.0 88.7 56.9 87.6 49.6 51.6 93.0
Rb 62.0 83.7 21.1 45.0 50.6 539 72.3 53.4 49.1 96.6 52.1 60.1 96.0
Ba 1091 950 335 618 1157 1266 389 313 853 881 710 830 478
Th 1.42 1.76 1.84 1.64 3.59 3.86 2.00 2.26 2.59 3.63 2.46 2.99 3.61
U 0.41 0.51 0.44 0.42 0.86 0.89 0.44 0.59 0.66 1.02 0.61 0.70 0.93
Nb 14.3 16.8 11.7 12.9 28.7 27.5 15.1 15.4 19.2 15.8 18.9 21.5 15.5
Ta 0.88 1.02 0.78 0.85 1.72 1.68 1.3 1.3 1.3 1.4 1.2 1.5 1.1
La 21.7 25.1 18.7 18.1 422 42.7 20.4 20.6 29.9 28.5 30.8 30.7 26.2
Ce 40.5 51.7 39.7 38.8 92.7 91.9 45.5 45.3 65.4 56.2 66.2 68.6 56.4
Pr 591 7.07 5.57 5.48 12.5 12.3 5.81 6.03 8.71 7.39 9.09 9.42 7.37
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Sample 1008XT1 1009DT1 1027LWI1 1027LW2 716RID1 716RJD2 71ING22 711NG4 323WCZ2 1064JP1 1066XZ1 1066XZ2 1068-2
Sr 835 716 447 347 901 894 293 324 534 479 531 520 492
Nd 25.1 29.0 23.8 22.9 54.8 534 24.7 25.0 36.9 31.1 379 394 30.0
Zr 149 176 128 130 179 185 143 143 133 139 124 142 141
Hf 3.81 441 3.57 3.67 4.93 4.98 4.0 39 3.5 3.6 33 3.9 3.7
Sm 5.54 6.2 5.21 5.13 9.85 9.58 543 5.18 7.34 6.05 7.58 8.04 6.05
Eu 1.75 2.26 1.77 1.74 3.29 3.16 1.88 1.65 3.68 2.45 4.02 3.66 2.16
Gd 5.46 6.04 4.99 4.97 8.18 7.91 5.23 4.68 6.29 5.64 6.64 6.72 5.29
Tb 0.84 0.92 0.75 0.75 1.09 1.05 0.78 0.72 0.88 0.78 0.90 0.95 0.74
Dy 4.84 5.15 4.08 4.04 5.17 5.13 4.44 4.20 4.70 4.24 4.69 5.10 4.07
Y 26.1 259 18.9 19.7 221 21.6 22.0 20.8 21.3 19.1 21.2 222 19.1
Ho 0.95 1.0 0.75 0.76 0.94 0.92 0.93 0.84 0.89 0.81 0.91 0.91 0.77
Er 2.50 2.61 1.98 2.06 2.20 2.16 2.46 2.25 2.19 2.06 2.24 2.44 2.08
Tm 0.37 0.38 0.29 0.30 0.28 0.28 0.36 0.34 0.30 0.28 0.31 0.34 0.29
Yb 2.28 2.38 1.76 1.86 1.65 1.65 2.38 2.14 1.81 1.67 1.81 1.99 1.77
Lu 0.34 0.36 0.26 0.28 0.24 0.24 0.35 0.34 0.28 0.26 0.28 0.29 0.27
Eu* 0.97 1.13 1.06 1.05 1.12 1.11 1.08 1.02 1.66 1.28 1.73 1.52 1.17
REE 118 140 110 107 235 232 121 119 169 147 173 179 143
Nb/Y 0.546 0.647 0.618 0.657 1.30 1.27 0.686 0.740 0.901 0.827 0.892 0.968 0.812
La/Sm  3.91 4.05 3.59 3.54 4.28 4.46 3.76 3.98 4.07 4.71 4.06 3.82 4.33
Th/Nb  0.10 0.10 0.16 0.13 0.13 0.14 0.13 0.15 0.13 0.23 0.13 0.14 0.23
Nb/La  0.66 0.67 0.63 0.71 0.68 0.64 0.74 0.75 0.64 0.55 0.61 0.70 0.59
La/Ybn 6.82 7.56 7.62 7.00 18.3 18.6 6.15 6.90 11.85 12.24 12.21 11.07 10.62
Th/Yb  0.62 0.74 1.05 0.88 2.17 2.35 0.84 1.06 1.43 2.17 1.36 1.50 2.04
Nb/Yb  6.25 7.05 6.65 6.96 17.3 16.7 6.34 7.20 10.6 9.46 10.4 10.8 8.76
Zr/Y 5.69 6.79 6.76 6.60 8.07 8.57 6.50 6.88 6.24 7.28 5.85 6.40 7.38

tFe,03 = LA Fe 03 A4 8k; Mg# = 100 x MgO/ (FeOrorl + Mg0), 4> THt; Eu* = Eun/[(Sm) x (Gdn)]"2; La/Ybn, ERKIFUAFRUEL Z JGHIEUAE, brvEfk
{8k H Sun and McDonough (1989)
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PEHLIX A BRI FFR R IE Bu 9% (1.17-1.73) (Bl 6.2a FI5R 6.1), H 7R
MO X (R SRR . (B3R TEJRAGHIIS IR ] |-, La JCEAHX T Nb #l Ce &
£E: BRJD1008 F1 1009 & 5E4t, HARHFEM Nb AHX Th Al La Bon ANFFE R A
Pis EO AR g PR LD BoRFIXT Nd 1 Ti TR Zes Ti A
T Zr M Gd BUE SR R AR (B 6.2b).

BT S, SRS EA R Siv K Ca fl Fe. & Cr FIRHE, [FIREoRIE
Eu 7% 1M 3 AR AL 3B 6 B R A 22 R AR A R, JUH R IAE &
BILROE. BEuni MEEM LR (Bl6.1. K62, & 6.1z,
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F1E HibEEF

7.1 RBETT

AN LR S, VIRE IR EFbr 5205, B RM I (AGICO
MFK1-FA Kappabridge) | & #% 1k % & [4] 5 % (anisotropy of magnetic
susceptibility, AMS) (FRT 25.4 mm x 22 mm HIFRAERE S D . BE G HEAT IR RES26 .

A AR RIR m(MmmMgmmmm@mmmm>u&%
iR (Thermal demagnetization). AZALIRME, BIKGHE W E T 22 iR
A3AF Y7 B E AR HLAR IS B A () 228 M BRI, BT RF SR BESE, Bk AT
BRAE R IR h /N T BT B i = A 0 4y . RIS ik B AR W Gl
H 5 mT iZ2H N3] 100 mT), BARMIFE LN ERB . LR MREA R
AR R ARG Cn 22 WE RSOREIC ) 17 £ B RFAE TR A JEL (a5 g A B
RAEED: HEEME RS EH AW, —8CN 100-110 mT. —Bokit, &
IR LI B & AR A R IR A R AT AH 53, B AR A B i i )
(R T3EA8Y) . #HABHE, RURAR S IZE gy GREE KSR H7E Z A (]
AR, L MERME . 2R, #BRETE FRBHJE iR FEAR T K e B2 i
VAT W RIORL 1) R SR T o 3 S Rl T35 o3k o 14 R SR R W 4H 43 kb i 6 . (VRMD
/45 61 P Bt TR ) ) B SR e D o SR I 44 Bt 7 L i P e B
WEE, WRRE IR 1015 AR S HE R .

AT, ZHERE R PGR L, DR S AR . — AR AR IR
BRSNS FE I AR AN B A (specimen), 1T X B AH Ko 30T 544 PR 3017 A FE
i (specimen) W HEAT #GR ML . U347 22 AR 1B W H R SR W (NRM>10
A/m) BIFES, SRR WEAGHAT IR ML,  FFAE A e 1% /14 (AGICO Spinner
JR-6A) SRR RAFMEA R (NRM<10 A/m) [IFES, FTLLEETE 2G
755 RAPID HYj G 714 B S 38 AR BRI F & . X T HuB#E o, —MRAEH
MMTD Bl TD-48-SC AR BERE X AR M BEAT I, InFGREE M 100°C 2] 580°C
(520°C PA_LRL 10°C Jyfm#Adalbe, &SIy 17 28), Il XA AR50
Flti, ZEALEH 2G 755 RAPID #2714, DHfE ] Spinner JR-6A Jie 1 /1
PG o AHF TR A X N ~1.68 Ga Ji~1.24-1.21 Ga FEMEA S AT i 2%
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He b v B JE AR OIS/ FHAG HE R R 7 B - ol S TN U 2R & 20

GEHT, IR SR 58 BT ORI REE R 2 i S =

RIS IR REE R, = o M vk i BRI G % & (Kirschvink, 1980), 3T
- F A HORE S B K MW % (maximum angle of deviation, MAD) /T 10°,
£ Puffinplot 2K EIFIRIG R mKF CaRD FIRREMTIT 7] (Lurcock and
Wilson, 2012). 45 A 8510 BB TE Puffinplot 13818, Jfi@it Fisher 4t
— P ARAR R A ) o A

7.2 TR
7.2.1 ~1.68 Ga H5%

AT T ~1.68 Ga [P 5% & 45 1% (JD689 F1 LX307; Li et al., 2015; Wang et
al., 2016b) K BAh—2A1 (JD690) HEAT W LR #E 7B . TD690 5 7 4F 4 Bl
FATRAARIREACTT 1) o 43 A7 o ) I A P A AR RO RGBS FR 75, (A RGR A
R

FH5 LX307 (1680+5Ma; K 3.8b) £135m %, ZaBaFe S & A M4 m
#/r 5 (high temperature component, HTC). VUMFES: (A ) B K
JEAER A T RFEFIBE (ChRMD Ji1) (D =26.0°, 1=17.0°, ass = 8.2°) ([ 7.1a,
K 7.2a fiK 7.1 FAMEAFER (B 4D Boraur s (A E T,
—Am by B 720, B 7.2d T, 5 AR AUl OB AT AR (DI =
0°/53.7°), =L ANBAHERT3% 77 17 (Present Geomagnetic Field, PGF) (D/1
= 354°/55°; K H EPrHBEZ %5, IGRF, FRD. MiZes 8418 2 MR 5 &

(low temperature component, LTC) (D =13.3°,1=54.8°, ags=11.5°) HiXP4|
JiEEE (B 7.2d fiEE 7.2),

FHEID689 (1677+12Ma; KE3.8¢) £ 12m % ZABaM4 K 2 50 b 2
AR RIAEIRE (NRMD, HAAEM 1.9 ] 1080 A/m (E 7.2b). BHLERFE
i —REA— A, HiXEsn s 107 mBCh A Ee (B 7.10 F1E 7.2b). HAEK
AR R AR IR T . R, A SR N B 1 2 R R A2 T
i, X—HEWRTAM Qn 48%L (Radhakrishnamurthy, 1993) #1753 3] T 3 4E. Qn =
Mnew/(KmxH) (Mnrms Km H1 H 53 5IARR R IAFIREGREE . IR REA ARG
(b IRBE 58D, IR B T8 R AR 5| K tdAk, DRItk s A T Re 2 75
TR . AR QniBEZ HOR T 10 (B 726 1K 7.3). R —/MEdh (689-
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3-9) BoRBURIIRARFRL S OnfE (£ 7.3), HH SR LX307 &R A4
El I T AR (B 7.16 AR 7.2a-b).

(a) LX307(307-6A)
(1680 +£5 Ma) L e

7530

M/Mmax

100 200 300 400 500 600
i (°C)
N

Wk

T560

7530

+lj| [ O O O B | =
T580
NRM
S,D
(b) JD689(689-3-9) (c) JD690(690-12A) N.U
(1677+12 Ma) T
><1 NR - 1w T100
@© @© NRM
= =
= =
= =
T200 T280
4] v, + + + t + 4 1 & T370
100 ?DDJ?{DD 400 500 600 100 2‘00 \Eﬂﬂ 400 500 600 1500
B (°C) = (°C) w E
N N
-T370
w E
57" 75.50 -
NRM“ .
T200 - 1240
T5n80 ?560 ]
NEM
+ 100000 4qE NR b N I R T N A |
T100

SD 1
3.D

Kl 7.1 ~1.68 Ga ‘& BEAAR MR MIAE S, S FIMEHEE . IRBTT M SR AR (380 R 0TTTE
Oy AR TR B BB DLACIESR R (920 B0 T7 T3 ARG K- 1] B i [m) T
). LSkt Sk o AR m R AR TR AL 7y

Fig. 7.1 Representative demagnetization data of the ~1.68 Ga dykes, plotted as remanence intensity
vs. temperature, equal-area stereo-plots (solid/open are directions in the lower/upper hemisphere),

and orthogonal projection diagrams (solid/open square points indicate vector end points projected
onto the horizontal/vertical plane). Directions of HTC and LTC are shown by red and green arrows

respectively.

AR ID690 ) 1.5m %8, AT JD689 AXEARFFZ 150 m kb (K] 3.8¢). HH,
A ANAFESH I RIRFIRE N 51-77 A/m, QnE% >10 (& 7.2¢ F1R 7.3), XLkt
a AR AT REIE 2 T H . FIRM 6 ANMFE R BA BRI RAAFIHL (<6.7 A/m), H
AR5 TN D =17.3°, 1=23.9°, 095 =20.8° (E] 7.1c. B 7.2¢ f1% 7.1,
IRIRAH 7 GEHAE 100-280°C R KISFHIJ7 A D = 0.3°, 1=45.1° ags =
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12.9° (K 7.2e F15R 7.2). ZAKEH 77 1M S5WAILM 71 (D1 = 352°/59°) K&
T )71 (DI = 0°/49.8°) ik (& 7.2¢). MIX =& R H 433 A% )y

Mo~ 55.6°N, 258.1°E, A¢s=7.2° (F 7.1,
B 4 4y
(a) £ 1% LX307 (168015 Ma) (b) #5% JD689 (1677£12 Ma)

%

1906 ®
(sample 689-3-9)

‘ 0: )

& 8.4 "J:l k
S T I B O I |
o

52(10) & @&
213(~-) 2.7(--)

L 4
b S N O
group B

(c) % 4 JD690

K RATHEEE
W hiE L BT (GAD)
A FL{RHUEREL S (PGF)

F I T A A B I |

15 41 4
(d) % 4% LX307 (1680+5Ma)  (e) 4 JD690

T

K 7.2 ~1.68 Ga AL (a—c) AL (d—e) M EEMBBILE. BNEHAE DM,
L/ 0T TR/ BRI . R AT IR AR T I 95% B AS B i iR -
(b—) FEMFFAREA RAFIM S 2 (A A/m), FE5 N Qniadl, KEMFEM T RElE 2
TH:
Fig. 7.2 Equal-area projections of the high temperature (a—c) and low temperature (d—¢) remanence
directions of the ~1.68 Ga dykes. Each diamond point represents one sample. Solid/open symbols
are projections on the lower/upper hemisphere. Site mean directions are represented by stars with
dashed circles showing the 95% confidence cone. Some samples in (b) and (c) are marked with
NRM values (A/m) and Qn ratios in brackets, and grey samples are likely struck by lightning.
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® 7.1 HEARW IR A Y

Table 7.1 Paleomagnetic high temperature components of the dykes

w il SES wE  EMN S Z35°4 WilRf HHA ws WEE BREE  Ads
Eﬁ\%gﬁ% n/N o o o o o o
(Ma) S5k (m) © (°N) (°E) ) ) ©) (°N) (°E) )
~1.68 Ga BiEHiE &
LX307 1680 + 4 Lietal,2015  ~35 ~340 36.278 117.890  4/9  26.0 17.0 82 536 2509 6.1
JD690 ~1.5 ~30 40.250 118.533  6/12 173 23.9 20.8 584 2649 163
JD689 1677 £ 12 %Té% etal, >10 ~65 40.250 118532 1/13 220 202 543 2593
IEEWRET 556 2581 7.2
~1.24 Ga 5 RESE
JD517 1236 £ 7 %Té% etal, >15 ~34 39.857 118.920  10/13 107.0 483 56 68 176.0 5.9
JD687 ~25 ~4 40.261 118.482  12/12 1189 445 108 -2.7 170.4  10.8
JD1027  1233+£27  AHF%R 30-40 ~24 40.245 118.486  8/12 1303  36.6 54  -13.8 1659 48
C711 >15 ~310 37.400 114.187  11/11 98.0 21.0 27 04 190.7 2.0
C716 >15 ~310 37.574 114304  15/15 1140 494 29 17 166.4 3.1
LX323 ~15 ~345 35.396 118.181  13/15 132.1  60.3 28 1.6 1521 3.7
LX1064 10 ~350 35.872 118.120  7/15 101.9  69.3 1.9 215 1575 3.0
LX1066 ~20 ~352 35.350 118.193  10/11 1248 544 34 29 160.6 3.9
LX1068 ~15 ~352 35.341 118.181  11/11 123.7 718 3.7 136 1462 6.1
9 &AW RATFY 2.6 165.1  10.8
B LX1064, 8% 0.2 166.1  11.0
~1.24 Ga B A REYE - JIEER%
ID1027 WL A F1~3 m 8/8 1273 277 7.6
RHER A A>100m  5/8 2155 —54.1  10.8
JD687 KRG HA £1~0.35 m 5/6 118.7  52.6 15.0
~1.21 Ga B RiE A&
MY1033 12067+ 1.7 ZAHF5 ~80 ~35 40.617 117.083  13/13 2045  39.5 6.5 230 925 6.1

/N = TS RE S A B IR A aos = SRCFEITT T 95% BT Ags = TR 95% ESHAI
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® 7.2 HEARELRIRA Y

Table 7.2 Paleomagnetic low temperature components of the dykes

Py FRg ER FE 7E 7] G 22153 WN WiRA  BEMA oos
(Ma) SE IR (m) ©) (°N) (°E) ©) ©) ©)
~1.68 Ga BIF KBS &
LX307 1680 + 4 Lietal., 2015 ~35 ~340 36.278 117.890 6/9 13.3 54.8 11.5
JD690 ~1.5 ~30 40.250 118.533 4/12 0.3 45.1 12.9
~1.24 Ga KBS E
D517 1236 + 7 Wang etal., 2016b  >15 ~34 39.857 118.920 8/13 329.2 41.5 13.2
JD687 ~25 ~4 40.261 118.482 11/12 3447 52.3 7.1
ID1027 1233 +27 AHFF 30-40 ~24 40.245 118.486 8/12 316.6 514 17.6
C716 >15 ~310 37.574 114.304 15/15 34222 34.9 8.7
LX1064 10 ~350 35.872 118.120 8/15 20.9 48.4 8.7
LX1066 ~20 ~352 35.350 118.193 8/11 352.5 35.2 15.3
LX1068 ~15 ~352 35.341 118.181 6/11 350.4 74.4 11.9
~1.21 Ga FIH KBS &
MY 1033 1206.7 + 1.7 AHFF ~80 ~35 40.617 117.083 /13 13 73.3 8.9

/N = THELRE b/ B b
aos = K s EI T 1) 95% ELAR A I 5
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3K 7.3 45 D689 Fl ID690 43 F it (¥ Qn HH4K
Table 7.3 Part paleomagnetic Qn ratios of the dykes JD689 and JD690

B Sh (e Qn R KmSD 0% Qo
% D689 HHE D690
689-1-4 0.075 200 50  690-1 0.087 69 15
689-1-6 2.7 690-2 0.043 ~0.4 ~0.2
689-1-8 0.167 215 24 690-3A 0.082 77 17
689-1-13A  0.148 108 13 690-4L ~2.4
689-1-14 600 690-5 0.098 1.5 0.3
689-1-15 0.120 8.4 13 690-6 0.077 51 12
689-1-17 0.099 605 113 690-7A 0.063 54 16
689-1-19 0.111 1080 181 690-8A 0.077 56 14
689-3-1 0.070 667 177 690-9L ~0.2
689-3-2 213 690-10 0.076 ~6.3 ~1.5
689-3-5A 0.096 ~52 10 690-11A 0.075 6.7 1.6
689-3-7 82 690-12A 0.051 0.3 0.1
689-3-9 0.061 1.9 0.6
Qn = Marw/(KmxH); Marm = RIRFIREGRSE; Km = YIIGRMLE; H = BRI E, DA
25 EL M SRREA SR 54 WT 0B OR 1 FBRHURE S %) IGRF B

7.2.2 ~1.24 Ga f1 1.21 Ga B 5%

KH JD517. JD1027 PLJ MP1050 #5548 1) € 45 R R eA1R 6 T~1235
Ma ([ 3.8). 7 JD687 5 4E 415 IDS17 HA AL BRI 225 1E DRI
WNIE R B (Wang et al., 2016b), AHARIRLAL )T S RFIR S 8. [FIRE, AH
I REAL T T AR A 1% €711, €716 LX323. LX1064. LX1066 f 1L.X1068
(F 7.3, B 7.4 FiZk 7.0 WHGB KRB I3RAT T - AR ), 2K
10 Ff1 10) T PRI A PR TR o JFC AR BELIR, B 42305 ~580°C, 3% B - BEARMAN™ W) ek
i (B 7.3a-0. B4, PR IREA HBITERR (& 7.3 FIE 7.4). EIREL
S RN LX1064 455 T~1.84 Ga (Wang et al., 2007), {HiZ R I K15
EHRUESE (Peng, 2015b). FETAHE ML W) (B 7.3 B 7.4 F1% 7.1), LA
Jnf LA B ER AL A AE (B 610 B 6.2 K 9.1 #843), AHFFLIN NI L5 K5
J&T~1.24 Ga. I EEHI CT11 F1 CT16 B AR B, PoRL, HE
LA P e (B 3.8d R 4.15, k), X Fx s il I . 4
% ID1009 2 HATEE I RIRFIWE (4-61 A/m), FHA BUELIRERIBE T 17 %
JEENZR AL Tl ez b, ARSI REE 2 T, 7R e ok
HHEBRTESN
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(a) JD1027 (27-1-54) (b) JD1027 (27-1-5B) (c) JD517 (517-1-3) {d) JD687 (687-1-2)
1233 + 27 Ma 1233 27 Ma 12367 Ma

sD sD sSD SD

(g) MY1033 (1033-2A) (h) MY1033 (1033-2B)

{e) LX1064 (1064-4A)
1206.7 1.7 Ma 1206.7 £ 1.7 Ma

NRM
NRM NRM
E f] T100 B VR
w E BN
T500
| s 7560 N
7280
720 7310
T560
T310°
7280
NRM
NRAET100 ok
ED :
NRM
5 NRM |
S.D S.D

Kl 7.3 1.24 Ga #58 (a—D) J& 1.21 Ga 8 (g-h) ARFNERE S IR I AR L S 38 iR ik 5 2R
BRI (S0 S A0 m 73 A TR 2R A BRI S 200 2 i Sk 20 il BT
i SARIR AL 5y S A TR (S0 K70 mUo AR AE KT T e 28 B3R 41
e St B 3 AR e i S AR P 2477 1))

Fig. 7.3 Representative thermal and AF demagnetizations of the 1.24 Ga (a—f) and the 1.21 Ga (g—
h) dykes: equal area stereoplots (solid/open square points correspond for downward/ upward-
pointing magne-tizations; Red and green stars are mean directions of the HTC and LTC,

respectively), and orthogonal projection diagrams (solid/open square points show vector end points
projections onto the horizontal/vertical plane; Red and green arrows are HTC and LTC, respectively).
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(a) JD1027 (b) JDB87 (c) JD517 (d) LX1064 (e) LX1066

1233 +£27 Ma 1236 £7 Ma
Folgel LU
))

(i) MY1033
1206.7%1.7 Ma

*

E O I T I B A = R | + 11 1 ®
* * g
PO .

(f) LX1068 (g) LX323 (h) C711 (i) C716

)))Jr’
S

K 7.4 1.24-1.21 Ga s Eﬁgﬁ o TWANEIMAR N AEEERELR
XTI K 95%E 131%% u@ﬁ/4ﬁ%T¥fiE’J%io

Fig. 7.4 Equal-area projections showing the HTCs of the 1.24-1.21 Ga dyke. Each diamond
represents one sample. Red stars and surround dashed line represent the site-mean directions and

aos ovals. Solid symbols represent lower hemisphere vectors.

(a) JD1027 (1233 £ 27 Ma) (b) JD517 (1236 % 7 Ma) (c) JD687

b0 O I S R I B F N R O R I B O F o O T R O B B |

(d) LX1064 (e) LX1066 (f) LX1068

T R I Y R Y B b= S A O A O B A |

(g) C716 (h) MY1033 (1206.7 £ 1.7 Ma)

it % T (GAD)

A A0l B IR (PGF)

+ 0

Kl 7.5 1.24-1.21 Ga ‘A4 1&%/%&%@% T AL DM, DO LR
REER PRI ) 5% BAR R . SLDEETRAR TR & .

Fig. 7.5 Equal-area projections showing the LTCs of the 1.24-1.21 Ga dyke. Each diamond
represents one sample. Red stars and surround dashed line represent the site-mean directions and

aos ovals. Solid symbols represent lower hemisphere vectors.
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JUA A BRI T2 T AR N 2.6°N, 165.1°E, Aos = 10.8° (£ 7.1). Hit
et (BR T LX323 M1 C716) 7B TARIRAL )y, 46 K 2 BURIR 470 A E A
BRI R ORI T L (B 7.5 F1K 7.2).

HHEMY1033 (1206.7+1.7Ma) AL TE = (K 3.8c). Zaht H Al S 1
FE2~30 Ma, HAARRMFEB 7, B P T (B 74). #ORPIE 540-
580°C 2 & THFE R 2 AR IBREAE> 40 mT WHRFH (B 7.3g-h). “FERELL
JiFA D=204.5°, 1=39.5°, aos=6.5° XFM[FHN-23.0°N, 92.5°E, Ag¢s=6.1°

(K 7.0 A5G RHACTT A BE P X BRI KA, Wz R
SLAZAE AR AR . ARIRAE /37 A D = 1.3°, 1=73.3° aos = 8.9°, 5
PRHBIRTE I AR J5 4 (B 7.5h ik 7.2).
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F8E FHAHFMEM

XA bt P BT R S AR IR 8, AT B T R ea 4 RIBE R SR Y, Ay )
T MTRF AL TR AL 15 O SR A Rl o AS R TR I T AL R BRI AR e i 2. = b
5 6 T R AR R AT (o) e 20 A SR WD PR o S0 5 BT IR KA I R K
S LS SR =

8.1 Ak 2R P i B 2R N, i 2%
YY) JFRAEREY) (magnetic field), 25 K #ifk (induced magnetization),
Wl WAL 1 B 3 BI D HE A6 % (magnetic susceptibility) o 38, RE M 4 )5
(paramagnetic material) 18 =& & LW RIRIAL ROy 1E,  SCwh Y ot
(diamagnetic material) WIBKIREL S . A SHIMME NG, BREENEY) BT LAL 2
AR R . — Y BB & m R, RIS AR B 5 AL RE
AN o R T ERRENERRL, FLAE— 8 IR BN I i KA AR N M FIREAL (saturation
magnetization, Js), BEEREMTE, WA SERESNERE. 755,
W FC R TR, B T v 21 Jo L s W, SR T A ) B T A 2 R )5 R AR
Shneg, SN, FXN Hopkinson ZN (5K Hopkinson W{H ); {H 22155
PLEAE A B {2 (Dunlop and Ozdemir, 1997). 1 AN 1 FIE G0 KA AN [5) ) e BEL
W, X—F o MERFRNZ b, Fit, BAFEBERZEZRMIL G
T, XHr#fiih4e thermal-magnetic curve) W] DA LS REN V)R BYFIREE 5 S -
Rd A 2 BB T B2 ) AR A i 2t mT LR R A b & A AR B ARk, o ARAR
AR ot D 75 W 00 P 2R AL
AT T 2 DhRE-R I HAAL 34 MFK-1FA %3 CS4 R % Bl 2wk
o KA E T2, WEIRLL 14°C 20 B E EEIMAE] 700°C, 8
J& LIAH R B BV 2N B SR . e & OB N R S 3 B AR, 4R an &l 8.1

7N o
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R4k 2 IE-6(SI)

itk %/E-6 i1k F/E-6

B AL R /E-6

fh 1t R /E-6

K 8.1 AR AL . (a—c) N~1.68 Ga 7=1;

A @ R
© s o 3 3 8
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* (b) JD68O (689-3-9) | |
a0 167712 Mi s
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800 /OQ 1000 ﬂ
600 | ' %00 '&“
I 600 | ﬁhl‘
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| 200 +
" (g)JD1033 (1033-8) - (h)LX323 (323-16) | *°°[ (i) LX1064 (1064-1)
. 1206.7%1.7{Ma 0 100 L
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1000 1200
4:)’\:1 | 1 1000 '/DQ
0 | i \ 800 | w
t 600 HIL
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© () LX1066 (1068-5) | o, | (k)LX1068(1088-9) | . | (I) C711(711-3ii
0 I L L L L.. 0 L L L L L
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HIErC e C
ﬂl
|
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(d-m) A~1.24-121 Ga #1%

Fig. 8.1 Representative samples of thermomagnetic curves. (a—c) of the ~1.68 Ga dykes; (d—m) of
the ~1.24-1.21 Ga dykes

FITAT (IR S I 7E~580°C R (I 8.1), R E BRI M NG
2 B i I #2855 75 Hopkinson I (Dunlop and Ozdemir, 1997) (& 8.1),
% LR IR R S ) SR PR R R BRI R . — SR 5 I T R g A
S ge, HlhZgi R4, Hanke s JD687. LX1064. LX1066 1
C711 (K 8.11, i, jAID, UiBHRMELE milh, IR DET YR AERKR. HE,
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WA — S G PR 28 7E 200-300°C X [H) T+ (P 8.1b—e, g, hAlm), &N
N SSRENERT D AE N FAOT AR A0 O AN e 5 v R A gk i) S S A 0 P e P
FRERIT), BUTEREE RLAE N R LR M 7E I RO R vh e BEL s n At 2678 300~
400°C [X A PEAE CanE 8.1b—e Al @), AI AR AR IRAS N AR 5 2k
W . B 8.1a FI d ¥ 2 il 2R WA A0 2 B 2 v T Al 2R I Ak 3, T RE
FEAE NG FE Ao A B T R )

8.2 =Hh SRR PR ST

W, BRI AN E U AR, B AR R R R
MR 5 KT 77, ARG AR AR RHIRLRE . RATRERNT . BRIASR FIRE B8 Bk B
SR AR (R PHIR B, (BAEEANFF) (R 8.1). Rk, v Lhdid &5 IR #
R RGBT FIWTH AR P I R AN . SOk 2 J5 I SE B e fERER I = A
B )l P Bk i A A o3 N AN IR SR FE O REAL, BEanin# 5T (B4 T, 3
T). 04T (2 0.35T) Al 0.12 T: ZJEXIFEaIEATE A HGRME, 70 B A FHh B
Y ) 1 AR A S g BT B (Lowrie, 1990). ASBF 78 {1 Magnetic Measurements
MMPMS5 ik A4 (pulse magnetiser), 73 HIRTEEMR Az« x A1y lihng 3 T.
0.4 T 0.12 T ;Y. PGRMEZ G5 Hras R 8.2 Fizs.

F 8.1 W WARMLIER ) B e R TR 1o 3 AN BEELRE. (Lowrie, 1990)
Table 8.1 Maximum remanent coercivities and unblocking temperatures of some ferromagnetic
material (Lowrie, 1990).

BRI R

N AR TR WEEERE R AT
BRUETE ) titanomagnetite
Magnetite ~ maghemite pyrrhotite  hematite  goethite
x=03 x=06
KRB (T 0.3 0.3 0.2 0.1 0.5-1 1.5-5 >5
BRI E (°C) 575 ~350 350 150 325 675 80120

ZER BN, AR S E B E RIS (soft component, <0.12 T), H
£ 520-600°C itk (Bl 8.2), UiHIFEMH &R E MAVKERBAERT . tksh, £
o BT R B 23 B AR LI B A1 404 (medium component, 0.12-0.4 T)
HAE 520-600°C f#FH (Uil 8.2a-h), i W Hi AR TE HA BRI BB SR W R R AT 0
FE i o S A AR % 2. 43 (hard component, 0.4-3 T), AR S5MAKERIIR
B OG0 1% S Ul WA il R RERORL LR U AR 3, W RN S B
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HL;
x (a) LX307 (307-4B)  x 09 (b) JD1027 (1027-4-2B)
g 0.8 1680+5 Ma E gl 1233 £27 Ma
= o0s = 051
= 0.4 = 0.3 -
0.2 0.1 ¢
R S e 0.1 . S
0 0 100 200 300 400 5‘_(; 600 100 200 300 400 500 600
0o (d) JD517 (517-4-1)
- (c) JD323 (323-3B) X 07 | 1236%7 Ma
é é 0.5 |
E E 03+
0.1
-0.1
L s s i 0 100 200 300 400 500 600
100 200 300 400 500 600 ai (f) C711 (711-2B)
= o7l
g E 05
= = 03l
L T o S .
4 1IUO 200 300 4k00 500 GIOO
' (@ CT16 (716-18) gj_ (h) LX1064 (1064-3B)
E £ost
= = 03|
0.1 4
-0.1
‘160 200 300 400 500 600
(i) LX1066 (1066-2B) 0
é ﬁ 0.7 |
é é 0.5
= s 03
0.1 ¢
-0.1 !

—a—x, 0.4T ey, 042T ez, 3T

8.2 ARFNEFE M = HI FIRBHEE . (2) H~1.68 Ga i, (b)) N~1.24 Ga 755

Fig. 8.2 Representative samples of thermal demagnetization of triaxially IRM. (a) of the ~1.68 Ga
dyke; (b—j) of the ~1.24 Ga dykes

8.3 H [B] 26 73 A
F TSN T T VTN Y, FE5N T B E AL B A & B R

NE, MR RFFCRIMATTAER, XA RI MR Chysteresis);

T REA IR B AR AR T 41 737 ) i 2R A5 FR s [R1 28 Chysteresis loop) . i [F1 £k,
B RN AR (Js B Ms) FIRMALEE (Jr 80 M), i) (He B¢
Be). FWFWS (Hr 80 Br) 528, B KBA FAHRREIED ) KA FPRZS
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(TGS B A AN [F) TR AS IR G [0 28 (Tauxe, 2010), SABEREEE . FRERT S AR Bk
(AR R SARE 2 (MyMs) 730918 0.5, ~1.0. <0.5 (|8 8.3d-); 1M
TRERE FIBABERE AR IR & SR (goose-necked) (K 8.3g), HABERGEKHE A1
AR R A RS ETE (wasp-waisted) BRI (pot-bellied) (B 8.3h—i).

1.0

0.5

0.0

M/Ms

-0.5

-1.0

M/Ms

o
[=2]
o
o

-150 0 160 -600 0 600 -600

1.0 (9) EHIE | 1O (i) KA

0.5

0.0 frommmmmmmmm e

M/Ms

-0.5

-1.0

I »4I00 1 (IJ 4CI’D I -200 I -1I00 ‘ C.l | 1CiJD ! 200 —2(I10 I Clv I 2:30
B (mT) B (mT) B (mT)

K 8.3 Hi—uit (a—f) KZimsciEe (d-i) KIRLHEEIZE (Tauxe, 2010). (a) [eBEME; (b)

NGt (o) ML s (d) BRIl o) e M A R AR (o) AECIR TR % 1) S PR 1Y

BRI s (O BUREE; (o) B FIRBERIEE (R8T ); (h) FRBE R R i

B GEIEI ), () SBERIYIRGEB IR R CRIEE) .

Fig. 8.3 Hysteresis of end-member (a—f) and mixture (g—i) (Tauxe, 2010). (a) diamagnetic, (b)
paramagnetic, (c) superparamagnetic, (d) single domain magnetite with uniaxial anisotropy, ()
single domain specular hematite with magnetocrystal anisotropy, (f) pseudo-single domain, (g)
hematite and single domain magnetite (goose-necked), (h) single domain and superparamagnetic
domain magnetite (wasp-waisted), (i) single domain and fine-grained superparamagnetic magnetite
(pot-bellied).

AW FEA% FH AT A8 37 J5 B 6 AE (Petersen Instruments Variable Field Translation

Balance, VFTB) W& Wi 14, FRAFHIEHE I Hysteresis Loop analysis box
(HystLab) H 34 I (Paterson et al., 2018).
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K 8.4 REMERE M IRLRT I 2E . (a—c) N~1.68 Ga’AH, (d-m) H~1.24-121 Ga A1k
Fig. 8.4 Representative samples of hysteresis loops. (a—c) of the ~1.68 Ga dyke; (d—m) of the ~1.24—

1.21 Ga dykes
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TR EIR, ZHOFE R R 28 2ARAERRIES (B 8.3F K 8.4);
{EFERL 307-5. 307-6 Al 1027-3-2 2RUUTEBILIEE (Kl 8.4a-b, e, AlAEN
PRI IR VR B 258 o 22 BBOFE IR [ 2R 4E 500 mT Z ¥ i, (BFE
fh 307-5. 307-6 F1 1027-3-2 AARMEA, AIREEA @SH W0 Y. BR T 1027-3-2
A, HABEREIFI— AR T 25 mT, RIREG 8 F T 60mT (£ 8.2),
HFo AR SRR 2 B (M/Ms) MET 0.3 (£ 82), BiR4ik
ZHFE SRR LR . KRB 2 AR 1027-3-2 FEd, MBS AR AT RE
A SREEED A R, T CVRRT (B 8.de); FAHEVA HI B 2% BA 5 v T n A i 2%
(K] 8.1d) e mibfz &

Day fEH, ARRMERIEE G E AR AT X I (& 8.5), X 50 R 41
ESEEWE (B 8.4). FLRSZI N, R AT RESK B 55 F1 2 W UKL 1 VR
4 (Dunlop, 2002). GISRAESLANLL, 480K 2R ST B T 20-50% I BRI AT
KL, AEASURE Sh B ZH 23 RS, A0FE S 307-5 (&1 8.5).

22 8.2 AR i I I 2k 2 5%

Table 8.2 Representative samples of hysteresis loop parameters

ke Ms/ Be/ Br/ Mr Br Ms/ Bce/ Br/ Mr Br
HH Am? mT mT Ms Be Am? mT mT Ms Bc
/E-04 /E-04
SR s A

307-5 0.83 10.1  46.1 0.02 4.6 0.83 103 589 0.02 5.7
307-6 2.09 145 477 013 33 2.10 17 533 0.12 3.1
689-3-9  8.18 174 54 024 3.1 8.20 18.7 53 023 28
1027-3-2  0.82 66.4 1219 0.20 1.8 0.83 441  65.1 023 1.5
517-1-3  7.08 11.9 552 013 4.6 7.26 13.4 543 0.12 4.1
687-1-2  6.32 16.5 44 0.19 27 6.40 17.6 48 0.17 2.7
711-3 6.29 16.6 437 0.21 2.6 6.35 179 478 0.18 2.7
716-11 441 227 737 022 32 4.50 245 571 023 23
1064-1 5.35 165 495 0.19 3.0 5.40 17.7  52.6 0.18 3.0
1066-5 4.76 151  46.1 0.18 3.1 4.81 163 483 0.16 3.0
1068-9 5.13 131 486 0.16 3.7 5.19 153 521 0.15 34
323-16 6.17 199 594 021 3.0 6.27 21 55 020 2.6
1033-8 5.75 209 634 0.21 3.0 5.86 226 555 021 25

el G IAERZ  RER IR e e =l A5 T e B PGB SR B 3 M AT LA
EIRFE R TS — SRR LA RROE (0 2 WAL, A/ BRI RORE,  (EA B b 28
A SRR E ) A BB R ERE AR, XA iR 4 0 i L AR
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0.6 T 0.6 I
sD (a) J§ 1 K ¥ (b) 1l & %4
0.5 e 0.5 1750
i PSD L | PSD
g 0.4 | %’ 0.4 |
E 43 4y < 03 - \
= V" 68g.3.0 = I N " 689-3.0
- . ~.__..‘. " 02 L ¢ om
' NI o 1 i
0.1 o e 0.1 0T »
0.0 . | 3|0775 i 0.0 ) | . . =] 17;07-5
0 2 4 6 0 2 4 6
Her/He Her/He

K 8.5 ARFVEREM Y Day #%18 (Day et al., 1977). Rk 55 2 W5 DUAS [H] L )R & 13
W HIZ (Dunlop, 2002). J7TEFIETE 73 5l AAFE~1.68 Ga. ~1.24-1.21 Ga # 55HE 4

Fig. 8.5 Representative samples of Day plot (Day et al., 1977). Dashed line represents the theoretical
mixing curve between MD and SD magnetite grains at different percentages (Dunlop, 2002). Square
and dots represent samples from ~1.68 Ga and ~1.24—1.21 Ga dykes, respectively.

8.4 HE4HH

Tl 2H K 2 48 T O W % ) S PRI TR R AR, B AR R & A S
(anisotropy of magnetic susceptibility, AMS). JERLIRE % 5% (anisotropy
of anhysteretic remanent magnetization, AARM) Fl %5 J& I #f & 17 5 ¥
(anisotropy of isothermal remanent magnetization, AIRM) 25, AHFRAEIBIEZ
A A R WEHY MFK 1-FA IS A0 % % o) Sk, 00 048 A Anisofts B0 230
SEIIRAL R R FE = AR (K> K> Ks) 1. &M 5P P = Ki/Ks,
2 Pj = exp (21— Mm)* + (2= Mm)* + (3= M)*)"?> M= K5 N = (rxmaxmz) ~3,
IRE A A PR I S 7 SR . BEALKIFTEIR (AMS #ERIE) il 2%
TEN, T=2xmnKi/Ks)/In(Ko/ Ks)-1, HAH 0~1 A1 -1~0 5 HIMREmE CP
M) AR (40D (Tarling and Hrouda, 1993).

RIJER T WK EA ERHANAERNER (B 8.6). IEWHIAMRE Ki
F Ko F - PIHPAT TEBEE ), K 3 B T A RE . IX 4R BE IR % 1)
FHESHP P <110, HECTILHEFMIETH (THE N AMSHERZHD,
7~ LA [ 24 Coblate fabric) ;T4 ID1027 AL 14 T4, HiWILA
K AHH (prolate fabric) A .
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Fig. 8.6 Equal-area projections of anisotropy of magnetic susceptibility (AMS) of the dykes in
geographic coordinates. Grey line marks trend of dyke
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FoE Wik

HoE it

9.1 #k~1.24-1.21 Ga HEEEE KA A R

WA 2 BTIRIE 7 AR FMIX ~1.23 Ga EEMEERAEM (£ 9.1). AW
FUIRIE B M BRAL SRR S AL 77 101 IR0 H B 22 ~1.24-1.21 Ga /K AE
i, 2GR R A 22 2500 I OB s GR 6.1 FIMt %), Xz gtk ms
A RT3 A

AT AR A TR IR, AR SCAr AR R (LOD K Zr JeE 0 K
fhE B A MEICREDZEME (B 9.1 AE 9.2), K. © WfFEEm, HKE
HOUR SRR B MIAHCH ARG, H—0R T Al. Ca fl Rb BITF-5kesk & A7
TEAGHE, WIREIRAHKA MR A 6, HE FWEX N (Bl 4.1g-D: @ Aig3)
TR Zr 55398t & Nb. Ta. Hf }2 Th. REE (La fil Sm) DL U BifELE SR
IEARRR (XA R?>03), HERETFEAICE Rb. Sr #l Ba IIAHKME
55, Lx LR, AR @R IC R MRS, RN KRS FRATTERA —
JE HIREH o

BT BRI OL, A TR TG R SRR S A AT 7 2K . Z/TiOs
St Nb/Y 43 B RRAE BN SE, ZHRIIE XA RIVFE R, DI
TERRME 5 ML P 2R 0 1032 SO A 3R A1 (X 3 e el b 45 21 T AR AL 45
(E9.3), HEERMZ, Zr/TiOx % Nb/Y 15028 Efi sk B #5411 (Pearce and
Cann, 1973), ESRBEAE AN 20000 B0 R AE Nb/Y = 0.65 P, {HIRYE
BIES1t, Nb/Y = 047-13 BEEE VWAL, NEERME S A (Floyd and
Winchester, 1975), H Nb/Y 5% 2 [0 3% A 2 SR AH M (Pearce and Cann, 1971,
1973; Floyd and Winchester, 1975). &2, ABAERH, XFOESARL IR
BB PERHE P BE S L T 25 K 5 A AR, B2 45 i R i R e

SRR KRB, AR NbY FESREFES SR Nb &8 (=117
ppm) (B 6.1k), ZIAHE Nb H 2 =ik 33.5 ppm (fiR), BT & Nb £ Nb
ZRA A A (Hastie et al, 2011, i H, ABIAE S HR &SN TO, & &
(ZH>1.5wt%), [Fvm Ti ZR s f.
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Fig. 9.1 Loss on ignition (LOI) vs. whole-rock elements of the 1.24—1.21 Ga dykes. Red dots are new data in this study; grey dots are compiled data (supplementary

file).
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Fig. 9.2 Zr vs. whole-rock elements of the 1.24-1.21 Ga dykes. Red dots are new data in this study; grey dots are compiled data (supplementary file).

88

6 -
Hf, ppm 5 Th, ppm
4t o
o o
3 F o
® &®
i Qe’o 2 ¢ %8 o
O
zrppm 1 Zr, ppm
1 L 1 1 J 0 1 1 L J
0 100 200 300 400 500 100 200 300 400 500
1.2
L Yb,ppm 10L YU ppm
° &
§ o 0.8
(o]
g? @ 06 | 8;
o
I 04 L 88
" Zr, ppm 0.2 Zr, ppm
1 L 1 1 ] 0 1 1 1 1 J
0 100 200 300 400 500 100 200 300 400 500
Ba, ppm
I (o]
| o
L <)
le) p
L o
L 3
I @ Zr, ppm
0 100 200 300 400 500



FoE Wik
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Nb. La 5 MgO Z [AIf £k A (B 6.1i-k AIF 9.4b), HE7x LR ARfL ] RE
HIA K R o, 2 ER AT RISk A, DAL — 2R,
(EA] e Xt HhBR AL 2 A S AN 2.2 s MITE P 75 R LA AGH A Bk SRR
PR/ 4K K 55 40 (Wang et al., 2015a). A, Th/Yb % Nb/Yb Elfi# (& 9.4e)
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Fig. 9.3 Chemical classification of rocks. (a) Total alkalis vs. silica (TAS) diagram (Cox, 2013); (b)
Zr/TiO; vs. Nb/Y diagram (Winchester and Floyd, 1977). Grey dots are compiled data (supple-
mentary file).

EAERNZE, BT ERER (>1230Ma, LLID1027 A1 JD517 FHiE N
R HIFEM S IBLEEAI TR (<1210 Ma, BL MY1033 AT /KAR NA N
(RO ity B AR AR L BRAL 2R, EABL P IR 2 R A SEAR I 228k, IR
BB (R 6.1 M), WAL T FHB BUA K MET . BLIRE S X
—HHIEAEE VAR P AEE (B 6.1d). Ak, IR A0 R & B AT F A
K (R 6.1 M, (A LA B AKBAEF (B 6.2a). 1Bt ESAR M
JeE - IPAT RO LB REE DL AR I (B 6.1, 6.2, 9.3 FIEN9.4), DU
N N EE TR [ A (Peng et al., 2013; Wang et al., 2015a, 2016b), AHF 7NN
HIREHAEFIFFEE T 29 30 Ma, (HHSRUEX AR B —, HBAR EPERRRE .

ZWIE BERERE S I MgO S & 8 wt.%, Mghil /N T 56 (& 6.1 M
2, WHENIFERE ISR . MgO 5 ALOs. tFeO3 (448k). TiO2. Cr.
Ni Z [HFFEAGAE RS (K 6.1c-g), KA Rt n] fE L,
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XWAE La/Sm X La BIEHE IR (K 9.40). fEEFKBELKFIINB, &K%
FEA; 7 ERS A, KONE La/Sm 5 La HEEMURIM &ML E S 7R
BrBL 2 La & EIAR~30 ppm I, AR HON IS dn oy S E . 301
SEARRIE Bu i (B 6.2a), RILRHCA RS KA IR .

island arc bagalt

1.6 9
@ 1.2f 7r
o S . X r
Z o8r =5l 3 A
I - %-(XA X
r L
0471 3r
(a) Th/Nb - (b) Th/Nb
0 0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15 0.2 0.25
5 N © 10 within plate basalt
45 x
£ = x 5
w4 x, - e <
L - ! N
35 [ y
L P T e T T Iy gcean ridge basalt
(d)

Zr, ppm

10 100 1000

e
. %B
.

Th/Yb
TiO2/Yb

MORB array
(shallow melting)

I s ®
()

0.1 1 10 100
Nb/Yb Nb/Yb
+1008 m1009 41027 x716 %711 @323 +1064 -1066 =1068

K19.41.24-1.21 Ga sfic R (L) K. KEE B A RS D
Fig. 9.4 Trace elements ratio diagrams of the 1.24—1.21 Ga dykes. Grey dots are compiled data
(supplementary file).

La/Ybn EZIM 6.8 LA 52 13.9, Mol shEik 18.6 (K 6.11H1E 6.2a),
X —RFIEAR PI RE -5 AN [RI R BE (R 0 M AT OC . La/Ybw e s IR s HH BRAE R AT L
FA 716 S2ARE, AR R0 2 aUERHE (B 9.3), (kM IR S5 H
A RE I T —20 W Nb A% Th 1 La )54 (B 6.2). BrAFE A s i -
SME (96-308 ppm). HBEINI La/Yby (6.15-18.6) (£ 6.1 FIfE), LERAHE
T MORB 1 ERG R . Th-Nb FHE R~ HE 5 H OIB 1)@, 5 E-MORB
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A Hia (F 9.4e). F TiOYYb il (B 9.40) BRAMTAKE
PAI AR T B G R A A BB 2 R ISR (Pearce, 2008). ] 9.4e £ £ H1, M
OIB | MORB &% )t T b8 b5 8 A B2 A B4R (Pearce,
2008). F4bh, i Ti REEE AN A IEAE/E A OC (Peng et al., 2007; Xu et al.,
2001). —YEFESLF) eHE (t= 1230 Ma) & 1.8-10 (Wang et al., 2015a), eNd (t=1230
Ma) &y 0-1.6 (Peng et al., 2013; Wang et al., 2016b), f875EWARIE T FEAL R T
R iEVR X . 25 b, RSO ZF ] R T Hbg AL

9.2 #]t~1.24-1.21 Ga KK EAEEBWIE

KABAEE (LIP) @ AN A NERERKIES), —REREAX,
WA 5577 G TE BCCA IR A5G (Ernst, 2014). HLATE SRR TH
UL R E AR, BLRMIE TS 505 R (Emst, 2014 & 2% H ),
~1.24-1.21 Ga HHERILWHDEHEE 2 (K 9.1, —E R KA NIRRT
{iE ] LAYE iZ 30 A B 15 B R B

B, RSN IR A B IFAR W LOESHE R, — R IRAIEE KB LA
B, O TR A AR SR ARG BT AT . (HIX A RE— 2D 10 m
T, AR KEAEMHIWRE (Emst, 2014). 454 b MU EE R B H R A
B, HERAERATIEEIRA AR CFlsass: B 3.8d) (14891, 2017), If
PRI IR T 2L, PRSP Al v X S AR AR 0 8 55 T BRI 0.1 % 106 km?,
WIRIIN A =SB X ) /NEEE (1227 + 60 Ma, Sm-Nd 25T 2R 4E#S;  Yang et
al., 2011), 7 a5 MARFIARBURE BE R thAbh,  BHEE N 5 v 176 350 5T 8 T 7L 30 11 ik 1t

BEA KBRS BT 1222-1259 Ma (Kim et al., 2018), 7] &5 4 3 i 4
RNEA K. ZIRT LGN, TERFA—Mof LB ERA B K (AR
B AR, AN AT BRI, i JD1027 AT MY 1033 55

Hk, @ KER U-Pb g, ZFEIFm 1244 Ma £54L3] 1207 Ma, 5
JE2) 30 Ma. BIERERRRE M AT EN, DLAMHIR A RAER AU (B 6.1,
Kl 6.2 F1E 9.4), AN ARXEIZ ARG T [F—FfF. Ernst (2014) B451E, &

i 20 Ma HIRKEEA B —MEBAEIESAZAL, T2 AN KR R SRT,
FI R E SR 45 FURMEAIWT KO, (HORHERE 73 A>1230 Ma. ~1220 Ma A f~1207-
1210 Ma =4,
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% 9.1 b ri il 1.24-1.21 Ga #HAEH— 1K
Table 9.1 Summary information of 1.24—1.21 Ga magmatism in the North China Craton

A=R FEHE EFH  HR/Ma EEFE  SEXER
BTk (EFUNLS 1209 + 6 7Zr-S Peng et al., 2013
ORI b NE 1244 +28 Zr-L FARTEEE, 2013
1229+ 10 Zr-L Wang et al., 2015a
5 - W ¥ a3 7r-S Télig%)l, 2017
L VG e o 180 gi? i T6 Zr-L Wang et al., 2015a
12269+3.4  Zr-S T 4891, 2017
-k 38°  12229+6.1  Zr-S T4k, 2017
T b g Ew 1226 £ 11 Zr-L War‘lg etal., 2015a
12140+49  Bd-T A
HEF L b 40° 1208 +24 Zr-L Wang et al., 2015a
HIRUET Bk ARE? 1228 + 4 Bd-S FHPRTE, 2014
- . W 1229 + 4 Bd-S Peng, 2015b
1219.1+43  Bd-S T4kd1, 2017
P 5 FapH 320 1236+7 Bd-S Wang et al., 2016b
JE LT Fap 32° 1233427 Bd-S AL
& AT Fap 30°  1206.7+1.7 Bd-T AR
el K Fap NE  12363+54 Bd-T AL

L B FRE AR ER W R AR ML S Ze—85 4, BdRH5fA: Sv L A T 4 74tE SIMS.
LA-ICPMS F1 TIMS /7%

W=, XA R TR ROE A ES, AN BRI SR (B 9.4d)
ST BFANEE LS AT, B FEIN N IX eSS PR R T 42k 1.24-1.21 Ga
HMEAE SR IR K BUE A, I 2 BRI KA 4 (JRE Peng (2015b) %52
WA A ). BB IIBUIRE SRR i A A T AL e hE R e

WA ZE % ) e P4 32 B T PP A A J7 1) (W0 Ernst and Baragar, 1992;
N S, 2012). WEILERE, WA IEE R R AR RO A R S B
(Rochette et al., 1992; Rochette et al., 1991). AHF 5T ID1027 4% (1) 1F 4 WL L0 A4 B
BURBUA ) Ko B (& 8.6a), KL IAEZHIX LA TT )Rt 8l 32103 25 55 9%
e HIA R, C711 ARG IEF A 20 250 1 Kol (& 8.6b),
S SR X R R R U DX SR AR X T . MR, R 2R A A SR A e A A% 1
HI O AT RENT TAEIE I RS
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9.3 TN K EE

9.3.1 44t~1.68 A1 1.24 Ga T MR AR R AE 14

I SRAS I AR SR A, IR B LRI SR AR, B
IMESETEAT I AR 6 (baked contact test) . HIEA I, ‘HEHZ AL
If AL B, A B S ek 0 BELA WAL, IR 58 B — Bk s Tz
AT PR R AL, Rk AL D5 ) B B RN E] (] 9.5) . WA 3] iR gs R,
SRR TR, 75 0y A I B e

BMEAK AR TRAEER

PP Ak AL RN

E

i
Nis
o

-
al

E
0|2

Ty B R

TSSO 4 R R A

Kl 9.5 MR N 3 B i A i F R 7 6] 18] (Buchan, 2007). RS E ST, s A MUK R
PER W, B LR RV 4475 40 2 SRS FA 8

Fig. 9.5 Direction of remanent magnetization of intrusive and its country rocks (Buchan, 2007). It
is assumed that the country rocks contain similar magnetic minerals and both the baked zone and
the hybrid zone experience thermoremanent magnetization.

SEhrr, BT HAE A BRI A — BONAE R BT RS, (B AATE R A
— P LASR ARG E HORFAE SRR, 10 Py R SR o A AR B i FCHIORE TR 3, ]
HYCR AR &, ROV BRI ) SC LIS TR . 4k, FEREHIX
Rt B AT RERC,  DLURCHARIE DL R, KUAEES), s BRIME R
R NALE PUNRIE R © REURE B IR 7 18 NOZ BT SR AL I R4 5
@ FEHRE 1 B 5 AR BURS (10  E Z R AR BT A AL TR 2% (Buchan, 2007). [
U, BN EAR RS RLIG 5 12 e M i PR32 8 1] Ak R o i B R4S B MRS
s TR AR BIOR MRS T R E SRR TT R (B 9.5),  IX R IR RAT A B
VERLIE BeflF THIAR 5% (baked contact profile test), B4 5 B3 £ A & X RFE 56l
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g7 1), DU 56 45 SR 1Y) R {5 F2 % L 7 (Buchan, 2007; Buchan et al., 1993; Buchan
and Schwarz, 1981). (HXFHAIMEMESLHEL, YA B 5 55 58 B 1 HERE S0 41
ARAE S, 5 AT 0 P AE S AR S A% Bl 5 1 S AR, BIIE B A 08 [ TR R A 1
I 6] 5T B A SIS E) o BBAh, A A A RENEIE LR AR ER S, B ER kK
SR T B HME LAIR A5 Ao (R R 8 1 o

H T BV B B 28 5 SRS R B R IE R RE I M ), LR IR I S AR LT
A DRIL, B BB R IR 0 2 AR P AR A A 1A i, AEAH A X R A
MK (Halls, 2008),  HLanxd Hedb RAT A 858 BRI (Xu et al., 2014).

AW TN A RS TD1027 A1 ID687 (& 3.8¢) #EAT THUERGIR 0 HT, P& A bk
(KIFEL A 2 R . TD1027 J&— 2k 5620 30 m [AA B, ASHIF 7078 BE B9 B 1 0 4
3m f&~100 m SPACRE T BIAFEN . XEEE A T BONRE R )5 7,
Horbaf b B D T SR R R 1) 1) R PR AR SRR T ), 5 e R I3 U A — B
e AL BBl g o A A T R 1 1) R RRIE RN T ) (] 9.6a) . 145 UL A B 1R
RLI LS T AR IR E AR T REIRAT ML I AR I L o AHF SN i A R
L TR, DA S TR SR A T

X149 25 m i) ID687 i hil, AW FUAE R B A 1L f 2 35 em AL ATEE TS 35
m AR T BIEARE G . AR A RSB T AR, SR AT RESZ 3 T
e R AL B ROREAL T VBN B, A LA AT SRR 5 1 (B 9.6b). I
SEILNAN TE A T HE I R IR

BRI TUII~1.68 Ga 5 15 A It Jo8 Ao 56 ) Wy LRI v S A, (R 2 e
PR IX LRI B2 SR AR . B 5E, ARTARNER R ARTE, BA U EH
WEGR 45K (Li et al., 2015; Wang et al., 2016b). — S8 AF 5{IEERE (<300°C) H
%, AR B (550-580°C) ik FR R mA AT REACT- HoAd . Hk, Ah
T 7 S B o B M G R E 1) S B R R AR (B 8.la—c. ] 8.2a.
K 8.4a—c MK 8.5), Fi#, 7EID689 HHFIIXILA (B 3.8¢), ~1.32Gafil 1.24-
1.22 Ga [ A BS @ T b UG BT ZM& 36 (Chen et al., 2013; T 4k, 2017 M ATt
), VM~1.32 Ga ZJai&A ] ZWEBFES KA. BRItz 4h, BHRX NI
A 1.60-1.35 Ga 115 HAFE ] (Peng, 2015b), X HHEER T AR 7T~1.68 Ga &1k
PR AR B EERAAL I T e 3 2654 1 Th 3RAF 1K 55.6°N, 258.1°E, Ags = 7.2° (& 7.1)
TRATREACTR~1.68 Ga [ HE HU R .
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(a) % T 5 14 Site JD1027 /
i SR ML 1 B
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e 11 R 5
g ERE
AR
R
113
! 1 4=
Y ) Zﬁj‘) w
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%J)U %H’J ok,
5% D=130.3°, 1=36.6°, 0,,5.4°
L F R 45 D=127.3°, 1227.7°, 0,,=7.6°
—100m R BERE Fr R 4 D=215.5°, 1=-54.1°, a,,=10.8°
(b) ZZ&FK 445 Site JD68T ,'
L e R yh HE A O
AL 10 B i -TE”\ | R TR
NU - 687-5-6A o N\ I+ nu
o ) 1
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b o I @
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*
Fik
NRM SD
sp 5 1% D=118.9°, 1=44.5°, 01,,=10.8° W K ) B B
HEE P BR 5 D=118.7°, 1=52.6°, 0,,=15° -

9.6 #1 JD1027 (a) 5JD687 (b) [ftksalt. K& RAME 2B, ARERE M
IRME (SO0 T7 Yoy AR R 7K M B ) R A AR (SO A0
FETE 43 S B ) R A b B RE AR T )

Fig. 9.6 Baked contact tests for dykes JD1027 (a) and JD687 (b). Each includes sample locations

(stars), representative demagnetization of host gneisses (solid/open square points show vector end
points projections onto the horizontal/vertical plane) and equal area stereoplots (solid/open square

points correspond for downward / upward—pointing magnetizations).
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AT, ~1.68 Ga HIREHME N 5 2= B 1L 20 & A g AR (60.6°N,
267.0°E, Ags = 3.7°; Zhang et al., 2006) JEHH18 (8 9.7). =& LA T4
SERLEE T, WY Rb-Sr & A HE BT oo AR, (RSB k il 2K U-
Pb & MR A QR ILTE ST d o d AR,  KMEE<1.71 Ga HiI>1.61 Ga 2
[ (Hu et al., 2014a; VERSEE, 2015; 75 3CH4AE, 2012) (B 9.7). B =4 (LA TG
VIR T~1.70 Ga, IR ¥ oo i AR IAVT AR 2 T — 80, WIARYE 2 )2 5
2505 I TR A8 ) = 25 L AT R DY~1.67 Ga (3R 9.2)

AR MRS T T AR A I S B RS, B AR
M2 R HB 1 B R s A 7 1) 5 AN 2 ~1.68 Ga KRBT S, =48
AL THIURR IS T AR A 4R W ~1.68 Ga Al fE (B 9.7 f1E 9.2). Ak, A
B 18 AR (3 Za kM 15 MERED MERESE—E, /3%l
~1.68 Ga “FYJ i htiil, v 59.8°N, 265.3°E, Aos=3.3° (K 9.7),

90'N # 4% JDES0

o <

i 114t |C> 1.61Ga/ o N
el oamgr] | E4Ga/ R ‘\ S
ke £ AT &_._!/"
B e IE 9 %, N=11 -
o £ 55 LX307 A hE JDB8Y
(1680+5Ma) (1677£12 Ma)
b il
Jeksed SR BTG,
N=15
e
= \ Prryr “\""
i =5 L R A \ HOHR
| awma| g i " \
] 60.6°N, 267.0°E \1.68 Ga £+ 1, N=3
A,=3.7° N=15
R
Y =45 LALF
1% |6 B2, N=4
ra- I E
¥ <1.74 Ga/ (
ﬁ_-> =1.71Ga \
I -
EHH 1.8-1.75 Ga
ik hiE % 90°S
60°E 120°E 180°E 240E 300E

K] 9.7 ~1.68 Ga A Ha I LIRS =25 ILZH T &8 Hi#i A% (Zhang et al., 2006) LLAL. =21l
SH R RIS A R R/ NMERY SR B Hu et al. (2014a) FIVERSEE (2015); 408 T2 K L 2R (1 4E#%
K I3 SCAE (2012) HENIRIHRIAA LR 9.2

Fig. 9.7 A comparison of VGPs from the studied ~1.68 Ga dykes and paleopole from the lower
Yunmengshan Formation (Zhang et al., 2006). Minimal ages of detrital zircons at the base of the

Yunmengshan Formation are from Hu et al. (2014a) and Wang (2015). Ages of tuffs from the
Luoyukou Formation are from Su et al. (2012). Details of age estimation are in Table 9.2.
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2 9.2 HED B BH AT IS IR FEUTAR IR AK
Table 9.2 Presumed depositional ages of Ruyang and Luoyu groups

# 7 R (m) 4R (Ma) LI
(Ma)
IVEE 70
e 30
w2 1611 (T05E K 1K)
i WEE 100 i 2012) ~1615+4
1B 20 ~1620+ 1
=HE A 51.7 ~1623 +2
FE 2 157 ~1631+7
LR 186.4 ~1646 + 8
. . SE-s=2%0) 167 ~1660 + 7
i ZA A 394 <1711 (REF E:£1) <1683 + 17

(Hu et al., 2014a; FEREE, 2015)
JEL F5E >R 1 56 B R Xt J2 (0 = (9T P 44 BT 77 SR, 1989)

9.3.2 HHhELE R
ARICREL T HAb~1.68 Ga F1~1.24 Ga [ HUBAAR, FREL T #4b~1.21 Ga 1) JE
iR . AR, R IR i AR S A (BT BN T 1 A, U
e SR T R AL S BCRNE SR — B AWM (W0 Zhang et
al., 2012b, 2017), A5 I ) PN 2590 A B an il A b 5 90 KRS AE 76 v 6 A 391
WG R .

#2118 Van der Voo (1990) )5t 5 A i bR A /S b 39 A 52 ) oy s bl 45 2R D0
® 93, Hi, ZHMAARBEMEE, H—Lk 82 ke = BHERE
Fwe,  eintedb B 2 0 A TR AR ARYE L TR T R (BEACE ~1560
Ma) K 78 Z R4 (BEKE 1480-1490 Ma) i) % PR & ; Ebdndb 9 6
Emmerugga 4%« Tooganinie 201 Mallapunyah ZH i T AR B AR R & i b R
JZRT 22 (Ahmad et al., 2013). 4k, Elgee A Pentecost ZH {312 B
G5 S R4S B T~1.79 Ga (Sheppard et al., 2012), 4% H BT EL#EIER Elgee Al
Pentecost 41 (AR S AW, (ERIELL, KW EER T~1.79 Ga Y
F—MERE B OZ, FELT T R0 A AR B [ — B 2 45 3 A — 30
WA, BIRAERA—BURT A I AME I S (58 9.3). XK BLIE A
A6 LA S A By R B AR A AT, e b B S0 HE 2H 1 A BT A A A
ANEIZES, 0 F A RAT - LA B R 5 RE LA R SE A T AN R 25 51
JE~1.73 Ga LL Je~1.65 Ga B J= ) HURER T Fe 45 2R (3R 9.3)
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7 HuRZ B ##EE GPlates 214 (www.gplates.org) P& 5EM. MK 9.8a HHH]
PAEEL, #4EH) 1.78 Ga. 1.68 Ga. 1.64-1.62 Ga il 1.53 Ga i Hufi#l 43 )5 ki
11 1.79 Ga. 1.71 Ga. 1.67-1.65 Ga 1 1.59 Ga i Mk . EARIEMH~1.32 Ga
) Ty bR A oK 1E 203K 3E (Kirscher et al., 2018b), 1H & 9.8a ¥ B & xf M AL 5k
M~1.32 Ga [ E S (Uwe Kirscher, NMASD. Fik, —#7E~1.78 Ga
1.32 Ga HI1a) ] BEATARLL A AUAR A% i 28 . 2% EE 0 20 vy MR AW 50 2 DB 47 8 AN
ENE, B 9.8a T HLA ) 1A B TR R AR S it 28 CRBEZR) . R an ik 43 4 s,
T3 P AN Bl BRAR AT fEAE~1.78 Ga B 1.32 Ga WA 240, I AR5 2 (E
KA,

~1.32 Ga £~1.21 Ga, RILHIRNRES it 2 5P WA, W —HA1E
~1.32 Ga Z JG AT Be & T ARIKIES L (K 9.8a). H:T~1.24-1.21 Ga iy i
W E R, ~1.32 Ga Z 54t 5 BORF Py i db s B o e (E
9.8b).
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(b)~1.21Ga

K 9.8 Wi F #~1.32 Ga (a) &~1.21 Ga (b) AL S5HAFWAHNAIE. (a) T
~1.8-1.3 Ga ALK A HBREAR (LDt R il (th) R =3 ] DL AHALK)
~1.78-1.32 Ga MR Lk CHLIEEZR); 1M 1.32 Ga 2 Ja —#H A ANFEMMRAE Lk, BEHATAE
KATHE. @wEN S R EE, FIRT LG RI~1.32 Ga R RS 2 Sk AN HE I ) e
¥ i1 Zhang et al. (2017) $2H. (b) EER~1.21 Ga At 5 KFI WA HIAL B oy ik
FIMEAFER, BN Gas MUK IHEN R ER . JER ORI RS R H Li and
Evans (2010). BRFLEF4SH 0K 9.4, NCCHEAbFiiril, NAC—ILM T Hiil, WAC-puiH
sehiil, SAC—F il .

Fig. 9.8 Paleomagnetic reconstruction between the NCC and proto-Australia at ~1.32 Ga (a) and
~1.21 Ga (b). (a) Selected ~1.8—1.3 Ga paleomagnetic poles showing the comparable APWP (bold
yellow line) between the NCC (red) and the NAC (green); while the different APWPs after ~1.32
Ga indicating their separation. Insert figure showing schematic paleogeography corresponding to
the similar paleomagnetic reconstruction. The comparable model of the ~1.32 Ga radial dykes and
plume centre was proposed by Zhang et al. (2017). (b) showing the relative configuration between
the NCC and proto—Australia at ~1.21 Ga. The paleopoles are marked with ages in Ga. Dashed poles
have putative ages only. The proto—Australia configuration is after Li and Evans (2010). Euler
rotation parameters are in Table 9.4. NCC—North China Craton, NAC—North Australian Craton,
WAC—-West Australian Craton, SAC—South Australian Craton.
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9.3 FRAL AN AR I i H~1.8-1.3 Ga i HuRE )

Table 9.3 Selected ~1.8—1.3 Ga paleomagnetic poles for the North China and Australia blocks

F5 AART i (Ga) WEECN) REFECE) As(?) HKERFET S CER
fe bR B
1 REH K LA 1.78 50.2 263.0 4.5 +++—+++  Zhangetal, 2012b
2 RATHM GG RE 1.78-1.76 36.0 247.0 3.0 +++++—+  Hallsetal., 2000
3 P L 31 o Rl 1.78-1.76 35.5 2452 2.4 +++++-+  Xuetal, 2014
4 ST B A -3 AR 1.68 55.6 258.1 7.2 et AT T
5 JE LRI B X 25 A8 L 2H R 3-15 R A 1.71- 1.61 60.6 267.0 3.7 —++++++  Zhangetal., 2006
4+5  ~1.68 Ga Al =B LA 4G -18 KA ~1.68? 59.8 265.3 3.3 . N 3 i
6 7 L AL S 1 XA A AN = s b 1.64-1.62? 41.0 224.8 11.3 —++—+++  Zhangetal, 2006
7 w B HEHE o 1.53? 17.3 214.5 5.7 —++++++  Wuetal, 2005
8 # B EHA s 1.53? 2.4 190.4 11.9 —-++++++  Peietal, 2006

i) ELERIG 2H A K 1.44 11.6 187.1 6.3 FH+++—+ R, 2005
10 G SR PR 1.32 5.9 359.6 43 +++++—+  Chenetal., 2013
11 FR. BV, PAbhECA R (BRI LIP) 1.24 2.6 165.1 10.8 R N 1 51k
12 B P A RERE 1.22 16.0 180.3 6.6 +++++—+ T4k, 2017
13 FExHRHER (VGP) 1.21 -23.0 92.5 6.1 ot —+—+ AHFF
DN IRIAGEES
14 Elgee 1 Pentecost 21 >1.79 5.4 31.8 3.2 A I\;’il%i(a)l(r)r(l)s;, Szcolggldt and
15 Hart 5 IR/MESE A 1.79 6.9 2.6 12.0 +++—-+++  Kirscheretal., 2018a
16 Peters Creek ‘K 1115~ 3 1.725 26.0 41.0 4.8 tH+++++ Idnurm, 2000
17 Wollogorang 41 ~1.73 17.9 38.2 7.2 T+ttt Idnurm et al., 1995
18 Fiery Creek 41 1.71? 23.9 31.8 10.4 -—t+-—+—- Idnurm, 2000
19 West Branch ‘K 117+ 1.71 15.9 20.5 11.3 +++++——  Idnurm, 2000
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F5 AART i (Ga) WEECN) REFECE) As(?) HKERFET S CER

20 Mallapunyah £ 1.67-1.65 35.0 343 3.1 +++++++ Idnurm et al., 1995
21 Tooganinie 21 1.65—1.64 61.0 6.7 6.1 +++++++  Idnurmetal., 1995
22 Emmerugga 1% 1.65—1.64 79.1 22.6 6.1 +++++-—  Idnurmetal., 1995
23 Balbirini [z~ N6 1.61 66.1 357.5 5.7 +++—+++  Idnurm, 2000

24 Balbirini [z %4 L6 1.59 52.0 356.1 7.5 +++—+++  Idnurm, 2000

25 WAC- Gnowangerup-Fraser ¥ 5 121 55.8 143.9 6.5 ++++44_  [Pisarevskyetal,

2014b
RUATIRIERT IR . Aos 9 95%EEMAIA . SR T (Van der Voo, 1990) MAEAEAKICH: A A H BOVKHIIER I FEGE AL RS I, 78 2 HOFE

i (N>24) DLRATEERIGETE (k =10, Ags < 16.0°); S & IiRHE: 1ERVEFAMGLS: A HE B RFEh| DL se bl FO MG P ISl AN SRR
1u . %?ﬁ&ﬁ%ﬁ‘j‘*ﬂ?yﬂ “_’_», K?ﬁ&ﬁﬂ‘*ﬂ?j‘j “_»

R 9.4 WL S ORI 40 HESL)

Table 9.4 Euler rotation parameters (to the absolute framework)

SLPLE KPR E CN)  BREARZE (E) e (°) g oRliil BRALARLEE (°N) BRHIMR 2 FE(CE) e (°)
1.32 Ga (£ 9.32) ~1.21 Ga (3 9.3a)

1k -32.72 —44.19 ~124.58 1k -28.56 -59.28 -101.23
JbR —4.44 -55.92 ~178.78 JbR -8.42 -80.02 -132.82
[iipld ~7.96 —47.31 -214.38 [iipld ~14.45 —67.02 -162.38

[Eapl:) -7.96 —47.31 -214.38 [E3pid —-14.45 —67.02 -162.38
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9.4 K EE R HLET 2R
Zhang et al. (2017) EZIHIT~1.32 Ga BURCR 28 A B BOE R T 420 R BB

SAGBAGA . ASCE R R, i g ~1.78-1.32 Ga 465 Fi
Bz B (8] 9.8a) 5 LIABIRARML. JLIREE 7e & 2 (McArthur Basin)
Wil oy 5edbakir 2448 B MM (Zhang et al., 2017), (B A0 AH AT AS TG 40
&b A A AR SRR RPN A A S H T (package):
Redbank (~1.82? —1.71 Ga). Goyder (1.71-1.67 Ga). Glyde (1.67-1.60 Ga).
Favenc (1.60-1.58 Ga) Ml Wilton (1.5-1.35? Ga), AN ICAEAN [ [H 7 &1 5
B AR R HIESTAR (Ahmad et al., 2013; Rawlings, 1999). 7 3%k Bl 37 v ] %
Z ALY Katherine River #£ (~1.82? —1.71 Ga) F1 Parsons Range #f (~1.71—
1.67 Ga) M ZEHF R McArthur # (~1.67-1.60 Ga). Nathan #f (~1.60-1.58
Ga) Fl Roper # (~1.5-1.35? Ga), #H 5#IT RS ML, HBERN =&
Z[E) R AR DG o

(1) 2 A IE

e b IT 2L AL IS T B 255 2 ML 7E~1.70-1.60 Ga BJ#EZWE B UIAR, JH
IR EL A VIR R KIR M e b iE~1.64 GaHam) (B 9.9),
f£~1.40 Ga Z Ja WAL FRIE G A N ERPTI . ~1.70-1.60 Ga —3& ¥ ARG AH
PURRIAEE (Rawlings, 1999; i@ £ LA X EAL, 1998), (HHEbbA/ X DL 7 i 2
AR . MRS KRR L TS FERDIBHZ RS KROIBA
5 bR T R R AR A TE R AR B 0] R85 22 v B 55 2 hh 2 v BT R P 11
AL FET B RS 78 Parsons Range BEM NS —3, {H H wi*t 2 7o b 5%
AT S TR T D (Ahmad et al., 2013; Rawlings, 1999). 16K IR R4k
WATTR T W ], 58 S s ¢ (WRERTE, 1997), 1 [ I AL 22 5

BRI AT B 5 R TE S ¢ (FIE 8 50 91 Ahmad et al., 2013).

B F M EAZ WAL Valeria lophostriata R U BLLEIL T R A 130 K
I ZR R DL K 5 v ] B Y Mallapunyah 20 (/& 9.9) (Javaux and Lepot, 2018;
Lamb et al., 2009). XLV AT ER RN A R A MBS, A RO %KS0
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Fig. 9.9 Time—space diagram outlining tectonostratigraphic correlations between the Yanliao Rift of
the NCC and the McArthur Basin of the NAC. Columns of the Yanliao Rift and McArthur Basin
are compiled after Su et al. (2010) and Ahmad et al. (2013), respectively.
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AR TR S R AAEAR — 5. o, #MOCHR~1.70 Ga ZHTHIHLE,
{HL 32 70 ] 355 72 M BN A5 47 HROE 3% T ~1.70 Ga Z BTRDE N EMIPIA. 54k, bk
K 1.58-1.50 Ga #AAIfic 5% (&1 9.9), X PRk AT AE /2 BT Mount Isa i& LU
(K511 (Rawlings, 1999). Isan i (7 H g T 22 5o B] 58 220 b 1K) 2R o 5, FLAE
~1.60-1.50 Ga [f1i& IL{E 51K T E-W & NWW-SEE [ A~ [F] 72 B ¥ 1 748 i
Wi 2052 R DL R X M 3R (Giles et al., 2006; O’dea et al., 1997;
Spampinato et al., 2015). IXEE{EH 5] 7 481X {2 v fi] 35 2 NEE-SWW [a] [
%% (Rawlings, 1999). Btz 4b, &5t 2 A —Eth ol 58 KU RS
[ 254k, (Ahmad et al., 2013) 52,

(2) FHINERFT

FEMEILHLX, ~1.73 Ga K% mHEME SR N T K d a A oot (& 1 M
K] 8) (Pengetal.,2012). SUEML, ~1.73 Ga 1] Oenpelli ZEMH AR OBFELRAE) 12
A Katherine River B4 (B 9.9) K&ABIX 1) Pine Creek i& L7 (Whelan et al.,
2016). ZJ5, TEZ B EM AP, ~1.72 Ga [ Jimbu {& & H =26 T
Katherine River £t (18 9.9), 1Z4ERE SHKATES, &K A SR &
F i (Rawlings and Page, 1999). 1E~1.73-1.68 Ga, IABIAL KA BE #1AE K 7
RHE . S KA DURIRMEAE A S R NG SR (K 3.8¢ F1IE 9.9).,
Fah, HEITRAIETE T ~1.64 F1 1.62 Ga IR LmEA; T R R KL 2K AE 22 5 i
B tirh K I (Page et al., 2000; 5K 75, 2013; FifAEAZEK, 1991) (&
9.9), FHRERX AN AR K 1L A 7E 2 BR3A7 H: AN 2 (Ernst and Youbi, 2017),
Yo X AT REAL TAHAR R X [RIIF,  1.49-1.48 Ga K I AR FEIX IS G
T E G IE (Ahmad et al., 2013; Z5FRHP4E 2014) (& 9.9).

~1.32 Ga WEMER NS AAICx (K 9.9): bl KIS b
Bt (13264 Ma) M EREE (~1323Ma) (K 3.4) (Peng, 2015b; Zhangetal.,
2017), LAKALEAY Galiwinku A 55HE (1324-1329 Ma) il Derim—Derim 7 AR AE
(1324 + 4 Ma) (Whelan et al., 2016). 1k 1.32 Ga ‘H# 3 A/EAE HHA>1.2 x 10°
km?, JFAERAERBTRGE BT, DURAR N AR JEVE, DR e AR iR ok
e (Zhangetal., 2017). JbiE Galiwinku 2 557 M Derim—Derim & PR [FFE 72
H T A X (Whelan et al., 2016), B 7] G2 8+ (1) =4 . Zhang et al.
(2017) INRFILRA FHIRH S H EF AN RNAES GEHE LT DIRER
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BT 555 7 b Roper B 5 H IR R Z AIIAEE SR 1.32 Ga KKBUE B Z AT fA
T, AR AT B85 WU RS A K ik 1 AR A %

gi b, AN IR O XA A A R A AR AL SR PE AR PE B AR N, A K
JLAE RGBT, X 7R A XA 1 52 089 2l B AT Al e i — Sk .

(3) W =Bt

FEFEIT A6 B R DL R i bl SR 7 Nathan BEI A =5, RIVE M
(Fan et al., 1999; Ferenczi, 2001) (& 9.9). %&f™ ¥ LA KL 35 B2 IR B A BKCHR 7=
tH, AR IR REYRRY T, IR 2 A [F] B TR A8

TEXPAN G, WERBUA S Z (9.9, 2 5wk 3k A1l Roper #f_F36
(] Sherwin ZHHH U . WA LA R A L,  FF I T B ERRL 3 SR 1)k
5, A TR BRI G4 e A0 254K (Ferenczi, 2001). R0 i R4k A el 412k
0 DA SRR SR Sl A AR S TE A VR G 228 B 4K, 74k
FERL (BEA) R4h. EHOIRE T GIRHMTE (1.40-1.35? Ga) RIAEIR
(25T A /DB /REET (Tang et al,, 2018). ZEE0 &G /NN LA,
vt BHE R R R TR R AR TR Bk (Tang et al., 2018).

(4) RISV

1 3 7 ] 55 7 32 5 BT R BE AN Roper BEP R IA JLEREE (B 9.9
(Ahmad et al., 2013). Hr, 7£~1.64 Ga I ZE P HRERRA NS E (TOC;
Ak 8%) LA B m AR (HD, i 8 B A B A (Lee and Brocks,
2011). Roper #FHEE TOC £ 1-3% (W =ik 8-12%), HIZEALECK (Volk et al.,
2003). HUbKRLL, FHICREHZE WY TS WmE S (8 9.9, H, KW
APELL N G TOC & &5 38 0.6-15% CFEI2%) K 3-21% CF145.2%)
(Zhao et al., 2018).

gi b, Aedb e hl S AR T BB I ~1.73-1.32 Ga FLA 2 45 (1 Hh 5 R oL,
ALFEHEL ZEA M2 s TR L A T B . IR S B IR AR B
M7~ F TR NSRStk . RIS, ol MR 00 B T A 5 U IR S B T Y 2
%50 N w8 070 2 TS B LY 100 A v S vk S 8| e | 2 S50y R A B [ 2 ¢
KRN ARIE . AR 2k R, 7E~1.32-1.21 Ga WifFi RS2, ArRext
i T ~1.32 Ga KA B R GFT, I SHEABEYE.

Wang et al. (2015a) 1L 1.24-1.21 Ga ‘HHRAEH 55516, P8 Hu A 36 1]
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PEHTRF PR IE~1.27-1.21 Ga HrE RAEHELR R, DONEATRE F— g,
AR T BX L HUATE~60 Myr A5 B I [7]—#4 5 (Wang et al., 20152), 5428k
R A ) AL AN, G R EAR I B FE U5 T (Pisarevsky et al.,
2014a). ASCHRH —A AT BERUARRE: BRI KBS B 7T BEAE~1.32 Ga I g AT
HUGESI =Y. AR R EOR, ~1.32 Ga 2 EHedb S Auh T LR,
I 2 R 1E B G R 2 R AL AE~1.24-1.21 Ga 1R AT REAL T I 2R T .
M4Edt~1.32 Ga Mi~1.24-1.21 Ga ‘& #AE A AHALH) eNdt {H (0-2; Peng et al., 2013;
Wang et al., 2016b; Zhang et al., 2012a), W7~ A BEAFLLIIA HIRIX . HA% LA
AR R 2 R (] 6.2) FIREERAN IR G AR IREE . IS RLFR B4 & 7
FEEE SR, (HAE, M= AR T 2R, H R LLAIBi~1.24-1.21 Ga
BRI B R BER T @i s .
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F105F St REFEREIRE

(1) ARBEFOE S R A B TR i B o % ks B R 3RAe T AR dl e
PO T4 S BE T RAERSY (1233 £27 Ma. 1206.7+1.7 Ma. 1214.0 +
4.9 Ma 1 1236.3 + 5.4 Ma).

(2) BT 1.24-1.21 Ga FEMER NS IE AR . WAZFEZ i
WAL SR IR KGR A, 4 N EIOR K US4 .

(3) IR RCE AR AT, S A R AR, AR ARG T 4R
JE e Hiif~1.68 Ga HHUREM (59.8°N, 265.3°E, Aos = 3.3°), ~1.24
Ga dibREN: (2.6°N, 165.1°E, Ags = 10.8°, 9 2cAH%, @il Mtk
) LLR&~1.21 Ga EHbREM (-23.0°N, 92.5°E, Aos = 6.1°, 1 %7
W)

(4) 38R HG R R S i e f) oy AR, AR SO AR AL 5 ORI T it B
1E~1.78-1.32 Ga B A 554, 1E~1.21 Ga b T/ BIRF .

(5)  Aedbaer R b X 5 LR 22 v ) 35 b b X 2 St AR A
N W2 B0E S S 55 2 05 T R B AR, SCRFIUI/AHE b
B R i s S A G ZR AL B -5 ORI PG L B R SR 2

KR FLRE AT BRI 50 S5 FEARAIE T A b 5K T i e ~1.78-1.32
Ga MR ARG, (HAREBIZ ZF ZMNRSG 7, B 28 Al /E A
Ed WA, WGEMAMITA MG L, SWRE LA WRAE,
Z ARy SR o[BI DL b e A B AR AR N AR BT 7T, X B AR AT FE A
PG R B ) L. T3 4h, ASHFFUIR BIE~1.32 Ga WK ERE, HHZEA
BEVENWERL, EXABEYER W URIR ST, W R SRt A A
P PR (AR B R R, BhAh, XI~1.24 Ga 7535 (1L % K 56 A7) SR A7 72 SO
AR SCIEASBE U B R B 1 L BRI B R A R, B B AR 9% L o 1) e 1 B
E TR R o X T A I i, Rt 2B AR
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Supplementary Table. Complied whole-rock geochemistry data of 1.24-1.21 Ga intrusions in the North China Craton

B %

Sample 517MJG1 05LC06 07MY12 DHZKOI-1 DHZKO1-2 DHZKO01-3 12JP01-1 12JP01-2 11JP14-1 12JP03-1 12JP04-1 12JP07-2
Reference 1 2 3 4 4 4 5 5 5 5 5 5
SiOs 50.1 49.1 49.1 48.8 47.9 48.3 48.0 48.1 49.9 43.8 42.6 45.4
TiO; 291 2.66 2.50 1.95 1.93 2.70 2.16 1.84 2.67 2.71 2.66 2.82
ALO; 12.9 14.1 134 14.5 15.0 14.6 17.2 17.8 14.6 17.2 16.9 17.3
tFe;03 13.3 15.9 16.2 13.4 13.3 14.4 10.7 9.7 13.0 13.9 13.8 11.5
MnO 0.23 0.24 0.19 0.19 0.18 0.19 0.14 0.13 0.19 0.18 0.26 0.14
MgO 5.18 3.12 6.05 6.84 7.10 4.74 5.39 4.84 4.92 6.74 7.75 7.01
CaO 8.29 6.44 9.33 9.73 9.80 7.35 7.69 7.52 8.42 7.27 5.70 8.3
Na,O 2.92 3.03 2.18 2.09 2.02 3.36 5.15 6.63 2.80 4.22 5.12 4.17
K20 1.52 2.26 0.799 0.600 0.760 1.28 0.982 0.884 1.04 1.63 0.690 0.78
P20s 0.55 0.87 0.26 0.20 0.17 0.34 0.47 0.32 0.51 1.47 1.28 0.49
LOI 1.74 2.60 1.46 2.28 2.60 3.44 1.91 1.78 1.98 0.56 2.86 1.71
Total 99.6 100.3 101.4 100.6 100.6 100.7 99.7 99.5 100.0 99.6 99.6 99.6
Mg# 43.8 28.2 42.8 50.6 51.7 39.7 50.3 49.9 43.2 49.3 53.0 55.0
Cr 205 6.49 178 168 208 61.6 73.0 55.0 107 15.0 34.0 68
Ni 73.3 20.0 82.0 75.7 87.5 33.6 36.0 31.0 50.0 40.0 52.0 50.0
Rb 61.6 68.8 16.3 16.4 24.8 353 26.0 25.0 27.0 77.0 36.0 25.0
Ba 661 1545 318 323 320 382 424 362 552 1023 702 334
Th 5.01 4.45 2.15 1.5 1.24 1.98 3.35 3.57 34 0.869 0.856 1.70
U 1.09 1.11 0.500 0.340 0.340 0.500 0.778 0.837 0.733 0.293 0.205 0.523
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Sample 517MJG1 05LCO6 07MY12 DHZKO1-1 DHZKOI-2 DHZKO1-3 12JP01-1 12JPO1-2 11JP14-1 12JP03-1 12JP04-1 12JP07-2

Reference 1 2 3 4 4 4 5 5 5 5 5 5

Nb 26.6 335 16.5 14.5 12.9 23.9 29.0 27.0 25.0 14.0 18.3 22.0
Ta 1.71 2.27 1.13 1.07 0.95 1.77 2.39 1.95 1.79 1.61 1.69 1.63
La 44.6 56.2 21.5 21.5 16.4 35.7 35.0 30.0 36.0 30.0 28.0 21.0
Ce 96.2 122 47.7 48.8 37.3 81.7 79.0 70.0 77.0 70.0 66.0 46.0
Pr 12.4 15.9 6.29 6.40 5.06 11.2 10.0 8.48 10.2 9.56 9.27 6.22
Sr 440 553 364 353 382 384 725 1052 651 550 627 705
Nd 53.6 65.6 26.0 29.3 22.7 48.0 39.0 32.0 46.0 41.0 39.0 25.0
Zr 349 436 143 135 117 213 230 212 310 172 178 142
Hf 9.13 10.7 4.00 4.75 3.70 6.27 5.34 4.88 8.58 4.01 4.14 3.34
Sm 10.7 13.7 5.86 6.47 5.07 10.3 7.79 6.43 8.39 8.69 8.52 5.50
Eu 4.15 4.34 2.02 2.26 1.88 342 2.82 2.54 3.18 3.51 3.11 2.16
Gd 9.22 11.1 5.16 5.43 4.23 8.32 7.40 6.15 8.00 8.69 8.46 5.29
Tb 1.25 1.57 0.760 0.920 0.760 1.39 1.04 0.866 1.29 1.31 1.29 0.783
Dy 6.57 8.25 4.37 5.51 4.51 8.00 4.95 4.08 6.09 6.73 6.64 3.79
Y 30.6 32.5 19.7 23.3 19.3 32.6 25.0 21.0 29.0 39.0 38.0 19.8
Ho 1.23 1.52 0.84 1.02 0.84 1.40 0.921 0.768 1.12 1.36 1.35 0.715
Er 2.94 3.95 2.15 2.75 2.31 3.78 2.28 1.91 2.74 3.56 3.55 1.77
Tm 0.410 0.520 0.310 0.420 0.360 0.550 0.304 0.256 0.429 0.494 0.487 0.24
Yb 2.50 3.11 1.90 2.38 2.08 3.20 1.83 1.55 2.66 3.07 3.02 1.41
Lu 0.380 0.460 0.270 0.430 0.410 0.640 0.265 0.228 0.338 0.472 0.463 0.206
La/Ybn 12.8 13.0 8.12 6.47 5.64 8.00 13.7 13.9 9.71 7.01 6.65 10.7
REE 246 308 125 134 104 218 193 165 203 188 179 120
Eu* 1.28 1.08 1.12 1.17 1.24 1.13 1.14 1.23 1.19 1.23 1.12 1.22

tFe203 = LL Fe,03 £IEMI 4 8k: Mg# = 100 x MgO/ (FeOpwm + Mg0), 73 FL; Eu* = Eun/[(Sm) x (Gdn)]"2; La/Ybn: ZERKIBAArAEIL LLIE, FrifEfuid
>k H Sun and McDonough (1989). 2% #ik: 1. Wang et al., 2016b; 2. Peng et al., 2011a; 3. Peng et al., 2012; 4. fH¥RHEF, 2014; 5. Wang et al., 2015a; 6. Peng et
al., 2013
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Sample 12JP07-3  12JP07-4 12JP07-5 12JP08-1 12JP09-1 12JP11-1 OCY27-1 13JP03-1 13JP03-2 12LN54-1 13QL12-4 13QL12-5
Reference 5 5 5 5 5 5 5 5 5 5 5 5
SiO; 47.6 44.5 46.5 48.7 43.7 44.9 46.2 52.9 47.7 47.9 48.8 49.9
TiOz 2.31 3.22 2.63 1.09 3.56 3.08 3.56 1.37 3.51 3.02 2.41 2.90
ALO3 17.5 17.7 16.3 19.0 15.3 16.7 13.1 11.0 14.6 12.2 154 13.9
tFe;0s 10.9 11.8 11.9 8.0 13.8 12.4 16.0 12.4 15.8 14.1 13.8 15.5
MnO 0.15 0.14 0.15 0.10 0.16 0.16 0.21 0.23 0.22 0.20 0.18 0.20
MgO 5.60 6.75 7.11 491 7.92 6.59 6.39 6.88 4.56 6.86 5.18 3.72
CaO 7.84 8.69 7.95 8.38 9.15 8.51 9.87 9.36 7.79 10.3 8.60 7.22
Na,O 4.67 4.14 4.02 6.29 3.52 4.50 2.34 3.81 2.30 2.14 2.73 3.58
K0 0.959 0.758 1.13 0.547 0.450 0.805 0.660 0.704 1.26 1.13 1.09 1.40
P20s 0.72 0.35 0.53 0.49 0.43 0.47 0.26 0.36 0.42 0.46 0.26 0.42
LOI 1.53 1.60 1.46 2.19 1.54 1.60 1.17 0.82 1.63 1.52 1.36 1.06
Total 99.7 99.7 99.7 99.7 99.5 99.7 99.7 99.8 99.8 99.8 99.8 99.8
Mg# 50.7 53.3 54.4 553 53.5 514 44.4 52.6 36.6 49.3 43.0 324
Cr 51.0 64.0 106 98.0 55.0 69.0 201

Ni 35.0 55.0 53.0 17.0 86.0 43.0 64.0

Rb 23.0 28.0 48.0 12.7 12.9 26.0 16.0 7.69 51.0 34.0 28.0 36.0
Ba 428 358 676 240 268 437 307 592 508 618 474 607
Th 2.70 1.41 2.22 2.34 1.37 1.67 1.59 3.51 2.36 2.16 2.12 3.69
U 0.660 0.314 0.521 0.492 0.283 0.360 0.372 0.705 0.470 0.506 0.499 0.851
Nb 23.0 19.0 22.0 12.2 23.0 21.0 24.0 17.3 21.0 16.6 159 26.0
Ta 1.45 1.50 1.76 0.994 1.79 1.64 1.07 1.16 1.37 1.06 1.03 1.59
La 29.0 15.8 25.0 20.0 17.6 19.4 16.6 35.0 27.0 23.0 23.0 40.0
Ce 65.0 37.0 59.0 52.0 43.0 46.0 42.0 84.0 61.0 55.0 53.0 88.0

Pr 8.67 4.89 7.61 6.11 5.77 5.98 5.29 11.0 7.97 7.21 6.91 11.2
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Sample 12JP07-3  12JP07-4 12JP07-5 12JP08-1 12JP09-1 12JP11-1 OCY27-1 13JP03-1 13JP03-2 12LN54-1 13QL12-4 13QL12-5
Reference 5 5 5 5 5 5 5 5 5 5 5 5

Sr 672 689 670 775 673 705 469 445 720 626 455 435
Nd 36.0 20.0 31.0 25.0 25.0 25.0 25.0 51.0 36.0 34.0 32.0 50.0
Zr 178 109 165 133 127 133 132 223 170 175 167 256
Hf 4.79 2.7 3.94 3.12 3.17 3.17 3.68 6.58 4.81 4.56 4.7 7.19
Sm 7.10 4.36 6.53 5.23 5.50 5.34 5.39 10.4 7.11 7.19 6.37 9.45
Eu 2.63 1.81 2.54 2.18 2.14 2.17 2.04 3.34 2.50 3.06 2.14 3.06
Gd 6.85 427 6.37 5.13 5.39 5.19 5.47 10.2 6.97 7.07 6.18 8.97
Tb 0.960 0.635 0.938 0.742 0.817 0.770 0.778 1.40 0.939 0.910 0.851 1.17
Dy 4.77 3.15 4.60 3.56 4.10 3.76 4.06 7.53 4.99 4.53 4.57 6.20
Y 23.0 16.3 24.0 18.5 21.0 19.6 16.2 35.0 24.0 18.3 22.0 30.0
Ho 0.900 0.601 0.882 0.673 0.785 0.712 0.729 1.40 0.928 0.804 0.871 1.16
Er 2.19 1.49 2.20 1.66 1.96 1.75 1.95 3.60 2.36 2.20 2.27 3.03
Tm 0.310 0.204 0.297 0.224 0.265 0.233 0.248 0.504 0.333 0.264 0.334 0.437
Yb 1.76 1.21 1.78 1.32 1.59 1.39 1.58 3.09 2.04 1.69 2.07 2.71
Lu 0.260 0.177 0.262 0.195 0.234 0.202 0.220 0.428 0.282 0.238 0.291 0.373
La/Ybn 11.8 9.37 10.1 10.9 7.94 10.0 7.54 8.12 9.49 9.76 7.97 10.6
REE 166 96 149 124 114 118 111 223 160 147 141 226
Eu* 1.15 1.28 1.20 1.29 1.20 1.26 1.15 0.99 1.09 1.31 1.04 1.02

134



Bt o

By - &

Sample 13QL12-6 13QL12-7 12QL16-1 13QL16-2 13QL16-3 08YS-61 08YS-62 08YS-63 08YS-65 08YS-67 08YS-68 08YS-69 08YS-71
Reference 5 5 5 5 5 6 6 6 6 6 6 6 6
SiO; 47.8 48.6 49.3 47.1 47.3 46.4 46.3 46.2 46.7 45.6 46.7 46.1 46.3
TiOz 2.12 2.01 2.11 2.38 2.04 3.31 3.49 3.30 3.12 3.56 3.18 3.47 3.38
ALO3 14.3 14.1 15.2 14.0 14.2 12.6 12.5 12.6 12.9 11.9 13.1 12.4 13.1
tFe;0s 13.5 13.0 13.0 144 13.0 16.7 16.8 16.6 16.4 18.1 16.2 17.0 16.3
MnO 0.19 0.18 0.18 0.19 0.19 0.21 0.22 0.21 0.21 0.23 0.21 0.23 0.22
MgO 6.51 6.81 6.05 5.90 5.73 6.19 6.25 6.13 6.16 6.45 5.97 6.22 5.56
CaO 9.14 8.80 9.47 9.77 9.64 10.0 10.0 10.0 10.0 9.87 9.94 10.0 9.83
Na,O 3.39 3.82 1.88 3.68 5.34 2.34 2.28 2.68 2.32 2.17 2.37 2.36 2.39
K0 1.08 0.907 0.959 0.695 0.810 0.670 0.670 0.680 0.680 0.690 0.680 0.660 0.510
P20s 0.21 0.21 0.21 0.20 0.18 0.41 0.41 0.39 0.40 0.39 0.40 0.39 0.45
LOI 1.60 1.45 1.48 1.56 1.34 0.62 0.62 0.71 0.71 0.63 0.80 0.63 1.51
Total 99.9 99.9 99.9 99.8 99.8 114.7 114.9 114.7 114.5 116.0 114.3 115.0 114.5
Mg# 49.1 51.3 48.2 45.1 46.8 42.5 42.6 42.4 42.9 41.7 42.4 42.2 40.6
Cr 142 137 234 133 140 144 150 110
Ni 71.0 69.0 107.0 65.0 83.0 69.0 78.0 60.0
Rb 25.0 18.6 27.0 16.7 19.3 18.0 18.0 19.0 18.0 19.0 19.0 19.0 14.0
Ba 272 287 381 259 398 380 379 388 387 384 393 393 337
Th 1.65 1.56 1.67 1.53 1.55 1.61 1.52 1.52 1.59 1.62 1.56 1.61 1.79
U 0.387 0.348 0.365 0.335 0.338 0.350 0.370 0.360 0.370 0.370 0.360 0.380 0.380
Nb 13.5 12.5 13.8 12.5 13.2 19.2 19.5 19.3 18.1 20.1 18.4 20.2 20.9
Ta 0.916 0.768 0.816 0.749 0.785 1.27 1.28 1.26 1.19 1.28 1.19 1.34 1.32
La 17.7 16.8 17.2 16.3 16.4 23.6 23.3 23.6 24.0 23.7 23.9 24.4 26.6
Ce 43.0 40.0 41.0 40.0 40.0 54.0 53.7 534 54.4 54.6 54.1 554 60.0
Pr 5.54 5.24 54 5.23 5.14 6.44 6.37 6.44 6.37 6.51 6.44 6.7 7.11
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Sample 13QL12-6 13QL12-7 12QL16-1 13QLI16-2 13QL16-3 08YS-61 08YS-62 08YS-63 08YS-65 08YS-67 08YS-68 08YS-69 08YS-71
Reference 5 5 5 5 5 6 6 6 6 6 6 6 6

Sr 412 400 450 444 429 524 511 530 526 493 553 535 539
Nd 26.0 25.0 26.0 25.0 24.0 30.6 30.6 30.1 30.0 30.8 30.1 31.6 333
Zr 142 129 140 129 135 215 219 222 211 219 214 224 230
Hf 4.05 3.79 4.08 3.81 3.94 4.75 4.86 4.85 4.74 4.96 4.78 5.00 5.23
Sm 5.45 5.12 5.25 5.22 5.06 6.04 5.97 5.78 5.97 6.15 5.87 6.21 6.5
Eu 1.86 1.75 1.83 1.79 1.79 2.34 2.31 2.33 2.27 2.34 2.39 2.44 2.50
Gd 542 5.13 5.22 5.20 5.07 4.95 4.89 4.97 4.76 4.77 4.96 4.94 5.11
Tb 0.763 0.718 0.722 0.712 0.714 0.810 0.800 0.800 0.790 0.820 0.800 0.830 0.840
Dy 4.22 4.02 4.04 3.99 4.04 4.69 4.56 4.52 4.52 4.78 4.52 4.73 4.75
Y 21.0 19.7 19.9 19.5 19.8 24.1 23.8 23.8 23.5 24.3 23.6 24.8 25.5
Ho 0.816 0.78 0.778 0.770 0.782 0.870 0.850 0.850 0.830 0.870 0.850 0.880 0.900
Er 2.22 2.07 2.06 2.07 2.10 2.19 2.24 2.26 2.21 2.32 2.24 2.36 2.39
Tm 0.319 0.300 0.307 0.301 0.313 0.29 0.300 0.290 0.280 0.310 0.290 0.300 0.310
Yb 2.02 1.89 1.94 1.90 1.98 1.92 1.89 1.82 1.79 1.94 1.79 1.96 1.99
Lu 0.281 0.261 0.260 0.254 0.265 0.280 0.270 0.280 0.270 0.280 0.270 0.290 0.280
La/Ybn 6.29 6.38 6.36 6.15 5.94 8.82 8.84 9.30 9.62 8.76 9.58 8.93 9.59
REE 116 109 112 109 108 139 138 137 138 140 139 143 153
Eu* 1.05 1.04 1.07 1.05 1.08 1.31 1.31 1.33 1.30 1.32 1.35 1.35 1.33
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ABSTRACT

It has been proposed that the assembly of the supercontinent Nuna (also known as
Columbia) occurred during ~1.8-1.6 Ga, and that of the supercontinent Rodinia
occurred at ~1.0-0.9 Ga, but the exact configurations of the two early supercontinents
are still in debated. The North China Craton (NCC) has abundant Precambrian
geological records, but its positions in the two supercontinents are still controversial.
This study aims to explore the position of the NCC in Nuna through geochronological,
geochemical and paleomagnetic analyses of mafic dykes in the Jidong, Luxi and
southern Taihang regions. Through baddeleyite U-Pb analyses, dykes with ages of
1233 + 27 Ma (SIMS), 1206.7 £ 1.7 Ma (TIMS), 1214.0 + 4.9 Ma (TIMS) and 1236.3
+ 5.4 Ma (TIMS) have been identified. The ~1.24-1.21 Ga magmatism in the NCC is
subalkaline to alkaline basaltic composition. Geochemical data indicate an intraplate
tectonic setting with ocean island basalt (OIB)-like trace element signatures.
In addition, the radiating dykes cover an area of > 0.1 Mkm?, indicating a ~1.24—1.21
Ga LIP event caused by a mantle plume in the NCC, namely the Licheng LIP. Detailed
rock magnetic and paleomagnetic analyses have been carried out on these and other
previously dated mafic dykes, with ages of ~1.68, 1.24 and 1.21 Ga in the three
previously mentioned regions of the NCC. Rock magnetic experiments, including «—T
curves, Lowrie and hysteresis loop experiments show that the main magnetic carrier is
the paleomagnetically stable single (or pseudo—single) domain low—Ti titanomagnetite.
Three ~1.68 Ga dykes give a mean paleopole at 55.6°N, 258.1°E (Ags = 7.2°).
Combining this pole with previously published data from the <1.71-1.61 Ga (best
estimate ~1.70—1.67 Ga) Yunmengshan Formation in southern NCC, these units give a
mean ~1.68 Ga paleomagnetic pole at 59.8°N, 265.3°E (Ags =3.3°, N=18). Nine ~1.24
Ga dykes give a mean paleomagnetic pole at 2.6°N, 165.1°E (Ags = 10.8°), supported
by a positive baked contact test. One ~1.21 Ga dyke give a VGP at -23.0°N, 92.5°E
(Ags = 6.1°). Comparable coeval paleopoles and apparent polar wander paths for the
North China and proto-Australian cratons suggest their possible connection during
~1.78-1.32 Ga, but separation after that time.

Such an interpreted long-lived connection is supported by ~1.73—1.32 Ga geological
similarities between the Yanliao rift of the NCC and the McArthur Basin of the North
Australian Craton. Their similarities include (1) comparable sedimentary lithology, and
eukaryotic microfossils Valeria lophostriata, (2) styles of ore deposits (manganese and

iron), (3) hydrocarbon-bearing potential (hydrocarbon source rocks), and (4) coeval
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magmatism (mafic and fesic intrusive magmatism, and volcanic events). In summary,
based on the comparable paleomagnetic data and geological histories, this work
proposes a long-lived connection between the northeastern NCC and northwestern
proto-Australia for the duration of the supercontinent Nuna/Columbia.

Key Words: North China Craton, Mafic dyke swarm, Large igneous province,

Paleomagnetism, Supercontinent Nuna/Columbia
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1. Introduction

Three supercontinents have been hypothesized in Earth’s history, i.e., Pangea, Rodinia
and Nuna/ Columbia (e.g., Li et al., 2008; Rogers and Santosh, 2002; Seton et al., 2012;
Zhao et al., 2002). Among these, the configuration and evolution history of both
Rodinia and Nuna/Columbia are still controversial (Evans et al., 2016). Recent
paleomagnetic and geological studies suggest that Nuna/Columbia may have formed at
~1.6 Ga (Kirscher et al., 2019; Nordsvan et al., 2018; Pisarevsky et al., 2014a; Pourteau
et al., 2018), much later than the previously proposed 2.0-1.8 Ga (Zhang et al., 2012;
Zhao et al., 2002). However, its break-up process and timing are far less well
constrained, with a possible starting age of ~1.45—1.38 Ga (Pisarevsky et al., 2014a).
Evans and Mitchell (2011) proposed that Nuna’s core (Laurentia-Baltica-Siberia) broke
up between 1.50 Ga and 1.25 Ga, marked by 1.38-1.35 Ga and 1.27 Ga magmatic
events. Details of Nuna’s break-up in the Proterozoic are unclear (e.g., Meert, 2014;
Pisarevsky et al., 2014b).

Paleogeographic reconstruction of the North China Craton (NCC) in Nuna is always
controversial (e.g., Hou et al., 2008; Peng, 2015b; Wan et al., 2015; Zhang et al., 2012;
Zhao et al., 2002). For example: (1) the northern part of North China is connected to
the eastern part of India at ~1.8 Ga based on comparison of Central India Tectonic zone
(CIZ) and Trans—North China Orogen (TNCO) and basements, including Archean
crust—forming event, dome and basin structures and metamorphic evolution of the late
Archean granulites (Zhao et al., 2002) and suggested Andean—type continental margin
arc in the south of NCC (Zhao et al., 2011; Zhao et al., 2003) (Figure 1a); (2) the
southern part of NCC is connected to the southwest of India (1.78 Ga) (Peng et al.,
2005), and/or the southeast NCC is connected to the western part of Laurentia (1.78Ga)
(Hou et al., 2008); (3) the southern part of NCC is connected to southern Baltica and
Congo—Sao Francisco craton (1.78 —0.92 Ga) based on magmatic barcode (Peng, 2015a)
(Figure 1d); (4) the northeastern part of NCC is connected to North Australian Craton
(NAC) based on the 1.32 Ga mafic sills and proposed LIP (Zhang et al., 2017) (Figure
11); (5) northern part of NCC is connected to NAC based on paleomagnetic data (Figure
le) (Zhang et al., 2012). There are other versions though (e.g., Cederberg et al., 2016;
Teixeira et al., 2017). In summary, there are wide debates about the paleogeographic
positions of the NCC in Paleo—, Meso— and Neoproterozoic.

Based on previous studies, the applicant carried out geochronological, petrological and

paleomagnetic analyses on the late Paleoproterozoic to Mesoproterozoic mafic dykes
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in the NCC, especially on ~1.68 Ga and ~1.24-1.21 Ga dykes, to reconstruct the
paleogeographic history of NCC by paleomagnetism and comprehensive geological

comparisons.

Figure 1 Reported models showing the NCC and its neighbours in Precambrian.
a: northern part with India by late Paleoproterozoic orogenic belt (Zhao et al., 2002); b:
southwest part with India by 1.78 Ga dykes and rifts (Peng et al., 2005); c: NC, India
and Laurentian connection by late Paleoproterozoic dyke swarms (Hou et al., 2008); d:
Southern part of NC connected with the Baltica Craton and Congo— Sao Francisco
Craton at ~1.78—-0.92 Ga based on dyke swarms (Peng, 2015b); e: Northern part of NCC
with India and Northern Australia by paleomagnetism (Zhang et al., 2012); f: Northern
part of NC with Northern Australia by ~1.32 Ga mafic sills (Large Igneous Province)
(Zhang et al., 2017). Note that the original outline of the NCC in Peng (2015b) showing
in the inset part of d, which reconstruct the sinistral slip of the Tan—Lu fault. NC—North
China; IN-India; NA—Northern Australia; WA-—Western Australia; SA—Southern

Australia; U-Ukrainian; C—Congo; SF— Sao Francisco; LA—Laurentian

2. Geological Background

The NCC (or the Sino-Korea Craton) is the oldest craton in China. It has been widely
accepted that the NCC experienced orogenic movement at ~1.95-1.85 Ga according to
high-pressure and ultrahigh-temperature granulite studies, however, the precise

orogenic time and belt divisions are much controversial (Kusky et al., 2007; Peng et al.,



2014; Zhai and Santosh, 2011; Zhao et al., 2012). The final cratonization of the NCC
occurred at ~1.8 Ga (Zhai, 2011). Four rift systems have developed on the craton, with
their ages ranging from the late Paleoproterozoic to the Neoproterozoic: the Yan—Liao,
Zhaertai—-Bayan Obo—Huade, Xiong’er and Xu—Huai rift systems (Figure 2a).

The Yan—Liao rift lies in the northern part of the NCC. It has two branches: one to the
northeast, and another to central NCC. This rift is mainly filled with the ~1.7-1.6 Ga
sandstones and shales (Changcheng System), the 1.6—1.4 Ga carbonates (Jixian System),
the 1.4—1.35 Ga clastic rocks (Xiamaling Formation), and the possible Neoproterozoic
clastic rocks (Qingbaikou System) (Su et al., 2010). Besides, several generations of
magmatism have been reported in this area, including the ~1.75—-1.68 Ga anorthosite—
rapakivi granite suites intruding the Archean units (Yang et al., 2005; Zhang et al., 2007;
Zhao et al., 2004a), the 1.64—1.62 Ga volcanics accompanying the strata (Lu and Li,
1991; Zhang et al., 2013), the ~1.32 Ga mafic sills intruding several formations (e.g.,
Zhang et al., 2017), as well as the ~1.68 and ~1.23 Ga mafic dykes intruding the
Archean basement (Wang et al., 2016; Wang et al., 2015).

The E-W trending Zhaertai—-Bayan Obo—Huade rift lies in the northern part of the NCC.
It contains four possibly paratactic groups (the Zhaertai, Bayan Obo, Huade and
Langshan groups) outcropped in various places. The sedimentary sequences are
metamorphosed to low grades. Some of the strata have recently been dated with ages
spreading from late Paleoproterozoic to the Neoproterozoic (e.g., Liu et al., 2017).

The Xiong’er rift lies in the southern part of the NCC. It has three branches: two along
the southern margins, and one towards the interior of the NCC. This rift contains mainly
of clastic deposits (the ~1.8—-1.6 Ga Xiong’er, Ruyang and Luoyu groups) and
carbonates (the <1.6 Ga Guandaokou Group). Importantly, 1.78 Ga volcanics are
developed within the Xiong’er rift (Zhao et al., 2004b). These volcanics may be part of
a LIP including a coeval giant mafic dyke swarm (Peng et al., 2008).

The Xu—Huai rift lies in the southeastern part of the NCC. This rift mainly formed in
the early Neoproterozoic (He et al., 2017). Notably, 0.92—0.89 Ga mafic sills are found
intruding several formations of this rift (e.g., Peng et al., 2011a; Zhang et al., 2016).
Episodes of Precambrian mafic intrusions have been reported from the NCC, including
events at 1.78 Ga, 1.73 Ga, 1.68 Ga, 1.62 Ga, 1.32 Ga, 1.23 Ga, 0.92-0.89 Ga and 0.81
Ga (Peng, 2015b). Among them, the 1.78, 1.32 and 0.92-0.89 Ga events have been
widely studied (e.g., Peng et al., 2011a; Peng et al., 2011b; Peng et al., 2008; Zhang et
al., 2017; Zhang et al., 2016).



For the 1.68 Ga generation, two mafic dykes with baddeleyite ages have been reported.
One is from Luxi area, namely Laiwu dyke (LX307; Figure 2b) (Li et al., 2015). This
dyke is NNW (340-350°) trending, yielding age of 1680 = 5 Ma, with ~30 vol.%
clinopyroxene and ~65 vol.% plagioclase (Li et al., 2015). Another one is from Jidong
area, namely Tujiagou dyke (JD689; Figure 2c) (Wang et al., 2016). This dyke is NE
trending (?), yielding age of 1677 = 12 Ma, with typical ophitic texture (Wang et al.,
2016).

For the 1.23 Ga generation, Wang et al. (2015) reported several NE-trending mafic
dykes in the north and northeast of the Jidong area (Figure 2¢), and suggested that the
1.27-1.21 Ga magmatism represents a mantle plume event correlated with similar-aged
events in other continents. The age of this magmatic event was determined by U-Pb
SIMS baddeleyite dating on the Licheng dyke swarm in central NCC at 1229 + 4 Ma
(Peng, 2015b), and on dykes in nearby regions at 1228 + 4 Ma and 1236 + 7 Ma (Wang
et al., 2016; Xiang, 2014) (Figure 2c, d). In addition, one gabbro intrusion with a U-Pb
SHRIMP zircon age of 1209 + 6 Ma was reported from Yishui, Luxi region (Peng et
al., 2013) (Figure 2b) and two dykes with U-Pb LA-ICPMS zircon ages of 1244 + 28
Ma and 1226 + 11 Ma were reported from the east Tan-Lu fault (northeast NCC) (Pei
etal., 2013; Wang et al., 2015) (Figure 2a). Thin mafic dykes in the Bayan Obo region
yielded a Sm-Nd isochron age of 1227 + 60 Ma (Yang et al., 2011).
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3. Field observations, Petrology and Sampling

Most studied dykes intrude the Archean basement (Figure 2b-d). The geological map
shows that the Mipu dyke (MP1050) (Figure 2c¢) intrudes the ~1.56 Ga Gaoyuzhuang
Formation and the older Changcheng Group in the Yan—Liao rift. However, their
relationship is hard to identify in the field as the severe vegetation cover and weathering.
These dykes show varying trends. In the Jidong area, the Laowangjia dyke at
Taipingzhai Town, Qianxi County (JD1027; Figure 2c) is located adjacent to near the
previous studied Laolijia dyke (JD687; Wang et al., 2016). The Laowangjia dyke (about
24° strike and > 30 m wide) intrudes the Archean gneisses with clear but weathered and
fragmented chilled margins. The interior part of this dyke has coarse granular texture
(Figure 3a, b). The Xitongye (JD1008) and Dongtongye (JD1009) dykes show near N-
S trends (striking ~350-002°, azimuth directions). The exposed part of the JD1009 dyke
is ~10 m wide but no margin is exposed. The studied rocks mainly consist of plagioclase
(50-55%) and pyroxene (35-40%) with minor amount of biotite, Fe-Ti oxides and
zircon (Figure 3g, h). The Baihejian dyke (MY 1033) is located northeast of the Miyun
town (Figure 2¢). This dyke has a 35° strike and is approximately 80 m wide with clear
chilled margins (Figure 3c). The rocks are diabase with ophitic texture (Figure 31). The
Mipu dyke (MP1050) is located southeast of dyke MY 1033, in Xinglong Town,
Chengde City. This dyke trends NE. The rocks have coarse minerals but suffered from
weathering.

In central NCC, two dykes (C711 and C716; Figure 2d) intruded the Archean units
(Figure 3d, e). These dykes are over 15 m wide, trending to the NW (~310°). Spheroidal
weathering is ubiquitous (Figure 3e). These rocks are composed of plagioclase (~50%)
and pyroxene (~40%), with hornblende (clear cleavage; 2—-5%), biotite (2—5%) and Fe-
Ti oxides (~5%) (Figure 3j, k). In the Luxi area (Figure 2b), four studied dykes (LX323,
LX1064, LX1066 and LX1068) show NNW trend (~352°) and are 10-20 m wide.
Chilled margins are easily identifiable along contact with the host granites (Figure 3f).
The Jiaopo dyke (LX1064) has been petrographically described by Wang et al. (2007).
It consists of ~40% clinopyroxene and ~50% plagioclase with minor hornblende, biotite,
quartz and chlorite (sample 05SD-21). In general, the plagioclase grains in these dykes
are over 1 mm in length, with various degrees of saussuritization (Figure 3g-1).
Clinopyroxene is fresh and small compared to plagioclase (Figure 3g-1). Fe-Ti oxides
are usually 0.1- 0.5 mm in size and exist as euhedral crystals within a plagioclase and

clinopyroxene groundmass (Figure 3g-1).

10



(a) JD1027

(e) LX1066

% N(h)JD1008. % &

Figure 3 Representative photos of outcrops and block samples (a-f) and thin
sections microphotographs (g-1). Arrows in (b, d-f) indicate (near) vertical and regular
boundaries between mafic dykes and country rocks. Pl-plagioclase, Cpx-clinopyroxene,
Hbl-hornblende, Bt-biotite. Microphotographs (j) and (1) are under single polarized and

(g-1, k) are under cross polarized lights.

For geochronological analyses, baddeleyites were extracted from the Baihejian
(MY1033), Mipu (MP1050) and Laowangjia (JD1027) dykes of the Jidong region
(Figure 2¢). Additionally, one dyke in Qingyuan, northern Liaoning province (sample
12LN54-1; Wang et al., 2015) is re-dated by using baddeleyite U-Pb TIMS method
(dyke QY 1036; Figure 2a). Samples for geochemical analyses were collected from the
Laowangjia (JD1027), Xitongye (JD1008), and Dongtongye (JD1009) dykes of the
Jidong area (Figure 2c¢), from the Wucaizhuang (LX323), Jiaopo (LX1064), Xiayandian
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(LX1066) and Gaojiaweizi (LX1068) dykes of the Luxi area (Figure 2b) and from the
Renjiadong (C716) and Nangou (C711) dykes of the central NCC (Figure 2d).

For paleomagnetic study, 13 dykes have been drilled (Figure 2), excluding the Xitongye,
Mipu and Qingyuan dykes (JD1008, MP1050 and QY 1036), but including the Laolijia
dyke (JD687) and 1236 + 7 Ma Maojiagou dyke (JD517), 1677 = 12 Ma Tujiagou dyke
(JD689) and nearby dyke (JD690) in Jidong (Wang et al., 2016) (Figure 2c¢), as well as
1680 + 5 Ma Laiwu dyke in Luxi (Li et al., 2015) (Figure 2b). For each dyke (treated
as one site), 7—15 oriented samples were collected from scattered outcrops. All samples
were oriented using a magnetic compass, but some also by sun compass depending on

the weather conditions.

4. Research Methods

4.1 Geochronology

Standard density and magnetic techniques were used for baddeleyite separation from
rock powders at the Yu'neng Geological and Mineral Separation Survey Centre,
Langfang City, and the Institute of Geology and Geophysics, Chinese Academy of
Sciences (IGGCAS). The U-Pb dating of sample 1027LWIJ1 was carried out on a
CAMECA SIMS 1280 facility at the IGGCAS, after the procedures illustrated by Li et
al. (2009). Before measurement crystal grains were fixed and polished on a resin disk,
then observed by backscattered electron (BSE) images and by transmitted and reflected
photomicrographs. Standard baddeleyite Phalaborwa was measured to check the Pb
isotope fractionation. Non-radiogenic 2**Pb from present crust is used for correcting the
raw data (Stacey and Kramers, 1975).

The U-Pb dating of samples 1033BHJ1, 1036QY1 and 1050MP1 were carried out on
a Thermo Triton Plus mass spectrometer TIMS facility at Curtin University, Australia.
No pre-treatment methods were used beyond cleaning the grains with concentrated
distilled HNO3 and HCI and, due to their small size, no chemical separation methods
were required. Before measurement, the samples were spiked with an in-house 2%°Pb-
235U tracer solution and dissolved in the clean-lab facilities of the University of Western
Australia. Dissolution and equilibration of spiked single crystals was by vapour transfer
of HF, using Teflon microcapsules in a Parr pressure vessel placed in a 230°C oven for
six days. The resulting residue was re-dissolved in HCl and H3PO4 and placed on an

outgassed, zone-refined rhenium single filament with 5 uL of silicic acid gel. Uranium
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was measured as an oxide (UQO»). Fractionation was monitored using SRM981 and
SRM 982. Mass fractionation was 0.04 = 0.09 %/amu, and U decay constants used were
from Jaffey et al. (1971). Data were reduced and plotted using the software packages
Tripoli (from CIRDLES.org) and Isoplot 4.15. The weights of the baddeleyite crystals
were calculated from measurements of photomicrographs and estimates of the third

dimension.

4.2 Geochemistry

Representative samples were ground into powder at the IGGCAS. The whole-rock
major and trace elements measurements were carried out at the IGGCAS (including
dykes of JD1008, JD1009, JD1027 and C716) and the ALS Minerals — ALS Chemex
(Guangzhou) Co Ltd (including dykes of C711, LX323, LX1064, LX1066 and
LX1068). The loss on ignition (LOI) was determined as the weight loss after one hour’s
baking at constant 1000°C. Powdered samples were mixed with lithium tetraborate and
cosolvent into fused disks and then analysed by X-ray fluorescence AXIOS Minerals
(IGG) and PANalytical PW2424 (ALS). Precision was better than 5%.

At the IGG, samples for trace-element analyses were digested in acid (HNO3+HF) for
seven days at 200°C, then measured by Inductively Coupled Plasma Mass Spectrometry
(ICP-MS) Element. At the ALS, samples for trace-element analyses were dissolved at
high temperature (>1025°C) with Lithium metaborate/ lithium tetraborate, then
constant volume by HNOs;+HCI+HF, and measured by an ICPMS Agilent 7700x.
While, for Cr and Ni elements analyses at the ALS, the samples were dissolved by
HCIO4++HNO3+HF, then measured by an ICPMS Agilent 7900 after HCI constant

volume. The relative standard deviation was better than 10%.

4.3 Rock magnetism, magnetic fabric and paleomagnetism

Rock magnetic analyses include thermal-magnetic experiments (k-T curves) and
progressive thermal demagnetization of triaxially orthogonal isothermal remanent
magnetization (IRM) (Lowrie, 1990). k-T curves were obtained from uniform fine-
powders on a kappabridge susceptibility meter (MFK1-FA) linked with a CS4 furnace.
Representative samples have been magnetically saturated along three mutually
orthogonal axes by 0.12, 0.4, and 3.0 T, then thermally demagnetised in the Magnetic
Measurements Thermal Demagnetizer (MMTD) and measured in a JR-6A spinner
magnetometer. Anisotropy of magnetic susceptibility (AMS) was measured with the

MFK1-FA before demagnetization.
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Most specimens were put through progressive thermal demagnetization, some were
applied to the alternating field (AF) demagnetization. Thermal demagnetization was
conducted in about 17 steps from 100°C to 580°C using an ASC TD-48SC and a
MMTD. The remanent magnetization has been measured in a magnetically shielded
room with a 2G 755 superconducting rock magnetometer with a vertical Model 855
automated sample handler, though sometimes a spinner magnetometer JR-6A was used.
Remanence vectors were computed by principal component analysis (Kirschvink, 1980)
with a maximum angle of deviation (MAD) less than 10° for almost all the samples,
and site-mean directions were calculated directly by stable endpoints with the
PuffinPlot software (Lurcock and Wilson, 2012). Paleogeographic reconstructions were
built with the GPlates software. All analyses have been carried out at Curtin University,

Australia.

5. Geochronology

About 40 baddeleyite crystals were isolated from 20 kg of sample 1027LWIJ1
(Laowangjia dyke-JD1027; Figure 2c). These crystals have a tabular shape (50—80 um
x 10-20 um) and are brownish in colour (Figure 4a). Only six spots (from six grains)
were analysed by SIMS due to the small size of the crystals. 2°°Pb/?**Pb ratios range
from 1069 to 47966. Four have 2°’Pb/?Pb apparent ages of 1202—1246 Ma (Figure 4a;
Table 1). Six analyses yield a weighted-mean 2°’Pb/**Pb age of 1233 +27 Ma (MSWD
=0.55) (Figure 4a). It has been observed that no microcrystalline zircon coatings were
observed around these baddeleyites, so the high uncertainties for the two spots could
arise from common 2%*Pb contamination during analyses, possibly resulting from beam
diameters (30 x 20 pm) significantly overlapping the crystal’s edge (spot 3) or internal
fissures (spot 6) (Figure 4a). Nevertheless, given the overall coherence of the
207pb/2%Ph age, we argue that the 1233 + 27 Ma age represents the crystallization age
of this dyke.

For U-Pb ID-TIMS analysis, five small baddeleyite crystals were analysed from sample
1033BHJ1, Miyun town (dyke MY1033; Figure 2c¢ and Table 1). Calculated U
concentrations were between 85 and 218 ppm. The data are variably discordant (Figure
4b), indicating some degree of Pb loss, probably largely from the microcrystalline
zircon overgrowths. The coherence of the 2°’Pb/2%Pb dates indicates any Pb loss was

recent, which supports our interpretation of the weighted-mean 2°’Pb/?°Pb age
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representing the magmatic emplacement age of the dyke. The weighted-mean
207pb/2%Ph age of all five analyses is 1206.7 + 1.7 Ma (MSWD = 1.09).

Six single baddeleyite grains were analysed from sample 1036QY 1, Qingyuan (dyke
QY1036; Figure 2a and Table 1). The grains are rather small, with calculated weights
of about 0.2 pg and calculated U concentrations between 178 and 276 ppm. As with the
sample 1033QY1, frostings of microcrystalline zircon are considered the source of
analysed material that has lost Pb, resulting in 4 of 6 fractions being variably discordant,
though 2 fractions yielded concordant data (Figure 4c). A coherent set of 20’Pb/?°Pb
dates again indicates that Pb loss was recent, and the weighted-mean 2*’Pb/2%Pb age of
all six analyses is 1214.0 £ 4.9 Ma (MSWD = 0.49). We consider this to represent the
magmatic emplacement age for this dyke.

Four baddeleyite grains were analysed from sample 1050MP1, Mipu dyke (MP1050;
Figure 2c and Table 1). U concentrations range from 139 to 198 ppm. Three sets of data
are near concordant (Figure 4d). The weighted-mean 2°’Pb/?%Pb age of all analyses is

1236.3 + 5.4 Ma (MSWD = 0.2), representing the emplacement age.
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Figure 4 Baddeleyite dating results of mafic dykes. (a) sample 1027LWJ1 from
Laowangjia dyke (JD1027) with mineral picture under transmitted light; (b) sample
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1033BHJ1 from Baihejian dyke (MY 1033); (¢) sample 1036QY 1 from Qingyuan dyke
(QY1036); and (d) sample 1050MP1 from Mipu dyke (MP1050).
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Table 1 U-Pb isotopic data for baddeleyites dating of mafic dykes

Spot 204ph (eps.) 206pp,/204pp 207pp/206Phe +16 % 207pp/206Ph (Ma) +16 %
Samnble 10271.W.I1
1 48.8 1069 0.081 8.59 1217.0 338
2 12.6 6699 0.080 0.66 1202.3 26
3 17.1 7766 0.076 9.58 1084.6 384
4 56.6 1358 0.081 0.89 1232.2 35
5 2.2 47966 0.082 0.48 1246.2 19
6 5.8 17229 0.084 2.12 1303.2 82
Grain wt. U Pb. mol% Th 2%Pp 207pp +20¢ MPb 206 206pp 26 p 206ph/238y 26 207Pbh/2%Ph +26
(ng) (ppm) (pg) Pb* U ™pb  Pb (%) U (%) 2y (%) Age (Ma) (Ma) Age(Ma) (Ma)
Samnle 1033BH.I1
1 0.1 131 0.9 94 0 197  0.0803 0.5 2.186 0.5 0.197369 0.1 0.5 1161.17 1.22 1205 8.8
2 0.1 174 0.3 97 0.1 572 0.0803 0.2 2221 0.2 0.200563 0.1 0.7 1178.34 1.5 1205 32
3 0.1 85 0.3 95 0.1 330 0.0806 04 2218 0.5 0.199551 0.1 0.6 1172.91 1.38 1212 8.2
4 0.1 164 0.5 94 0.1 346  0.0805 0.2 2.087 03 0.188052 0.1 0.6 1110.81 1.19 1209 4.5
5 0.2 218 0.5 99 0.1 977 0.0804 0.1 2.105 0.2 0.18983 0.1 0.8 112045 1.22 1207 2.5
Sample 10360L1
1 0.2 231 0.4 92 0.1 1377  0.0805 09 2.11 1 0.190042 0.1 0.8 1121.6  1.58 1209 17.6
2 0.1 193 0.6 94 0.1 428  0.0803 0.9 2.287 1 0.20659 02 0.7 1210.62 191 1204 17.2
3 0.2 276 3.1 81 0.1 245  0.0808 34 2281 3.8 0204732 04 1 1200.69  4.57 1217 66.6
4 0.2 178 04 97 0 938  0.0808 1.2 2262 1.3 0.203065 0.2 0.9 1191.77 1.91 1216 233
5 0.2 224 0.3 91 0.1 1596  0.0808 04 2306 0.5 0.200913 0.1 0.7 1212.35 1.27 1217 7.6
6 0.2 180 0.3 95 0 1345  0.0807 04 2.186 0.5 0.196529 0.1 0.7 1156.65 1.26 1213 8.6
Sample 1050MP1
1 0.2 187 1.8 84 0.03 146 0.08174 0.61 2.3547 0.67 0.208917 0.11 0.6 1223.04 1.38 1239 11.9
2 0.1 187 1.1 82 0.01 121 0.08170 0.65 2.3832 0.72 0.211568 0.12 0.6 1237.17 1.47 1238 12.8
3 0.2 198 0.6 95 0.06 401 0.08154 0.36 2.3731 042 0.211071 0.10 0.6 1234.52  1.28 1235 7.1
4 0.1 139 0.7 79 0.06 89 0.08163 1.39 23847 1.54 0.211886 0.21 0.8 1238.86 _ 2.65 1237 27.2

For sample 1027LWJ1: cps., counts per second; 2°’Pb/?%Pbc, corrected 2°’Pb/?%Pb; Pb. = Total common Pb including analytical blank (0.8+0.3 pg per analysis).
For samples 1033BHJ1 and 1036QL1: weights are calculated from crystal dimensions and are associated with as much as 50% uncertainty (estimated)

Blank composition is: 2°°Pb/?%Pb = 18.55 £ 0.63, 2’Pb/2**Pb = 15.50 + 0.55, 2°8Pb/?%Pb = 38.07 + 1.56 (all 25), and a 2°°Pb/?**Pb — 27Pb/?*Pb correlation of 0.9.
Th/U calculated from radiogenic 2%Pb/2%Pb and age.

Measured isotopic ratios corrected for tracer contribution and mass fractionation (0.04 £ 0.09 %/amu).

p = error correlation coefficient of radiogenic 2°’Pb/?33U vs. 20°Pb/?38U.

Ratios involving 2%Pb are corrected for initial disequilibrium in 2**Th/?33U using Th/U = 4 in the crystallization environment.
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6. Geochemistry

Whole rock major and trace elements from nine dykes were reported (Table 2). Most
samples plot in subalkaline to alkaline basalt zones in element classification diagrams
(Figure 5). These dykes show a narrow range of SiO> contents (48.4-53.2 wt.%) and
MgO contents (4.40—6.22 wt.%). The rocks are characterized by high TiO; content
(>1.61 wt.%), moderate total iron (tFe;O3; content of 11.1-14.7 wt.%), with Na,O +
K>O content of 3.34-6.22 wt.% (Table 2). The Mg# values are 42.0-52.7 (Mg# = 100
x Mg/ (Fe*"1ora1 + Mg), in molecular; Table 2). The compatible elements such as Cr and
Ni are 28—-336 ppm and 48-93 ppm, respectively (Figure 6f, g). In summary, the MgO
present lineal trends with SiO,, CaO, La, Th and Nb (Figure 6).
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Figure 5 Element classification of the dykes. (a) TAS diagram; (b) Zr/TiO, *
0.0001 vs. Nb/Y diagram (after Winchester and Floyd, 1977)
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Figure 6 Major and trace elements (ratios) covariant plots. Grey dots represent
complied data for the dated 1.24—1.21 Ga mafic intrusions (N = 37) (Peng et al., 2011a;
Peng et al., 2012; Peng et al., 2013; Wang et al., 2016; Wang et al., 2015; Xiang et al.,
2012).

The studied rocks show moderate to high total rare earth elements compositions (XREE

=107-235 ppm) with enriched light REEs (La/Ybn = 6.15-18.6, Chondrite-normalized

value), and minor to strikingly positive Eu anomalies (Euw/Eu* = Eun/ [(Smn) X

(Gdn)]'?, values of 0.97-1.73) (Figure 7a). On the primitive mantle normalized trace

element spider diagrams, the Nb is slightly depleted relative to Th and La, whilst Zr in

some samples show depleted to enrich spikes relatively to Nd and Ti, and Ti in most

samples shows a bit depleted relatively to Zr and Gd (Figure 7b).
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Table 2 Major (wt.%) and trace (ppm) elements of 1.24—1.21 Ga mafic dykes

Sample  1008XT1 1009DT1 1027LWI1 1027LW2 716RJD1 716RJD2 71ING22 71ING4 323WCZ2 1064JP1 1066XZ1 1066XZ2 1068-2

Si0; 48.4 48.7 49.8 48.8 49.1 49.7 493 48.8 52.5 50.8 52.4 53.2 50.3
TiO; 1.87 2.07 1.61 2.07 3.63 3.56 1.97 1.87 2.29 2.00 2.30 2.39 2.15
AlLO; 16.1 16.3 17.0 14.4 13.8 13.9 13.7 13.6 14.2 14.1 14.3 14.1 13.9
tFe203 12.4 12.4 11.1 13.4 12.7 12.6 14.7 14.2 11.4 11.0 11.3 11.0 11.8
MnO 0.16 0.18 0.15 0.20 0.19 0.19 0.23 0.21 0.20 0.19 0.20 0.21 0.18
MgO 5.88 5.28 5.09 6.21 4.6 4.64 5.98 6.16 4.38 6.15 4.39 4.74 6.22
CaO 7.40 6.25 10.43 9.31 7.27 7.10 8.57 9.12 7.04 7.55 7.02 5.93 8.89
Na,O 3.37 3.67 2.47 2.13 3.78 3.77 2.20 2.15 3.61 3.70 3.79 3.94 2.76
K20 1.97 2.28 0.87 1.34 2.12 231 1.52 1.36 2.22 1.88 2.01 2.28 1.66
P,0s 0.31 0.42 0.22 0.21 0.60 0.57 0.21 0.19 0.29 0.23 0.28 0.29 0.23
LOI 2.96 2.70 2.00 2.30 2.08 2.14 1.91 242 1.92 245 2.15 2.02 2.05
Total 100.8 100.2 100.7 100.4 99.8 100.5 100.2 100.1 100.1 100.1 100.1 100.1 100.1
Mg# 48.7 46.0 47.8 48.1 42.0 42.4 44.9 46.5 43.4 52.7 43.7 46.2 513
Cr 44.2 27.9 151 181 65.7 85.3 181 215 212 329 202 202 336
Ni 57.7 47.7 65.4 82.4 84.0 88.7 56.9 87.6 49.6 51.6 93.0
Rb 62.0 83.7 21.1 45.0 50.6 53.9 72.3 534 49.1 96.6 52.1 60.1 96.0
Ba 1091 950 335 618 1157 1266 389 313 853 881 710 830 478
Th 1.42 1.76 1.84 1.64 3.59 3.86 2.00 2.26 2.59 3.63 2.46 2.99 3.61
U 0.41 0.51 0.44 0.42 0.86 0.89 0.44 0.59 0.66 1.02 0.61 0.70 0.93
Nb 14.3 16.8 11.7 12.9 28.7 27.5 15.1 15.4 19.2 15.8 18.9 21.5 15.5
Ta 0.88 1.02 0.78 0.85 1.72 1.68 1.3 1.3 1.3 1.4 1.2 1.5 1.1
La 21.7 25.1 18.7 18.1 42.2 42.7 20.4 20.6 29.9 28.5 30.8 30.7 26.2
Ce 40.5 51.7 39.7 38.8 92.7 91.9 45.5 453 65.4 56.2 66.2 68.6 56.4
Pr 5.91 7.07 5.57 548 12.5 12.3 5.81 6.03 8.71 7.39 9.09 9.42 7.37
Sr 835 716 447 347 901 894 293 324 534 479 531 520 492

21



Sample  1008XT1 1009DT1 1027LWI1 1027LW2 716RJD1 716RJD2 71ING22 711ING4 323WCZ2 1064JP1 1066XZ1 1066XZ2 1068-2
Nd 25.1 29.0 23.8 22.9 54.8 534 24.7 25.0 36.9 31.1 37.9 394 30.0
Zr 149 176 128 130 179 185 143 143 133 139 124 142 141
Hf 3.81 4.41 3.57 3.67 4.93 4.98 4.0 3.9 3.5 3.6 3.3 3.9 3.7
Sm 5.54 6.2 5.21 5.13 9.85 9.58 543 5.18 7.34 6.05 7.58 8.04 6.05
Eu 1.75 2.26 1.77 1.74 3.29 3.16 1.88 1.65 3.68 2.45 4.02 3.66 2.16
Gd 5.46 6.04 4.99 4.97 8.18 7.91 5.23 4.68 6.29 5.64 6.64 6.72 5.29
Tb 0.84 0.92 0.75 0.75 1.09 1.05 0.78 0.72 0.88 0.78 0.90 0.95 0.74
Dy 4.84 5.15 4.08 4.04 5.17 5.13 4.44 4.20 4.70 4.24 4.69 5.10 4.07
Y 26.1 259 18.9 19.7 22.1 21.6 22.0 20.8 21.3 19.1 21.2 22.2 19.1
Ho 0.95 1.0 0.75 0.76 0.94 0.92 0.93 0.84 0.89 0.81 0.91 0.91 0.77
Er 2.50 2.61 1.98 2.06 2.20 2.16 2.46 2.25 2.19 2.06 2.24 244 2.08
Tm 0.37 0.38 0.29 0.30 0.28 0.28 0.36 0.34 0.30 0.28 0.31 0.34 0.29
Yb 2.28 2.38 1.76 1.86 1.65 1.65 2.38 2.14 1.81 1.67 1.81 1.99 1.77
Lu 0.34 0.36 0.26 0.28 0.24 0.24 0.35 0.34 0.28 0.26 0.28 0.29 0.27
Eu* 0.97 1.13 1.06 1.05 1.12 1.11 1.08 1.02 1.66 1.28 1.73 1.52 1.17
REE 118 140 110 107 235 232 121 119 169 147 173 179 143
Nb/Y 0.546 0.647 0.618 0.657 1.30 1.27 0.686 0.740 0.901 0.827 0.892 0.968 0.812
La/Sm 391 4.05 3.59 3.54 4.28 4.46 3.76 3.98 4.07 4.71 4.06 3.82 4.33
Th/Nb  0.10 0.10 0.16 0.13 0.13 0.14 0.13 0.15 0.13 0.23 0.13 0.14 0.23
Nb/La  0.66 0.67 0.63 0.71 0.68 0.64 0.74 0.75 0.64 0.55 0.61 0.70 0.59
La/Ybn  6.82 7.56 7.62 7.00 18.3 18.6 6.15 6.90 11.85 12.24 12.21 11.07 10.62
Th/Yb  0.62 0.74 1.05 0.88 2.17 2.35 0.84 1.06 1.43 2.17 1.36 1.50 2.04
Nb/Yb  6.25 7.05 6.65 6.96 17.3 16.7 6.34 7.20 10.6 9.46 10.4 10.8 8.76
Zr/Y 5.69 6.79 6.76 6.60 8.07 8.57 6.50 6.88 6.24 7.28 5.85 6.40 7.38

tFe;03, total Fe,03; MgO# = 100¥Mg/ (FeOiorat + MgO), in molecular; Euw/Eu* = Eun/[(Smy) % (Gdn)]"%; La/Yby, normalized to chondrite compositions, and hondrite normalized
values are from Sun and McDonough (1989).
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7. Paleomagnetism

7.1 ~1.68 Ga paleomagnetic results

I mostly used thermal demagnetization because AF demagnetization appeared to be less
effective. The 1680 = 5 Ma dyke LX307 (Figure 2b) is ~35 m wide. Samples from this
dyke yielded two groups of high temperature components (HTC). Four samples (group
A) show characteristic remanent magnetizations (ChRM) with a low inclination and
NNE downward direction (D=26.0°, 1=17.0°, a9s=8.2°, n=4) (Figure 8 and Figure 9;
Table 3). Another five samples (group B) display scattered medium to high inclinations
(four downward and one upward; Figure 9a). The low temperature component (LTC)
direction of D=13.3°, [=54.8° (ags=11.5°) falls close to the geocentric axial dipole
(GAD) direction (D/I=0°/53.7°) and the present geomagnetic field (PGF) direction
(D/1=354°/55°; International Geomagnetic Reference Field model — IGRF) (Figure 9d).
The 1677 £ 12 Ma dyke JD689 (Figure 2¢) is ~12 m wide. Most samples from this dyke
are strongly magnetic, with their natural remanent magnetization (NRM) intensity
varying from 1.9 to 1080 A/m (Figure 9b). The commonly single magnetic remanence
vectors have scattered directions (Figure 8b and Figure 9b). The granite country-rock
samples also yielded erratic remanence directions. Therefore, I consider that most
samples from this dyke were remagnetized by lightning strikes, as indicated by the high
(>10) Qn ratios (the Konigsberger ratio) (Radhakrishnamurthy, 1993) for most samples
(Figure 9). Only one sample (689-3-9) with low NRM intensity presents a high-
temperature remanence direction (Figure 9b,) similar to that of group A direction from
coeval dyke LX307 (Figure 8b and Figure 9a-b).

Dyke JD690 (Figure 2c¢) is ~1.5 m wide, located 150 meters southeast of the 1677+12
Ma JD689 dyke. The six most strongly magnetized samples (NRM values mostly
between 51 and 77 A/m and Qn ratios mostly >10; Figure 9c) likely experienced
lightning strikes. The remaining six samples, all with lower NRM (<6.7 A/m) yielded
a consistent HTC with a mean direction of D=17.3°, [=23.9°, a9s=20.8° (Figure 8c and
Figure 9c; Table 3). The LTC (usually unblocked at 100-280°C) were isolated from
four samples of this dyke, giving a mean direction of D=0.3°, [=45.1° (a95=12.9°)
(Figure 9e). This direction is similar to that of the PGF (D/I=352°/59°) and GAD
direction (D/I=0°/49.8°) (Figure 9e).
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Figure 8 Representative demagnetization data of the ~1.68 Ga dykes, plotted as
remanence intensity vs. demagnetization curves, equal-area stereo-plots (solid/ open are
directions in the lower/upper hemisphere) and orthogonal projection diagrams
(solid/open square points indicate vector end points projected onto the
horizontal/vertical plane). The directions of HTC and LTC are shown by red and green
arrows respectively.
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Figure 9 Equal-area projections of the high temperature (a-c) and low
temperature (d-e) remanence directions of the ~1.68 Ga dykes. Each diamond point
represents one sample. Solid/open symbols are projections on the lower/upper
hemisphere. Site mean directions are represented by stars with dashed circles showing
the 95% confidence cone. Some samples in (b) and (c) are marked with NRM values
(A/m) and Qn ratios in brackets. Data shown in grey of (b) and (c) are those interpreted
to reflect lightning could be struck. Triangles and squares in (d) and (e) represent the
PGF direction and GAD direction respectively.
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Table 3 Paleomagnetic high temperature components of the dykes

Age Age Width ~ Trend Latitude Longitude D I 0l95 Plat Plong Aos

Dyke No. (Ma) References (m) ) (°N) (°E) N ) ) ) (°N) (°E) )
HTC of ~1.68 Ga dykes
LX307 1680 + 4 Lietal., 2015 ~35 ~340 36.278 117.890 4/9 26.0 17.0 8.2 53.6 250.9 6.1
JD690 ~1.5 ~30 40.250 118.533 6/12 17.3 239 20.8 584 264.9 16.3
JD689 1677 £ 12 %ﬁrgg ctal, >10 ~65 40.250 118532 1/13 220 20.2 54.3 259.3

3 site-level mean 55.6 258.1 7.2
HTC of ~1.24 Ga dykes
D517 1236+ 7 %ﬁ%g ctal, >15  ~34 39.857 118920 10/13 1070 483 56 68 176.0 5.9
JD687 ~25 ~4 40.261 118.482 12/12  118.9 44.5 10.8 2.7 170.4 10.8
JD1027 1233 £ 27 This study 30-40 ~24 40.245 118.486 8/12 130.3 36.6 54 -13.8 165.9 4.8
C711 >15 ~310 37.400 114.187 11/11  98.0 21.0 2.7 0.4 190.7 2.0
C716 >15 ~310 37.574 114.304 15/15 114.0 49.4 2.9 1.7 166.4 3.1
LX323 ~15 ~345 35.396 118.181 13/15 132.1 60.3 2.8 -1.6 152.1 3.7
LX1064 10 ~350 35.872 118.120 7/15 101.9 69.3 1.9 21.5 157.5 3.0
LX1066 ~20 ~352 35.350 118.193 10/11 1248 54.4 34 -2.9 160.6 39
LX1068 ~15 ~352 35.341 118.181 11/11 1237 71.8 3.7 13.6 146.2 6.1

9 site-level mean 2.6 165.1 10.8
Baked contact test of ~1.24 Ga dykes (HTC)
JD1027 Baked rocks ~3 m 8/8 127.3 27.7 7.6

Unbaked rocks >100 m  5/8 215.5 -54.1 10.8

JD687 Baked rocks ~0.35 m 5/6 118.7 52.6 15.0
HTC of ~1.21 Ga dyke
MY 1033 1206.7 £ 1.7  This study ~80 ~35 40.617 117.083 13/13  204.5 39.5 6.5 -23.0 92.5 6.1

n/N, number of samples used/ measured; D, declination; I, inclination; aos and Ags are 95% radii confidence circles for direction and poles; Plat and Plong are latitudes and

longitudes of paleopoles.
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The calculated mean paleopole of the studied dykes (LX307, JD689 and JD690) falls
at 55.6°N, 258.1°E, A9s=7.2° (Table 3). This pole is considered a ca. 1.68 Ga VGP
because the small number of dykes is not large enough to average out the geomagnetic

secular variation.

7.2 ~1.24 Ga and 1.21 Ga paleomagnetic results

(1) The 1.24 Ga dykes

The dyke JD687 is regarded as a coeval dyke as the dated dykes JD517 and JD1027
(both at ~1235 Ma; Figure 2¢) according to their similar geochemical features (Wang
etal., 2016), which is further verified by their similar paleomagnetic directions. Similar
paleomagnetic directions also have been found in dykes C711, C716, LX323, LX1064,
LX1066 and LX1068 (Figure 10, Figure 11 and Table 3). This E-SE moderate to
shallow downward stable characteristic remanence magnetization (ChRM) has been
isolated after both thermal and AF demagnetization. Its unblocking temperature is close
to ~580°C, indicating magnetite as the remanence carrier (Figure 10a-f). No antipodal
directions have been found (Figure 10 and Figure 11). Based on the similarity of
remanence directions, I regard all these dykes belonging to the ~1.24 Ga group. In
support to this suggestion we note that closely located dykes C711 and C716 have
similar trends and mineralogical characteristics (Figure 2d and Figure 3j, k).

ChRM directions of nine 1.24 Ga dykes are shown in Table 3. The mean paleomagnetic
pole for this group of dykes is at 2.6°N, 165.1°E (Ags= 10.8°). Seven out of nine dykes
of this group (except LX323 and C716) also yield low temperature components (LTC)
(Figure 12). Most LTCs, being acquired below 280-310°C (Figure 10), are close to the
directions of the present geomagnetic field (PGF) and geocentric axial dipole (GAD)
(Figure 12).
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Figure 10 Representative thermal and AF demagnetizations of the 1.24 Ga (a—
f) and the 1.21 Ga (g-h) dykes: equal area stereoplots (solid/open square points
correspond for downward/ upward-pointing magne-tizations; Red and green stars are
mean directions of the HTC and LTC, respectively), and orthogonal projection
diagrams (solid/open square points show vector end points projections onto the

horizontal/vertical plane; Red and green arrows are HTC and LTC, respectively).
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Figure 11 Equal-area projections showing the ChRM of each dyke. Each

diamond represents one sample. Red dots and surround dashed line represent the
site/dyke mean directions and a9s ovals. Solid symbols represent lower hemisphere

vectors.
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Figure 12 Equal-area projections showing the LTCs of the 1.24-1.21 Ga dyke.
Each diamond represents one sample. Red stars and surround dashed line represent the

site-mean directions and a95 ovals. Solid symbols represent lower hemisphere vectors.
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Baked contact tests have been performed on dykes JD1027 and JD687 (Figure 2c¢),
where country rocks are Archean gneisses. JD1027 is a ~30 m wide dyke and we
collected host rock samples adjacent to it within ~3m and at >100 m from the dyke’s
margin. These gneisses are paleomagnetically stable, yielding moderate southeast
downward ChRM direction near the dyke and moderate southwest upward direction
at >100 m from the dyke (Figure 13a). This result illustrates that the host rocks adjacent
to the dyke were reheated and remagnetized during the emplacement of the dyke,
however, the host rocks far from the dyke were not affected by the dykes. We interpret
this as a positive contact test and consider the ChRM as primary.

For the ~25 m- wide JD687 dyke, we collected country rocks within ~35 cm and at >35
m from the dyke. The adjacent host rocks also show stable remanence direction
similarly to the dyke’s direction. However, the unbaked host rocks yield scattered
ChRM directions (Figure 13b), implying an incomplete contact test.

(2) The 1.21 Ga dyke

The 1206.7 + 1.7 Ma dyke MY 1033 locates in the Miyun county (Figure 2c). This dyke
is about 30 Ma younger than the other studied dykes and gives a different remanent
direction: SW moderate downward (Figure 10g-h and Figure 11j; Table 3). Both
thermal (Figure 10g) and AF (Figure 10h) demagnetization isolated a stable ChRM
with 540-580°C unblocking temperatures and > 40 mT coercivity. The mean
paleomagnetic direction is D = 204.5°, I = 39.5°, a9s = 6.5°, and the corresponding
paleopole is -23.0°N, 92.5°E, Ags = 6.1°. This pole should be considered a virtual
geomagnetic pole (VGP) because it is based on the paleomagnetic direction from just
one dyke that does not average out secular variations. The LTC direction, mostly being
acquired below 520°C, is D = 1.3°, 1 =73.3°, a.95 = 8.9°, which is close to the PGF and
GAD directions (Figure 12h).

29



(a) Site JD1027
/7 Unbaked sample
b A 1027-6-5A
Baked sample 1027-5-1A j /,s A NU
/7 \Q Unbaked gneiss =g résoleu
/7 @ 4 750,
/7 5\ A
i -
i 15\
td &
/ /S
/ '3
~
s Unbaked Dyke J
gneiss
" Qog’ Qb T450
b ** Bakedgnefss/ NRMSQ'PD
Baked QnefSS Dyke: D=130.3° , 1=36.6°, 0,,=5.4°
Baked gneiss: D=127.3°, 1=27.7°, 0,.=7.6°
- . Unbaked gneiss: D=215.5° , =-54.1°, 0,.=10.8°
(b) Site JD687 B
Unbaked sample ;};gzi;}\\ Bak6e8d75:r2ple
NU - 687-5-6A e & * N.U =

P
NRM CD]

Dyke: D=118.9°, 1=44.5°, ,,=10.8°
Baked gneiss: D=118.7°,1=52.6°, 0,,=15°

=
T D/D’

* NRM
Kk
\ SD
Baked gneiss
20m
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8. Rock magnetic and magnetic fabric results

All the representative samples have an unblocking temperature of ~580°C (the Curie
temperature of magnetite) and show Hopkinson peaks (Dunlop and Ozdemir, 1997) in
thermo-magnetic curves, indicating the presence of highly paleomagnetically stable
single-domain (SD) or pseudo-single-domain (PSD) low-Ti titanomagnetite or pure
magnetite. Many representative samples also show nearly reversible heating and
cooling curves, confirming that little mineralogical changes occurred at high
temperatures. A minor presence of pyrrhotite can explain the increases in magnetic
susceptibility of heating curves around 200-300°C and the decreases around 300—
400°C in some samples. The triaxial thermal demagnetization of IRM analyses
demonstrated a domination of soft magnetic components, with unblocking temperature
of 550-600°C (~520°C for sample 517-4-1), implying the occurrence of Ti-poor multi-
domain (MD) titanomagnetite in many samples. However, in some cases the
paleomagnetically stable SD or PSD magnetite (intermedium fractions) is also present.
Both magnetic anisotropy parameters P and Pj are less than 1.10. Dykes C711 shows
more positive T values (AMS ellipsoid parameter) indicating a dominant oblate fabric;
JD1027 shows more negative T values indicating a dominant prolate fabric. Moreover,
these two dykes show normal magnetic fabrics (Ki—K> planes parallel to the dyke
trends).

9. Discussion

9.1 Petrogenesis of the 1.24-1.21 Ga dykes

To estimate the geochemical effect of the alteration of the bulk rock chemical
composition, I compared the LOI with the major and trace elements. Most elements
show no correlation with LOI. However, there are some elements such as Al, Ca and
Rb displayed weak linear correlation with LOI, reflecting mobilization of these
elements during (plagioclase) alternation process (Figure 3g-1) (see thin sections in
Peng et al., 2013; Wang et al., 2016; Wang et al., 2015). In addition, Zr is generally
considered as the most immobile element during alteration (e.g., Polat et al., 2002). Zr
shows a positive linear correlation with high field strength elements (HFSE) Nb, Ta,
Hf and Th, REE (La, Sm and Yb) and U, and no correlation with large-ion lithophile
elements (LILE) Rb, Sr and Ba. Thus, the HFSE and REE are considered more reliable
in deciphering the petrogenesis of the studied rocks than LILE.
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Mafic intrusions can be contaminated by the host crustal rocks during emplacement.
Some trace elements (e.g. Nb, La and Th) and their ratios are sensitive to this process
because of their distinct differentiation between crust and mantle (e.g., Pearce, 2008).
The Nb/La ratios of N-MORB, E-MORB, OIB and averaged crust are 0.93, 1.32, 1.30
and 0.67, while the Th/Nb ratios are 0.05, 0.07, 0.08 and 0.48, respectively (Sun and
McDonough, 1989; Taylor, 1964). Part samples of this magmatism present narrow
increasing Th/Nb range (~0.05 to 0.09) although obviously decreasing Nb/La (~1.3 to
0.8), indicating the unremarkable crustal contamination (Figure 14a). These samples
are mainly from Jianping dyke (Figure 2¢), which contain few inherited zircons (Wang
etal., 2015), supporting little crustal contamination during emplacement. However, part
samples show relatively high Th/Nb, e.g., ratios of ~0.13—0.16 from JD1027 dyke, and
of ~0.23 from LX1064 and LX1068 dykes (Figure 14a), indicating some degree of
crustal contamination. Also, zircon xenocrysts were found in the Laowangjia dyke
(JD1027; not shown), supporting contamination process. All these suggest non-
homogeneous crustal contamination among these dykes.

Multiple geochemical proxies, especially the continuous variations in elements (Figure
5 and Figure 6), parallel REE and spider patterns (Figure 7), indicate that these dykes
are from the same stable source even if the event lasted for about 30 Ma. None of the
studied samples were derived from primary magma since their Mg# values are all < 60.
There is no obvious correlation between MgO and Al>Os3, tFe,03, TiO,, Cr, Ni (Figure
6¢-g), so the fractional crystallization seems to be minor, which is also indicated by the
La/Sm versus La diagram (Figure 14c). In the early stage of magmatic evolution, the
magma mainly experienced partial melting showing oblique linear tendency between
La/Sm and La (Figure 14c). In the later stage, it gave way to weak crystallization-
influenced differentiation when La reached level over ~30 ppm (Figure 14c). Part
samples show a weakly to significantly positive Eu- anomaly (Figure 7a), reflecting

that feldspars were unseparated from the magma.
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Figure 14 Trace elements ratio diagrams of the 1.24-1.21 Ga dykes.

The ratios of La/Ybn range from 6.8 to 13.9, even up to 18.6 (Figure 61), reflecting the
variations of degree of partial melting. The highest La/Ybn samples are from the C716
dyke in the central NCC, which display alkaline features (Figure 5), but the C716 dyke
shows no other extraordinary geochemical features compared with other dykes, besides
showing more depleted HREE (Figures 5 and 6). All the samples have high REE
contents (96—308 ppm), high La/Ybn (6.8—18.6), which distinguish them from MORB.
The Th-Nb proxy indicates an OIB affinity, but with slight interaction with E-MORB
(Figure 14e). Their high TiO2/Yb ratios (Figure 14f) are indicative of garnet residues,
and the rocks likely originated from melting beneath a thick lithosphere (Pearce, 2008).
The diagonal trends from the OIB to the MORB fields reflect hot mantle flows within
the lithosphere (Figure 14e, f) (Pearce, 2008). Some samples show eHf (t = 1230 Ma)
of 1.8-10 (Wang et al., 2015) and eNd (t = 1230 Ma) of 0-1.6 (Peng et al., 2013; Wang

et al., 2016), which is suggestive of their originating from a depleted asthenosphere.
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Additionally, these dykes have high Ti contents (usually >1.5 wt.%), indicating
possibly plume-related source as the Emeishan flood basalts (Xu et al., 2001). Moreover,
this dyke swarm present fan-like radiating geometry in the field (Figure 2). Considering

all, we interpret that the studied rocks should be originated from a mantle plume.

9.2 Identification of a 1.24-1.21 Ga LIP event in the NCC

LIP refers to huge magmatic activities during a short time period, which are sometimes
associated with continental breakup or the formation of ore deposits, and can also have
severe environmental consequences (Ernst, 2014). A LIP event can be characterised by
its volume, area, and duration, and commonly represents a pulsed sequence of
magmatism in an intraplate tectonic setting (Ernst, 2014 and references therein).
Several of these characteristics can be identified for the 1.24—1.21 Ga magmatism in
the NCC.

Firstly, the studied dykes are discontinuous in the field, and each can only be traced
over several hundred metres, or a few kilometres, making it difficult to evaluate the
total areal extent and volume. These dykes are in general over 10 m in width, even up
to 80 m, a scale commonly associated with LIPs (Ernst, 2014). After restoring the effect
of the Tan-Lu fault (a sinistral strike-slip fault in the Phanerozoic; Zhao et al., 2016),
this event is estimated to cover an area of > 0.1 x 10°® km? in the central and eastern
NCC (Figure 2). If the small dykes in the Bayan Obo rift (1227 + 60 Ma, Sm-Nd
isochron; Yang et al., 2011) are included, and if the Pingshan (PS) dykes (Figure 2d)
are belong to the same generation based on similar paleomagnetic directions (Ding,
2017), the areal extent is even greater. Moreover, mafic dykes from the central-western
Korean Peninsula yield an age of 1259 + 12 Ma, and with an alkaline-basalt
geochemical affiliation, and OIB-like within-plate characteristics (Kim et al., 2018),
which may originate from the same source as the 1.24—1.21 Ga magmatism in this study.
Secondly, constrained by the quality of some age data, this magmatic event lasted from
roughly 1244 Ma to 1207 Ma (U-Pb ages), with a total duration of ~30 Ma. Considering
the age uncertainties, and their consistent geochemical and paleomagnetic
characteristics (Figure 5 to Figure 11), we regard these dykes to belonging to the same
LIP event. Ernst (2014) concluded that LIPs with > 20 Ma age span were emplaced in
several shorter duration pulses rather than as a continuous activity. The resolution of

our ages and limited sampling precludes a confident identification of discrete pulses of
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dyke emplacement. The three age populations, however — ~1230 Ma, ~1220 Ma and
~1207-1210 Ma — might indicate three pules of magmatism.

Thirdly, these intrusions were emplaced within the NCC, and have intraplate
geochemical characteristics (Figure 14d). We suggest that the dyke swarms collectively
form a 1.24-1.21 Ga LIP related to a plume event in the NCC, which we name the
Licheng LIP (after the 1.23 Ga Licheng dyke swarm first identified by Peng (2015b)).
Magnetic anisotropy has been widely used to estimate the directions of magma flows
(e.g., Ernst and Baragar, 1992). The normal magnetic fabric of dyke JD1027 presents
K axis with shallow inclination, indicating the magma flowed laterally in this region
far from the plume centre. Conversely, the C711 dyke might have been emplaced closer
to the magmatic centre since K1 axis yields medium to steep inclinations. The geometry
of the dykes and their magnetic fabrics suggest that the magmatic centre was possibly

in southeastern NCC, probably around the Luxi area.

9.3 Paleomagnetic reconstruction

9.3.1 ~1.68 Ga and 1.24 Ga paleomagnetic poles

Although there is no baked contact test for 1.68 Ga dykes, various observations indicate
that the ~1.68 Ga remanent magnetization is primary. First, the studied dykes are non-
deformed and non-metamorphosed, with clear ophitic textures (Li et al., 2015; Wang
et al., 2016). Some alterations are associated with low temperature (<300°C), but the
magnetic minerals with high unblocking temperatures (550-580°C) would not have
been affected by such processes. Second, rock magnetic results show the presence of
the paleomagnetically highly stable SD/PSD magnetite. Finally, positive field tests on
1.32 Ga and 1.22 Ga mafic rocks near the JD689 dyke in the Jidong area (Chen et al.,
2013; Ding, 2017) indicate the absence of any significant regional remagnetization
event since 1.32 Ga. In addition, the absence of the 1.60-1.35 Ga magmatism in the
study areas (Peng, 2015b) precludes older remagnetization of the studied 1.68 Ga dykes.
Moreover, our 1.68 Ga VGP is similar to the paleopole from the lower Yunmengshan
Formation (60.6°N, 267.0°E, Aos= 3.7°) (Zhang et al., 2006). This formation found in
southern NCC was initially thought to be deposited in the late Mesoproterozoic based
on Rb—Sr dating, but new zircon U-Pb geochronology on tuffs and detrital zircons
constrained the deposition age to the late Paleoproterozoic (between <1.71 Ga
and >1.61 Ga) (Hu et al., 2014; Su et al., 2012). If we assume the Yunmengshan

Formation to have started its deposition at ~1.70 Ga, and a uniform deposition rate for
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the Paleoproterozoic strata, the estimated younger limit for the Yunmengshan
Formation would be ~1.67 Ga. The lower Yunmengshan paleomagnetic pole from
Zhang et al. (2006) has been regarded as a primary pole because it passed positive fold
and reversal tests. Because the lower Yunmengshan pole data (both at mean pole
position and the pole position calculated for each site) overlap with that of our new 1.68
Ga dykes, and their estimated ages overlap, we combine the total of 18 sites from the
two studies (3 dykes from this study and 15 sites from the lower Yunmengshan
Formation) to obtain a grand-mean ~1.68 Ga paleopole for the NCC at 59.8°N, 265.3°E,
Ags=3.3°.

Dyke LX1064 was dated at 1841 £ 17 Ma through the zircon U-Pb LA-ICPMS method
(Wang et al., 2007). It’s hard to judge the genesis of dated zircons by few unclear zircon
CL images in Wang et al. (2007). This generation of magmatism in the NCC has not
been confirmed in recent studies (Peng, 2015b and references therein). Considering that
this dyke has a similar magnetic direction as those from ~1.24 Ga dykes, we suggest
that it could be part of the ~1.24 Ga magmatism. Therefore, our results from a total of
nine dykes yield a mean paleomagnetic pole at 2.6°N, 165.1°E, Ags= 10.8° (Table 3)
with positive field baked contact test (Figure 13), representing a primary key paleopole
for the NCC. The slightly younger 1206.7 + 1.7 Ma Baihejian dyke (MY 1033) yields a
different ChRM direction (Figure 11j; Table 3) and provides a ~1.21 Ga VGP.

9.3.2 Reconstruction

To test the connection between the NCC and the Australia paleomagnetically, reliable
paleopoles have been selected (Table 4). Some poles have precise ages and positive
field tests, whereas others obtained from sedimentary rocks have large age uncertainties
(Table 4). From Figure 15a, we see that the ~1.78 Ga paleopole for the NCC falls close
to the newly published ~1.79 Ga paleopole for the NAC in a revised NCC-NAC
configuration, similar to the model proposed by Zhang et al. (2017). Although no other
coeval poles exist for the two cratons (Figure 15b), preliminary paleomagnetic evidence
suggests for a similar configuration at ~1.32 Ga (Kirscher et al., 2018). Therefore, the
NCC and the NAC were likely connected to each other between ~1.78 Ga and 1.32 Ga.
In such a paleomagnetism-based reconstruction, coeval ~1.32 Ga mafic magmatic
events in both cratons, including the orientation of mafic dykes, are interpreted to be

the products of the same mantle plume (Figure 15a).
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Paleomagnetic reconstruction based on updated 1.24 Ga paleomagnetic poles indicates
that the two continents likely have started to pull away from each other, or at least the
connection of NE-NCC and N-NAC has been broken by that time (Figure 15b). This is
consistent with the previously suggestion: the breakup of the NCC from the NAC at ca.
1.32 Ga based on the presence of unconformities within the NCC (between the
Xiamaling Formation and the overlying Changlongshan Formation) and the NAC
(between the Roper Group and the overlying Cambrian volcanics) (Ahmad et al., 2013;
Zhang et al., 2017). Considering the likely plume-triggered 1.32 Ga mafic magmatism
occurred after the Xiamaling Formation and the Roper Group, the two unconformities
might represent the breakup event or may also represent above-plume erosion (Zhang

etal., 2017).
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(b)~1.21 Ga

Figure 15 Paleomagnetic reconstruction between the NCC and proto-Australia at ~1.32
Ga (a) and ~1.21 Ga (b). (a) Selected ~1.8—1.3 Ga paleomagnetic poles showing the
comparable APWP (bold yellow line) between the NCC (red) and the NAC (green);
while the different APWPs after ~1.32 Ga indicating their separation. Insert figure
showing schematic paleogeography corresponding to the similar paleomagnetic
reconstruction. The comparable model of the ~1.32 Ga radial dykes and plume centre
was proposed by Zhang et al. (2017). (b) showing the relative configuration between
the NCC and proto—Australia at ~1.21 Ga. The paleopoles are marked with ages in Ga.
Dashed poles have putative ages only. The proto—Australia configuration is after Li and
Evans (2010). Euler rotation parameters are in Table 5. NCC—North China Craton,
NAC-North Australian Craton, WAC—West Australian Craton, SAC—South Australian

Craton.
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Table 4 Selected ~1.8—1.2 Ga paleomagnetic poles for the North China and Australia blocks

No.  Rock unit Age (Ga) Plat (°N) Plong (°E) Ass(®) Q References

NCC

1 Xiong’er volcanics 1.78 50.2 263.0 4.5 +++—-+++  Zhangetal., 2012
2 Taihang dykes 1.78-1.76 36.0 247.0 3.0 +++++—-+  Hallsetal., 2000

3 Yinshan dykes 1.78-1.76 35.5 245.2 2.4 +++++—-+ Xuetal., 2014

4 Laiwu and Tujiagou dykes- 3 sites 1.68 55.6 258.1 7.2 +—+—+—+  This study

5 Lower Yunmengshan Fm- 15 sites 1.71-1.61 60.6 267.0 3.7 —-++++++  Zhangetal, 2006
4+5 ~1.68? 59.8 265.3 33 —++++++  This study

6 Cuizhuang and Sanjiaotang Fms 1.64-1.62? 41.0 224.8 11.3 —++—-+++  Zhangetal., 2006
7 Yangzhuang Fm 1.53? 17.3 214.5 5.7 -++++++  Wuetal, 2005

8 Yangzhuang Fm 1.53? 24 190.4 11.9 —++++++  Peietal, 2006

9 Tieling Fm 1.44 11.6 187.1 6.3 +++++—-+  Wu, 2005

10 Yanliao sills 1.32 5.9 359.6 43 +++++-—+ Chen et al., 2013
11 Licheng LIP/dykes 1.24 2.6 165.1 10.8 +++++—+  This study

12 Jianping and Pingshan dykes 1.22 16.0 180.3 6.6 +++++—-+  Ding, 2017

13 Baihejian dyke, Miyun/VGP 1.21 -23.0 92.5 6.1 +—+t—+-—+ This study
Australia

14 Elgee and Pentecost Fms >1.79 5.4 31.8 3.2 —t+++—— I\i;’ﬂ%i(;(r)gs;’szc()%rgldt and
15 Hart sills 1.79 6.9 2.6 12.0 +++—+++ Kirscher et al., 2019
16 Peters Creek volcanics 1.725 26.0 41.0 4.8 +++++++  Idnurm, 2000

17 Wollogorang Fm ~1.73 17.9 38.2 7.2 +—++++—  Idnurm et al., 1995
18 Fiery Creek Fm 1.71? 23.9 31.8 10.4 —++—-+—— Idnurm, 2000

19 West Branch Volcanics 1.71 15.9 20.5 11.3 +++++—— Idnurm, 2000
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No. Rock unit Age (Ga) Plat (°N) Plong (°E)  Ass(®) Q References

20 Mallapunyah Fm 1.67-1.65 35.0 343 3.1 +++++++  Idnurm etal., 1995
21 Tooganinie Fm 1.65—1.64 61.0 6.7 6.1 +++++++  Idnurm et al., 1995
22 Emmerugga dolomite 1.65-1.64 79.1 22.6 6.1 +++++——  Idnurm et al., 1995
23 Balbirini dolomite — lower 1.61 66.1 357.5 5.7 +++—-+++  Idnurm, 2000

24 Balbirini dolomite — upper 1.59 52.0 356.1 7.5 +++—+++  Idnurm, 2000

25 WAC- Gnowangerup—Fraser dykes 1.21 -55.8 143.9 6.5 ++++++-— Pisarevsky et al,

2014b

Putative ages are in italics. Quality criteria from left to right are: well-determined rock age, sufficient number of samples (N > 24, k >10, A95 < 16.0°), step-
wise demagnetization, positive field tests, structural control and tectonic coherence with the craton discussed, and presence of reversals, and no resemblance to

paleopoles of younger age. Marking as “+” when meeting, or marked as

Table 5 Euler rotation parameters (to the absolute framework)

(1]

Block Pole (°N) (°E) Angle (°) Block Pole (°N) (°E) Angle (°)
1.32 Ga ~1.21 Ga

NCC -32.72 -44.19 —124.58 NCC —28.56 -59.28 -101.23
NAC —4.44 -55.92 —178.78 NAC -8.42 —-80.02 -132.82
WAC -7.96 -47.31 -214.38 WAC —14.45 -67.02 -162.38
SAC -7.96 -47.31 -214.38 SAC —14.45 —67.02 -162.38
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9.4 Geological constraints of reconstruction

The McArthur Basin in the NAC was suggested to be correlative to the Yanliao Rift
because of the presence of coeval ~1.32 Ga mafic sills and comparable strata, e.g., the
Xiamaling Formation with the Roper Group (Figure 16) (Zhang et al., 2017). The
Yanliao Rift consists of the Changcheng (~1.70-1.60 Ga) and Jixian (~1.60-1.40 Ga)
groups, the Xiamaling Formation (~1.40-1.35? Ga), and the geochronologically poorly
constrained Qingbaikou Group (Su et al., 2010) (Figure 16). The McArthur Basin is
better documented and is broadly divided geographically into the southern and northern
McArthur Basin (Ahmad et al., 2013). Stratigraphically, the basin is sub-divided into
five disconformity-bound packages according to lithofacies, age dating results and
stratigraphic relationships (Ahmad et al., 2013). It is generally considered that during
deposition sedimentary units were continuous across most of the basin and are well
correlated throughout (Ahmad et al., 2013). In this thesis, I discuss the Katherine River
(~1.82? —1.71 Ga) and Parsons Range (~1.71-1.67 Ga) groups from the northern
McArthur Basin, and the McArthur (~1.67-1.60 Ga), Nathan (~1.60—1.58 Ga) and
Roper (~1.5-1.35? Ga) groups from its southern and central regions (Ahmad et al.,
2013). Apart from those recognised by Zhang et al. (2017), there are more comparable
geological features between the two basins (Figure 16) that are consistent with the
proposed NCC-NAC connection during the Proterozoic.

(1) Strata and environmentally sensitive fossil record. Basins on both cratons
dominantly received clastic sediments during ~1.70—1.60 Ga, with minor carbonates —
— the ~1.64 Ga dolostone in the Changcheng Group (Yanliao Rift) and the McArthur
Group (McArthur Basin). Both basins also recorded mainly clastic sedimentation after
~1.4 Ga (Ahmad et al., 2013; Su et al., 2010) (Figure 16). Furthermore, the oldest
eukaryotic microfossils Valeria lophostriata, showing complex wall structure and
concentric striations, have been found in both the lower Changcheng Group of the
Yanliao Rift and the Mallapunyah Formation of the McArthur Group (lower McArthur
Basin) (Javaux and Lepot, 2018) (Figure 16).

Nonetheless, there are also differences between the two basins. In contrast to the
Yanliao Rift, the McArthur Basin contains pre—1.70 Ga strata and ~1.58-1.50 Ga
sediments are absent (Figure 16). This depositional hiatus in the McArthur Basin was
characterised by east-northeast to south-southwest shortening throughout the entire

basin and is correlative with the ~1.60 to 1.50 Ga Isan Orogeny in the Mount Isa Inlier
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(to the east of the McArthur Basin) (Rawlings, 1999). Other stratigraphic differences
between the two cratons (Figure 16) could be caused by lateral variations within large
sedimentary system (e.g., Ahmad et al., 2013).

(2) Magmatic events. The ~1.73 Ga Miyun dolerite dykes intruded the Archean
basement in the Yanliao Rift (Peng, 2015b). Similarly, in the McArthur Basin ~1.73
Ga Oenpelli dolerite sills were emplaced into sandstones of the Katherine River Group
as well as the neighbouring Pine Creek Orogen to the northwest (Whelan et al., 2016).
Furthermore, the ~1.72 Ga Jimbu Microgranite featuring abundant K—feldspar
phenocrysts rimmed by albite intruded the Katherine River Group in northwestern
McArthur Basin (Rawlings and Page, 1999), which can be correlated with ~1.73—1.68
Ga rapakivis or K-rich granites, anorthosites, mangerites, and alkali granitoids
emplaced in the basement of the Yanliao Rift (e.g., Zhang et al., 2007). The Yanliao
Rift recorded ~1.64 and 1.62 Ga volcanic eruptions (Zhang et al., 2013) that might be
coeval with tuffs layers in the McArthur Basin (Ahmad et al., 2013) (Figure 16), and
~1.49-1.48 Ga tuffaceous layers are also found in both basins (Ahmad et al., 2013; Li
et al., 2014) (Figure 16).

Coeval ~1.32 Ga magmatic events are recorded in both basins (Figure 16): the Datong
dyke (1326 +£4 Ma) and Yanliao sills (peak age at ~1323 Ma) in the NCC (Peng, 2015b;
Zhang et al., 2017), and the Galiwinku dyke swarm (1324—-1329 Ma) and Derim—Derim
sills (1324+4 Ma) in the NAC (Whelan et al., 2016). The ~1.32 Ga magmatism in the
NCC was interpreted to represent a large igneous province (LIP) because (i) it
covers >1.2 x 10° km?; (ii) pre—magmatic uplift occurred 20 myr prior to the LIP, and
(ii1) the sills are typical of within-plate tectonic settings (Zhang et al., 2017). The
Galiwinku dykes and the Derim—Derim sills also cover a large area (Whelan et al., 2016)
and could be plume products.

Zhang et al. (2017) suggested that both the unconformity (or disconformity) between
the Xiamaling Formation and the Qingbaikou Group (Yuxian uplift), and the
unconformity between the Roper Group and the overlying Cambrian strata in the
McArthur Basin, represent the same pre-magmatic uplift of the ~1.32 Ga LIP event,
possibly related to the breakup of the supercontinent Nuna.

(4) Ore deposits. Dolostone-hosted manganese deposits are found in both the Jixian
Group of the Yanliao Rift (Fan et al., 1999) and the Nathan Group of the McArthur
Basin (Ahmad et al., 2013) (Figure 16). The deposits in both basins occur as irregular
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lenses or veinlets in strata, mainly hosted in shallow marine sediments, implying a
similar genesis (Ahmad et al., 2013; Fan et al., 1999).

Correlative iron deposits are also found in both basins (Figure 16). The Sherwin
Formation (upper Roper Group, McArthur Basin) comprises shale, sandy mudstone and
sandstone, within lenses of massive oolitic to pisolitic beds, interbedded with medium
to rather coarse chamosite—siderite (Ferenczi, 2001). The iron ore of the Sherwin
Formation consists of hematite and/or goethite, and greenalite ooids. Chamosite and
hematite are partly replaced by siderite by post-diagenetic processes, producing the
silica (chert) cement. The stratiform siderites with minor hematite have been reported
from the middle part of the Xiamaling Formation (~1.40—1.35? Ga) in the Yanliao Rift
(Tang et al., 2018). The siderites of the Xiamaling Formation contain hematite
inclusions, indicating iron reduction process during early diagenesis (Tang et al., 2018).
(5) Hydrocarbon-bearing potential. Several potential hydrocarbon source rocks have
been reported from the McArthur and Roper groups of the McArthur Basin (Figure 16).
Among those, ~1.64 Ga mudstones have high Total Organic Carbon (TOC) contents
(up to 8%) (Ahmad et al., 2013), whereas those from the middle Roper Group have
TOC of 1-3% (some up to 8-12%) (Ahmad et al., 2013). Similarly, rocks with
hydrocarbon-bearing potential have also been discovered in the Yanliao Rift (Figure
16). The middle Changcheng Group (~1.65 Ga?) and the Xiamaling Formation have
TOC values of 0.6—-15% (average 2%) and 3—21% (average 5.2%), respectively (Zhao
etal., 2018).
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10. Conclusion

(1) By detailed field observation, petrology, geochronology and geochemistry analyses,
a ~1.24-1.21 Ga large igneous province has been proposed.

(2) By paleomagnetic studies, I preliminarily obtain the 1.68 Ga and 1.24 Ga paleopoles
of the North China Craton, with the latter passing the baked contact test.

(3) The paleomagnetic reconstruction supports the long-lived connection between
northeastern North China and northwestern Australia between ~1.78 Ga and ~1.32 Ga.
The two blocks may have separation at ~1.24-1.21 Ga.

(4) The geological records between the Yan-Liao rift of the North China and the

McArthur basin of the Australia support the paleomagnetic reconstruction.
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