Faasg H3W A OA U W ¥ R E Vol. 44, No. 3: 501~521
2025 4F 5 H ACTA PETROLOGICA ET MINERALOGICA May, 2025

Doi: 10.20086/j. cnki. yskw. 2025. 4108

L AT -

MIZEMNSLE_SEZXRET WFE FREFE,
IRk FEFIERBEX R EE X

FEW FEE 0 E BHRA L FFR
(1. PEMFEYE, RIS 52K, JbaT 100034, 2. A E LA F SRR S50 72 IR E K B A
R, Jbat 100083)

OE SRR R AR DR RS R R O A B A F R ()R WA LU R SO 4 I = Nt
AR SCEE X )RR s L — St s T e T e ARARAE kA s R R A R AR RS S5 R R W I R
AR TN ZRAE RS, BRDEA A4S BIEE N 1061 ~1 180°C, JE 12 190~352 MPa, Fe-Ti £ LI X,,
H(0.24~0.38) 48/~ T BARA IR EE , A F] T Fenner #a## b, LA-ICP-MS £5A U-Pb AEfUE 34T 45 5 /NG
LB B A TS AR 260. 2+5. 0 Ma, IR 113 i X 2CA BRI =4, # AR TR R 59
B2 RE (OIB) AL, I 2B A E-MORB i3 ¥ A3, (¥Sr/*Sr), =0. 704 650~ 0. 705 035, eNd(1)= +2.91~+3.02,
b BR A 27 R ) 67 22 FRAE ZR W/ I s LU e — St 2o Rl A2 I b e TR 5 R X L e A 20 43 oy 32 5 5 1R A A
BEA A FENE 2808 (7= . REEBOX PRO A FEH i) 1L & B DU X 40 40 B JRUUR Mg R AE . 2424
AR (140 km) I, HBE A KB A (1, =1 550~ 1 690°C) o & A7 B RMRIE 2 )5 (50 km) , &7 K Rl X 1]
(1,=1400~1 690°C ) BEAT LU HH iR Z B0 nl P/ EIRERZiUA o RLI e LB/ o BR 2B AT ] — Mg X
Zod FESUE R A, AR F I/ W R B BT RS A B A TR R R TS R 1 403°C /2. 38%10° MPa ~
1 5579C/3.55%10° MPa,

KB . HuERTL2A; Sr-Nd [ % ; REEBOX PRO #3485 1A 1Lk a2 s st Uil ERis /s L
hE S EE. P588.1475; P597 XERFRIREG . A XEHES: 1000-6524(2025)03-0501-21

Mineralogical, geochronological, geochemical characteristics and petrogenesis
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Abstract: The source characteristics and origin of high-Ti (HT) and low-Ti (LT) magma types are the first-order
geodynamic question for the Large Igneous Provinces (LIPs) and mantle plume, especially the Emeishan LIP
(ELIP). In this study, we report LA-ICP-MS zircon U-Pb ages, as well as mineralogical, geochemical, and Sr-Nd
isotopic data on the Late Permian basalts in the Xiaogaoshan, Yanyuan, Sichuan. The Xiaogaoshan basalts can be
classified as LT/HT transitional type and sodic tholeiitic rock series. Clinopyroxene crystallization temperature and
pressure are 1 061 to 1 180°C and 190 to 352 MPa. The X, of Fe-Ti oxides (0.24 to 0. 38) indicates a relatively
low oxygen fugacity environment and the Fenner trend of fractional crystallization (evolving to iron-enriched).

The zircon U-Pb data yield age is 260.2+5.0 Ma, i. e., the peak magmatism of the ELIP. The chondrite-normal-
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ized rare earth elements (REE) patterns and the primitive mantle-normalized spidergrams show oceanic island ba-
salt (OIB) affinity, with a trend to E-MORB (enriched Mid-Ocean Ridge Basalts). The rocks have low age-correc-
ted (*Sr/*Sr), ratios (0.704 650 to 0. 705 035) and positive eNd () values (+2.91 to +3.02). The geochemical
and isotopic features suggest that the lavas have not undergone any significant crustal contamination, and the source
is dominated by “plume” components. The Late Permian Xiaogaoshan basalts have a co-genetic relationship with
the picritic porphyries in the Pingchuan iron oxide deposit via fractional crystallization. REEBOX PRO modeling of
the adiabatic decompression melting for the Emeishan basalts indicate that the mantle sources of the Emeishan ba-
salts are characterized by the primitive mantle (PM). Only HT basalts can be generated at elevated mantle potential
temperatures (¢,=1 550°C to 1 690°C') beneath a lithosphere that is 140 km thick. In contrast, expanded melting
temperatures (¢, =1 400°C to 1 690°C) and regime spread over LT and HT basalts beneath a considerably thinned
lithosphere (50 km). Therefore, the origin of the Emeishan basalts, both LT and HT, is through a continuous
melting process of the same source. The modelling suggests that the Xiaogaoshan basalts most likely formed under a
thinner lithosphere (50 km), with melting temperature and pressure conditions of 1 403°C /2. 38 x10° MPa to
1 557°C/3.55%10° MPa.

Key words: geochemistry; Sr-Nd isotope; REEBOX PRO modeling; Emeishan Large Igneous Province; mantle
plume; Xiaogaoshan, Yanyuan, Sichuan
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KK A48 (Large Igneous Provinces, LIPs) j&
Hby RV A g s v %) E Ok BT g A SR ] P Y
A A A RFIE ( Bryan and Emst, 2008) , H Fj %
I LIPs B B -5 1% A 7R JH A7 € ( Campbell
and Griffiths; 1990; Hill, 1991; Saunders, 2005),
R i it 2 R A1 AR B R Ay AR R v K T A 2
I 4l Siberian | Parana-Etendeka |, Karoo , Emeishan
(Lightfoot et al. , 1993; Ewart et al., 2004; Xiao
et al. , 2003, 2004; Jourdan et al. , 2007) . k%
— PR i R Ay RS U DX e AR R B S - i e A
AR A, T PR BK 2R DU A DA Sy SR T VA PR 8 A R A R
VAR =) ( Tegner et al. , 1998; Jourdan et al.
2007 ; Marzoli et al. , 2019) . SR, HE 2L E BRI BL
LI Y b BR A S R A TE 8RB 1Y # & (Hou
et al. , 2011; Luttinen, 2018) , SEX} A 3% IR X F1 ik
RIAFTEA IR BE B L

R JE 1L K K 48 ( Emeishan LIP, ELIP) (1) 1%
BB, MKHE Tio, & & L& Ti/Y i, 1% JE 1
ZRA BRI 5 0 =k (HT) FIAIRER (LT ) 7 b 25 Al
(Xu et al., 2001), MAM, 5KHH 5255 (2001 ) FL4fE Ti
P Z A A IEAR VRS T o) — Rl 43 05 52, BV
P Ti A4 (HPT) AAK P AKX Ti & (LPT), Xu 5§
(2001 ) Kt K28 (HT) #E— 2 K70 09 HT1 B HT2
FUFIHT3 B Xiao 45 (2004 ) MIFFARERAL (LT) 3 — 25

L5320 LT BIAN LT2 A9, SR, ¢ F ik JE 1 ks
HPT FIIRER/ LPT 2 7 B4 U5 DX RN A BRI AL il ] A4
SRIFAEAIL, 2 AR T R AR R, e, (R %K
b A E IR (228 55, 2007; Xu et al. , 2007) ; ik
£k SCLM ( subcontinental lithospheric mantle ) 2 i
(Tian et al. , 2017; Huang et al. , 2022a) ; f= %k
HEJE (Tian et al. , 2017; Li et al. , 2017a) ; =%k
SCLM 2 ¥ ( Lai et al. , 2012; Zhou et al. , 2006) ,
WA 2 2 R/ HPT FIMIRER/LPT BT8R X 40 43 -
BB — 2 53, T2 M AT 55 2 A P i A () R R
A B2 8) (Chung and Jahn, 1995; Xiao et al. , 2003,
2004) .

SR, Tk JE 12 RA 1 Tio, & &b A
LM (1% ~5%) , Tk (HT) AR (LT) B %) 43 7
R T T —Se g, —sE B R BIRE LR A
[F 1 TiO, & miemIA 2 (wil- X s 9K ) &l
AR I AH 0 43 B 45 AV E T 300, Horp Fe-Ti R
WA B 45 e TiO, S LA K Ti/ Y (R A G
il P2 (FRIEELAE, 2001 5 ARHERNSE, 2004 ; 5K4R 45,
2009; #EH =%, 2009; Hou er al. , 2011) , A2
Hom IR AR Bk 2 A LA A R A TR DX T il R
JIRR A R B R e M 2 i T — A
23 T I AR AU ( Shellnutt and Jahn, 2011; Ren
et al. , 2017; Zhang et al. , 2019) .
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P )1 ER RN L DAL T ELIP A kA 1 X
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X S 1L 2 B e Rl FR R T IE M Bl BR5E K PE %% ( Chung and Jahn, 1995; Xu et al., 2001)
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Fig. 1 Distribution map of the Emeishan Large Igneous Province (a, modified from Li et al. , 2017a, and boundaries of differenti-

al erosion zones are from He et al. , 2003) and Geological sketch map of the Xiaogaoshan, Yanyuan, Sichuan (b, after Regional

Geological Survey Team No. 1, Sichuan Geological Bureau, 1971)
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i 2 T AA A (ALFE D A | 2 LT L
), VA TR) 0 R Pk - S v - TR AR A S TR AL A,
38 DA A — YK b AR A A TR (Xu et al.
2001; Xiao et al. , 2004; Zhang et al. , 2006; Zhou et
al. , 2006; Li et al. , 2015, 2017a) . &4 58 2765
(>5000 m) 7 3 (L JLH K ) A9 A8 Ak #E # ( Xiao
et al. , 2004; Zhang et al. , 2006) , WJEHILZ R AL
TR BG4 KA BRI A, 5
B E B R AEE /ARl & (Chung and
Jahn, 1995; Xiao et al. , 2004) . AR L 4H K 578
M2 R UE B, He 55 (2003 ) #¢ ELIP (4 2 5h
X534 3 A X, BRIyt i fnshae (B 1a) o [
PR AR R A ) b 2 2A 55, SRR I AT i — S
PG B TR 2 AR R AR ik L R R R
e TS 1) R S 2 5 S (260 ~ 257 Ma) | Himgt & s 31 77
260 Ma =45 (He et al. , 2007; Sun et al. , 2010; Li
et al. , 2016; Zhong et al., 2020; Huang et al. ,
2022b) . ELIP MAAFEF B0 77 B, Hrh 2875 4h X
(BT E) BB R Z Y - MBI A
WHE T 28R & KAk /G20 0 4 X ( Zhang
et al. , 2009; FI5, 2017)
1.2 HFE/NSWLHFRFER ZRE S EFSFE

/N I DA T A AR M G DA Hb Ak
AR VR -5 S 3 P 19 AR 2 5 5 YL b il v B G 2%
(25 A3 (S0 B, 1990) o /1N Ly b X 55 1 il X
HA A FE R, FA M2t B2 (B
MR _BZR)M=SRMZHN, —SRBEN
T ZE&5(P,, o I MR BRI, K K
AbE es) B TEsE L X R A (P,B) LUK
FEBGIRTAH (P, Wn s RIETUE) .,
Horp 8 I Lo B T e W 2 v, 2
LR e A (&1 1b) . A th X s 5 TR
ToBBURK FE E B SRTH RA
ORI B AR B P 4R X, P i 5
ELIP W3 AE % UIAH G (Wang et al. , 2014; Liu
et al. , 2015)

MEmih g S TR A B2EHRKA, K6
(& 2a) , H L 78f [8) k7 25 #9 (1 2b) | BEIR &5 #
(Bl 2¢) , BB YR A RAD I (B 2d) o BE&
RFRHA WA AR KN —(E 2b FiT2d) . #HA
h AT - HIE MR, Riie—Ek 0. 1~0.3 mm,
Al DLRiARIE 2.5 mm @YK BEMS (K 2d) , &% & 35% ~
45% . Wi BIE 2T 48 W HIE & RBiAz 0. 05

~0.34 mm, &1 15% ~25% . Fe-Ti B ALY £ b
W A THE T, & i ~ 5%, A4 AR B AN —
FERMK AL SRAL,

2 Tk

B A3 T A A T AU A b J5R I 2 o S 58 2= o
B, Abntr X4 SERRME A BR 2 B 98 WS A R
TCRFHERNE F1'% ) B IR &% (CL) FEAH, 3
HAF A0 WS4 A1 T8 5 N ERSS A R AIE | SRR BR AT T
BT | SR S A 1R B A B E SR B A AR R AT I A
AHOC TSN SE B A S WAR 55 (2002) . LA-ICP-MS
B U-Ph 3R AR ] SRk P b A 5 BT K
Mt 58l 2 Se e % 5e i, AR SR HTHY MC-ICP-MS
4 Neptune Plus B9 242055 &7 PR FLIE AL, BOGR
Tl LSS R 3 ik P o ) 280, SO R  oR BE A
32 pm, BOGRER BN 10 J/em® %N 8 Hz,
BT s AR SR AR R B 4 s 55 RAERT
]2 23 s, B A3, SR I B FH 09 45 A A
91500 YE RS W BT AT I i S 4k, #EH GJ-1
B SRy 85 B AR X 50 18 YR A P A T B0 IE

HL R I o i R (b)) TR ET
B, RS H A H EPMA-1600 AL+
TR, IR E A 15 KV, BN 1x1077 mA |, HBE
K1 pm, AR FERE EAR, T RN A
AR 22 < 5%, BRUERESL N E SPL 24w W il 1Y)
HLFPRET PR UEY) I3, 045 Si AL Na (A7) \Ti( &40
A1) Fe(BREAREA) Mn (0% ) (Ca( T fA) K
(BEA) Rb(4EHIA) .

FRICE MR TR (B LT R) s fEE
G T S S 3 G SE N, TS, B A A
P 2 R KN SR IE T 258 /KIS Ue 0T T8, ik i
200 HULF, SR X 206U br 2T R,
fdi AR AERE & GSR1 . GSR8 . GSR9 Fl1 GSR15 #E4T W
MM HE, S ELEMENTXR 45 55 51 Tt 1854 43 B i
HILEK R EZRERE T GSR1,GSR2 fil GSR4 it
AT MDA e, 0K B2 R : Fe, 04 I FeO 1Y RSD<
10% , HoAth =8I0 K AU RSD<8% , it Al +oC K 1Y
RSD<10% .,

Sm-Nd ,Rb-Sr JG2 % 1 DA K 7] 137 2 LU AR I 28 76
B S R BRI HT H0 SE B, 43 BT AN S 5 ] o
) VG354 2N T iE T, FEALTE 80°C T TR & IR
i (ERRRANAY R LL oA 123 BUE BB TS e
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Fig. 2 Field photograph (a) and microphotographs (b, ¢, d, cross-polarized light) of the Xiaogaoshan basalts, Yanyuan, Sichuan
a—BPAN LR A2 s b—IRDRLEE A, ATE - B IR MR ARE AT SR LR, A/ B AT B R A7 FELAS BT 5 o—BRERES I R AR AR
AR ATBER , S22k BB -E  d—RH A RBER A TRBZ R A Al M3 Cpx—BARDHEAT 3 PI—RHR AT 5 Fe-Ti—8kERA
s Amy— A {491k

a—the Late Permian basaltic lava al field; b—intergranular texture, euhedral-subhedral, plagioclase laths with interstitial xenomorphic, fine clinopy-

roxene and Fe-Ti oxides; c—porphyritic texture, subhedral-xenomorphic, coarse-grained clinopyroxene phenocryst; d—Ilarge euhedral plagioclase

phenocryst, albitization, amygdaloidal structure; Cpx—clinopyroxene; Pl—plagioclase; Fe-Ti—Fe-Ti oxides; Amy—amygdaloidal structure

RO B, R = % PG R B S T 38 e R 43 5
44l Mg 12 0L Wang 55 (2007b) . SEEMIE
KA Sr Al R AR ERE NBS 987,%Sr/*Sr=0. 119 4
bR HEAGAR , 755 St/%Sr= 0. 710 22428 (n=10) ;
Nd [ Z A AERE N La Jolla, “*Nd/"™Nd=0.721 9
bR AL (R, A3 ND/ N = 0. 511 860 +8 (20,
n=8), Nd Ml Sr (& FEARIE 510 6x107" ¢ Fl
3107 g, P& eNd (¢) Ml &Sr (¢) i B H,
("Nd/"™Nd) gyog = 0. 512 638, ("Sm/"™Nd) (on =
0.196 7; (YSr/%Sr) =0.704 5; (Rb/®Sr), =
0.082 7,

3 rirgi R
3.1 HEFIFst

N I Z AR A AT LA Fe-Ti %64k
PIi T RE T A R TR 1 2R 3, MRl

RAMRH A UG FA — 22k, FEER KA
%I]'?J&E(Ab40~62An34~590r1~10) , A RN
Lo As (%1 W 3b) . M A W g A
(Woye s Eny_oFs,, 3 B 3a),ALO, &M 2.22%
~5.50% ,TiO, ¥} 0. 54% ~2. 87% ,Na,0 58N
0.27% ~0. 67% ,Mg"{H } 62 ~82, M4 ARHE AR
JEit(Wang et al. , 2021) , 353 I BURDEE A7 1945 i
FES 1061 ~1 180°C , K /124 190 ~352 MPa(#% 2)
AN I Z B Y Fe-Ti S ALY 810K, BEA W4
BRH (TiO, = 1. 38% ~ 9. 09%, FeO = 80.73% ~
88. 11%) & KWL (TiO, = 16. 46% ~ 22.39% ,
FeO = 66. 29% ~ 69. 23%) , X A #k & ( TiO, =
47.95%~48.71% ,FeO0=43.49% ~44.91%) (% 3) ,
3.2 LA-ICP-MS %A U-Pb %

ME R A AR EE R AE 2 A
T, SRR R R 56~ 100 wm, K PN 1.1~2.5
( Flda) B85 A B B A B S Th & i (76107 ~
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Table 1 Microprobe analyses of the feldspar in the Xiaogaoshan basalt
e plol plo2 plo3 plo4 pl03 plo6 pl07 plo8 pl09 pl10 plll pli2
Kakal BHRA BRA BKka Bka Bk BKe BKa BRA BIRKEA BRKA Rka kA
Si0, 51. 84 51.36 51.70 54.17 56.75 52.58 54.43 53.81 54.39 55.59 65.07 66. 14
TiO, 0.38 0.11 0.18 0.00 0.15 0.35 2.10 0.16 0.13 0.17 0.09 0.04
Al, O, 29.28 28.99 29.13 27.70 25.80 28.35 25. 65 27.30 26.48 27.12 20. 03 19. 86
FeO 0.88 1.07 1.16 0.91 1.11 0.82 1.70 1.08 1.28 0. 86 0.28 0.04
MnO 0.07 0.31 0.12 0.00 0.00 0. 08 0.00 0.00 0.15 0.00 0.14 0.00
MgO 0.20 0.05 0.16 0.06 0.09 0.14 0.58 0.02 0.00 0.08 0.11 0.00
CaO 12. 15 12.32 11.99 10. 63 7.76 11.30 7.57 10.05 9.03 9.53 1.39 0.74
Na, O 5.10 4.63 4.97 5.97 7.78 5.44 5.73 6.02 6.84 6.01 12. 64 12.82
K,0 0.20 0.18 0.29 0.25 0.72 0.51 1.70 0. 60 0.62 0. 69 0.00 0.02
Cr, 0,4 0.00 0.01 0.00 0.07 0. 00 0.00 0.10 0.03 0.04 0.00 0.13 0. 00
CoO 0.00 0. 00 0.08 0.08 0. 00 0.08 0.00 0. 00 0. 00 0.00 0.02 0. 00
NiO 0.00 0.27 0.03 0.01 0. 00 0.32 0.00 0.09 0. 00 0.00 0.00 0. 00
Bt 100. 10 99.29 99.79 99.85 100. 16 99.95 99.56 99. 16 98.95 100. 05 99. 89 99. 66
L8 AN T 5 A BB 1ol S
Si 2.3809 2.3921 2.3943 2.4814 2.5879 2.4317 2.5772 2.4900 2.5254 2.5326 2.9035 2.9294
Al 1.5909 1.5911 1.5898 1.4954 1.3866 1.5455 1.4314 1.4892 1.4491 1.4562 1.0532 1.0366
Ca 0.6001 0.6146 0.5949 0.5217 0.3793 0.5598 0.3840 0.4983 0.4493 0.4652 0.0663 0.0353
Na 0.4559 0.4184 0.4463 0.5302 0.6880 0.4874 0.5260 0.5401 0.6157 0.5309 1.0937 1.1010
K 0.0118 0.0106 0.0170 0.0146 0.0421 0.0298 0.1027 0.0357 0.0368 0.0401 0.0000 0.0011
Bt 5.0486 5.0268 5.0423 5.0433 5.0839 50542 5.0213 5.0533 5.0763 5.0250 5.1167 5.1034
An 56.21 58.90 56.22 48.92 34.19 51.98 37.92 46. 39 40.78 44.90 5.71 3.10
Ab 42.69 40.09 42.18 49.71 62.02 45.26 51.94 50.29 55.88 51.23 94.29 96. 80
Or 1.10 1.01 1. 60 1.37 3.79 2.77 10. 14 3.32 3.34 3.87 0.00 0.10

875x10°°, 14 300x107°) Fl U it (75x107° ~ 324
107,33 166x107°) , Th/U {H M 1. 01 ~2. 88, F1
1. 64, FHEE A 0 A R R ( Belousova et al. , 2002;
F4), 13 PDEURE SR LA-ICP-MS %547 U-Pb MI4E4R
BT — N INAGE°Ph/ 2 U A48 260. 2+5. 0 Ma
( 4b) AR T/l L I BRI
3.3 2 METRMIRLFRE

Pu RN L L R RS R TR
IIMTEE AN T3 5, Si0,(44. 24% ~52. 83%) | TiO,
(1.88%~2.94%)  AlL,O,(12. 49% ~ 14. 66% ) . MnO
(0.10% ~0.29%) £1 P,0,(0. 22% ~0. 29% ) %5 F
TR T WS A MR BE /0N, SR, HoAth = 500 &
PN A 45 " FeO =9. 96% ~ 16. 22% ("FeO =
FeO+0. 899 8xFe,0,; Fe,0,=3.52%~9.36% ,Fe0=
3.90% ~ 12. 74%) .MgO = 3. 54% ~ 6. 86% . CaO =
5.93% ~12. 29% FN4 08 % 1 ( Na,0+K,0) = 0. 35% ~
5.04%, Mg} 35~42, HW LR AL THR AR
FERIE AL, "FeO/MgO —Si0, 71 ) 31 1 Hh (] Sa) ,
B SARAE TR X A Ry 2, HEA RS

Na,O &% & (3. 03% ~ 4. 2%, B T YY-XGS-04 Al
YY-XGS-09) , K tb/hm i e — St XA (TiVY =
427 ~ 535) J& T4 i B 2 R R A (8 A S,
2013) , e HRIEJE L2 B i KA AR ER Y Y 4] 43
FRiE(Xu et al. , 2001, Ti0, =2.5% ,Ti/Y=500) , /]
LA (Ti/Y =427 ~ 535) Ja TR BR/ e ko 9
HI(FE 5h,%5),

/N I Z AR s R B AR, ¥ REE =100
x107°~185x10° M + i E B4, (La/Yb) y=4. 72~
6. 58,10 & 4 FL WX T OIB (% 5) , MREE/HREE
DI ] HREE PSS ARG EN X R BAE (Th/Yb) =
1.55~1.94 F(Dy/Yb), =1.30~1.57, Eu iR
= . (8Eu=0.78~0.99, 8 6a) , JEhhHubEbRElL
Tl e R R E (] 6b) |, Bl T T E A A
BREARR, AR AL (Bl Z BTG, SR R A it 2, B4R
KEFHRATE, FG5RICE (N Ta Ti) K WL FH,
FEAEWL D R0 K Sr i, BACER, Tig e
Wit R R MR IR, /NIl X R AR S
OIB MYEZNE IR 1] E-MORB 1 iy
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Table 2 Microprobe analyses of the pyroxene in the Xiaogaoshan basalt
A2 cpx01 cpx02 cpx03 cpx04 cpx05 cpx06 cpx07 cpx08 cpx09 cpx10
Si0, 51.24 51.58 50. 81 50. 81 50.95 49.22 48.76 49.75 51.88 49.52
TiO, 0.81 0. 69 0.75 0.77 1.03 1.27 1.39 1.33 0.99 1.31
Al 04 3.29 2.33 2.72 2.88 3.08 3.25 3.70 3.79 2.60 2.91
Cr, 05 0.34 0.26 0.31 0.17 0.18 0.34 0.93 0. 86 0.32 0.08
FeO 7.87 7.13 7.13 8.18 7.74 11.17 8.28 8.82 7.91 10. 12
MnO 0.21 0.14 0.15 0.28 0.23 0.30 0.29 0.26 0.27 0.40
MgO 15.87 16. 61 16.21 17.17 16. 07 15.71 16. 12 16. 85 17.40 15.83
CaO 19. 60 19.76 19. 60 18.17 19.25 17.65 18.62 18.38 18.65 18.18
Na, O 0.35 0.36 0.33 0.29 0.42 0. 40 0.42 0.39 0.27 0.49
K,0 0.03 0.01 0.01 0.02 0. 00 0.07 0.07 0.00 0.01 0.00
CoO 0.00 0.03 0. 00 0.00 0. 00 0.03 0.07 0. 00 0.29 0.00
NiO 0.01 0. 05 0. 00 0.04 0. 00 0.03 0.21 0.13 0.14 0.02
Total 99.65 98.98 98. 06 98.90 99.03 99. 44 98. 86 100. 55 100. 71 98. 86
Mg* 78.24 80. 60 80.21 78.91 78.73 71.49 77.63 77.30 79. 69 73.61
PL 6 AT 4 B T o Sk i
Si 1.901 4 1.9223 1.9113 1.899 3 1.901 5 1.8590 1.841 6 1.8425 1.906 9 1.873 3
A1V 0.098 6 0.077 17 0.088 7 0.100 7 0.098 5 0.141 0 0.158 4 0.157 5 0.093 1 0.126 7
AlM 0.0455 0.024 6 0.0319 0.026 2 0.037 0 0.003 7 0. 006 3 0. 008 1 0.019 5 0.003 1
Ti 0.0225 0.019 4 0.0212 0.021 7 0.028 9 0.036 1 0.039 5 0.037 0 0.027 4 0.037 3
Cr 0.010 1 0.007 7 0.009 2 0.005 0 0.005 3 0.0102 0.027 8 0.025 1 0.009 2 0.002 4
Fe®* 0.036 2 0.049 6 0.044 5 0.071 7 0.042 9 0.130 1 0.117 9 0.116 3 0.043 5 0.122 6
Fe* 0.207 2 0.1717 0.179 0 0.1825 0.197 8 0.219 0 0.1410 0.154 4 0.198 7 0.194 3
Mn 0. 006 7 0.004 4 0.004 8 0.008 9 0.007 3 0. 009 6 0.009 3 0.008 0 0.008 3 0.012 8
Mg 0.877 8 0.922 8 0.909 0 0.956 8 0.894 1 0.884 6 0.907 6 0.930 4 0.953 5 0.8927
Ca 0.779 1 0.789 0 0.790 0 0.727 8 0.769 8 0.714 3 0.7535 0.729 4 0.734 4 0.736 9
Na 0.0250 0.026 0 0.024 1 0.0210 0. 030 4 0.029 3 0.030 8 0.027 9 0.018 9 0.0359
K 0.001 3 0.000 5 0.000 5 0.001 O 0.000 0 0.003 4 0.003 4 0.000 0 0.000 5 0.000 0
Bt 4.0114 4.0157 4.014 0 4.0225 4.0135 4.040 0 4.037 1 4.036 5 4.0137 4.0380
Wo 40.33 40. 18 40.48 36.97 39.63 35.95 38. 44 37.10 37.52 36.93
En 45.43 47.00 46.59 48.60 46.03 44.52 46.30 47.32 48.72 44.74
Fs 12.95 11.50 11.70 13.36 12.77 18. 05 13. 68 14.17 12.79 16.52
p/10* MPa 2.38 1. 15 1.38 1.28 2.37 0.44 0.19 0.30 0.36 0. 69
i/C 1 154 1161 1158 1 146 1152 1116 1124 1129 1142 1114
R A cpxll cpx12 cpx13 cpx14 cpx15 cpx16 cpx17 cpx18 cpx19 cpx20
Si0, 50. 53 51.52 46.23 50. 42 48.02 47.54 51.84 51.09 48.96 49.08
TiO, 1.41 1.00 2.87 1.29 2.13 1.86 0.54 1.16 1.42 1.62
Al, O, 3.27 2.56 5.50 2.22 4.95 4.54 2.31 2.26 4.23 4.71
Cr, 04 0.27 0. 00 0.08 0.16 0.08 0. 00 0.00 0. 00 0.10 0.00
FeO 9.50 9.27 12.26 12. 46 11. 00 11.83 6. 86 11.51 9.70 9.94
MnO 0.46 0.00 0.29 0.49 0.51 0.29 0.09 0.22 0.00 0.40
MgO 16.21 16. 84 11.02 13.83 12.95 12.58 17. 50 15.23 14. 69 14.01
CaO 18.25 18.47 20.73 18.75 19.74 19.38 19.09 18.52 20.23 20.28
Na, 0 0.47 0.41 0.49 0.46 0.67 0. 62 0.31 0.37 0.54 0.59
K,0 0.00 0. 08 0.01 0.00 0. 00 0.02 0.00 0.01 0.00 0.00
CoO 0.19 0.33 0.03 0.00 0.07 0.33 0.37 0. 00 0.21 0.00
NiO 0.26 0.09 0. 00 0.05 0.37 0.28 0.00 0. 00 0.20 0.00
Bt 100. 81 100. 57 99. 64 100. 13 100. 49 99.27 98.91 100. 38 100. 28 100. 62
Mg* 75.27 76. 40 61.58 66.43 67.75 65.47 81.98 70.24 72.97 71.54
L 6 ARJFEF R 4 A BHES F Ry Sl
Si 1.874 0 1.906 2 1.775 6 1.904 0 1.814 1 1.826 4 1.929 1 1.908 1 1.837 6 1.8319
AV 0.126 0 0.093 8 0.224 4 0.096 0 0.186 0 0.173 6 0.070 9 0.091 9 0.162 4 0.168 1
AV 0.017 2 0.017 8 0.024 6 0.002 9 0.034 3 0.0320 0.030 5 0.007 7 0.024 7 0.039 2
Ti 0.039 3 0.027 8 0.0829 0.036 5 0. 060 6 0.053 8 0.015 1 0.0327 0.040 1 0.0455
Cr 0.007 8 0.000 0 0.002 4 0.004 9 0.002 5 0.000 0 0.000 0 0.000 0 0.003 0 0.000 0
Fe®* 0.083 7 0.079 7 0.101 9 0.072 8 0.114 9 0.120 7 0.048 6 0.068 5 0.1392 0.1199
Fe?t 0.208 8 0.205 3 0.288 6 0.318 5 0.2292 0.2556 0.164 0 0.288 9 0.161 7 0.187 1
Mn 0.014 4 0.000 0 0. 009 4 0.0157 0.016 3 0. 009 4 0.002 8 0.007 1 0.000 0 0.012 6
Mg 0.896 1 0.928 8 0.6310 0.778 6 0.729 5 0.720 5 0.970 8 0.847 9 0.8219 0.779 2
Ca 0.725 1 0.7323 0.8531 0.758 6 0.798 9 0.797 17 0.761 2 0.741 2 0.813 5 0.8109
Na 0.033 7 0.029 3 0.036 5 0.033 6 0.049 3 0.046 2 0.022 4 0.026 6 0.039 3 0.042 8
K 0.000 0 0.003 9 0.000 5 0.000 0 0.000 0O 0.001 0 0.000 0 0.000 5 0.000 0 0.000 0
Bt 4.026 1 4.024 9 4.0309 4.0220 4.0353 4.036 8 4.015 4 4.0209 4.043 4 4.037 3
Wo 36.96 37.07 44.42 38.36 41.22 40.91 38. 64 37.43 41.18 41.53
En 45. 68 47.02 32.86 39.37 37.64 36.95 49.29 42.82 41. 60 39.91
Fs 15. 64 14.43 20. 82 20. 58 18. 60 19.78 10. 94 18.40 15.23 16. 37

p/10> MPa 1.88 1.27 1.01 0.72 3.52 3.09 1.89 0.25 1.43 2.76
t/°C 1119 1164 1061 1091 1 086 1100 1180 1121 1136 1103
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Table 3 Microprobe analyses of Fe-Ti oxides in the Xiaogaoshan basalt
Y ee= mag01 mag(02 mag03 mag04 mag05 mag06 mag07 mag08
LR/ ESH 373 Wk Wk Wk Wk 37308 wEk KRR
Si0, 2.67 1.78 2.02 1.24 1.68 1.38 2.91 0.11
TiO, 5.60 1.38 3.01 9.09 5.29 7.56 3.85 16. 46
Al, O, 1.22 0.11 0.33 0.81 0.37 0.35 0.30 5.49
FeO 80.73 88.11 84.85 81.57 83.12 80. 86 83.67 69.23
MnO 0.34 0.28 0.17 0.01 0.13 0.21 0.05 0.51
MgO 0. 00 0.11 0. 05 0.01 0.03 0.15 0.03 0.11
CaO 0.76 0.24 0.35 0.24 0.36 0. 60 0.82 0.13
Na, O 0.21 0.37 0.19 0.29 0.30 0.21 0.26 0.15
K,0 0.08 0. 00 0.04 0.07 0.00 0.01 0. 00 0.03
Cr, 04 0.18 0.16 0.24 0.42 0.41 0.03 0.33 0.43
CoO 0.40 0.07 0. 69 0. 00 0.34 0.44 0.01 0.32
NiO 0. 00 0.49 0.33 0. 00 0.06 0.24 0. 65 0.4
Bt 92.20 93.11 92.27 93.74 92.09 92.04 92. 88 93.37
Si 0.103 7 0.068 5 0.078 9 0.047 6 0.065 7 0.054 1 0.1120 0.004 2
Ti 0.163 6 0.0399 0.088 5 0.262 7 0.155 6 0.223 1 0.1115 0.474 4
Al 0.0558 0.005 0 0.015 2 0.036 7 0.017 0 0.016 2 0.013 6 0.2479
Fe®* 1.399 3 1.758 8 1.633 3 1.323 8 1.5211 1.420 5 1.514 5 0.772 4
Fe** 1.2220 1.075 8 1.139 6 1.296 4 1.196 8 1.2323 1.178 9 1.4458
Mn 0.0112 0.009 1 0.005 6 0. 000 3 0.004 3 0.007 0 0.001 6 0.016 6
Mg 0.000 0 0.006 3 0.002 9 0.000 6 0.001 7 0.008 8 0.001 7 0. 006 3
Ca 0.031 6 0.009 9 0.014 7 0.009 9 0.015 1 0.0252 0.033 8 0.005 3
Na 0.015 8 0.027 6 0.014 4 0.021 6 0.022 7 0.016 0 0.019 4 0.0111
K 0.004 0 0.000 0 0.002 0 0.003 4 0.000 0 0.000 5 0.000 0 0.001 5
Cr 0.005 5 0.004 9 0.007 4 0.012 8 0.0127 0.000 9 0.0100 0.0130
Ni 0.000 0 0.0152 0.010 4 0.000 0 0.001 9 0.007 6 0.020 1 0.012 3
Bt 3.012 4 3.0210 3.012'8 3.015 6 3.014 7 3.0122 3.017 2 3.0110
Xy = - - - - - - 0.38
SRS mag09 magl0 magl1 magl2 magl3 magl4 magl5 magl6
/eSS N RN RN R N R Rk LR LR Rk
Si0, 0.29 0.34 0.35 0.29 1.30 0.20 0.16 0.18
TiO, 16. 64 20.93 17.03 22.39 48.71 47.95 47.96 48.71
Al, O, 5.74 3.74 5.67 2.45 0.35 0.25 0.28 0.08
FeO 68.76 67.67 68. 02 66.29 43.49 46.42 44.91 44.37
MnO 0.26 0.72 0.39 0.08 4.76 4.37 4.28 4.49
MgO 0.12 0 0 0 0.04 0.03 0.20 0.23
Ca0 0.18 0.29 0.19 0.25 1.22 0.64 0.41 0.61
Na, O 0.05 0.36 0.26 0.03 0.08 0.04 0.11 0.11
K,0 0 0 0.01 0 0.11 0.00 0.01 0. 00
Cr, 04 0.16 0 0.27 0.33 0.00 0.10 0.26 0.42
CoO 0.02 0 0.17 0.5 0.51 0.33 0.37 0.05
NiO 0.11 0 0.39 0.16 0.37 0.00 0.22 0. 00
Bt 92.33 94.05 92.75 92.77 100. 94 100. 33 99.17 99.26
Si 0.0112 0.0130 0.0135 0.011 4 0.032 3 0.005 0 0.004 1 0.004 5
Ti 0.482 1 0.603 5 0.493 4 0. 663 4 0.911 3 0.902 7 0.914 7 0.9250
Al 0.260 5 0.168 9 0.2573 0.1137 0.010 3 0.007 4 0. 008 4 0.002 4
Fe®* 0.745 4 0.5912 0.709 8 0.523 3 0.095 1 0.174 7 0.144 0 0.128 3
Fe** 1.469 2 1.577 9 1.480 8 1.660 0 0.809 4 0.796 8 0.808 2 0.808 4
Mn 0.008 5 0.023 4 0.012 7 0.002 7 0.100 3 0.092 6 0.091 9 0.096 0
Mg 0. 006 9 0.000 0 0.000 0 0.000 0 0.001 5 0.001 1 0.007 6 0. 008 7
Ca 0.007 4 0.0119 0.007 8 0.010 5 0.032 5 0.017 2 0.0111 0.016 5
Na 0.003 7 0.026 8 0.019 4 0.002 3 0.003 9 0.001 9 0.005 4 0. 005 4
K 0.000 0 0.000 0 0.000 5 0.000 0 0.003 5 0.000 0 0.000 3 0.000 0
Cr 0.004 9 0.000 0 0.008 2 0.010 3 0.000 0 0.002 0 0.005 2 0. 008 4
Ni 0. 003 4 0.000 0 0.012 1 0.005 1 0.007 4 0.000 0 0.004 5 0.000 0
Bt 3.003 2 3.016 7 3.0155 3.002 7 2.007 4 2.001 3 2.005 3 2.003 6
Xy 0.37 0.28 0.35 0.24 - - - -
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Fig. 3 Wollastonite-enstatite-ferrosilite diagram showing compositions of clinopyroxene (a, after Morimoto e/ al. , 1988)
and anorthite-albite-orthoclase diagram showing compositions of feldspars (b, after Smith and Brown, 1974)
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Fig. 4 CL images of representative zircons from the Xiaogaoshan basalt (a, circles indicate laser points for dating) and

LA-ICP-MS U-Pb zircon concordia diagram (b)

3.4 Sr-Nd EfiZ

/N Z B ) Se-Nd R 2K 43 B 45 35 F 3=
6, Sr-Nd [Flf3; Z A9 if L 2411158 % 260 Ma, /Ny
XA BEAENY —M Se-Nd [ 7 % LA,
(¥Sr/%Sr) . {H A 0. 704 650 ~0. 705 035, eNd (1) N
+2.91~+3. 02, 7E eNd (¢) — (VSe/*Sr),
(B 7) /NE L 2R ) Se-Nd R 7 & 8 5 # 7% AE
OIB L Z N, I Sk JE s A HE (E 7).

4 HHE

4.1 HFERER

Nb/U Nb/Th /248 51| Z 245 & 75 52 B b 5e i e
1A 8546 7S ), AR BRI 3R W 18 52 1 5 TR Gy e B
K ( Hofmann, 1988). /N1l Z % 9 Nb/U Fi
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Table 4 LA-ICP-MS zircon U-Pb analytical results for the Late Permian Xiaogaoshan basalts
S wy /107
L Th/U 27ph/ X Phx 1o Tph Uz lo 0P/ Usle *Ph/PPU A £10/Ma
eacs Pb Th U
01 33.40  179.30 125.20  1.43 0.051 8+0.002 2 0.292 9+0.012 4 0.041 1+0.000 9 2606
02 98.00 543.30 304.90 1.78 0.053 2+0.001 6 0.300 6+0.010 8 0.041 0+0. 000 8 259+5
03 22.40 123.50 100.60  1.23 0.051 5+0.002 1 0.291 10.013 5 0.041 0+0. 001 0 259+6
04 30.30 160.30 101.20  1.58 0. 060 6=0. 002 8 0.337 4=0.017 7 0. 040 4=0. 001 0 255+6
05 47.90 255.50 193.60 1.32 0.051 8+0.001 7 0.295 3+0.010 4 0.041 4+0.001 1 262+7
06 26.10 136.10 103.60 1.31 0.054 7+0.002 3 0.309 3+0.012 9 0.041 1+0.001 1 260+7
07 160.00 874.50 323.90  2.70 0.053 5+0. 001 8 0.304 2+0.010 1 0.041 3=0. 000 9 261+6
08 41.10 200.00 136.90  1.46 0. 060 6=0. 002 5 0.344 5+0.013 1 0.041 3=0.001 0 261+6
09 36.60 202.70 106.50 1.90 0.055 5+0.004 3 0.313 3+0.024 8 0.041 0+0.001 O 259+6
10 15.30  75.80  75.30 1.01 0.052 4=0. 002 7 0.299 5+0.016 5 0.041 6=0.001 3 263+8
11 31.20 170.50 124.10  1.37 0.053 5+0. 002 2 0.302 1=0.013 9 0.041 0+0. 001 0 259+6
12 121.00 693.30 240.60  2.88 0.055 8=0. 001 7 0.311 8+0.012 3 0. 040 6=0. 001 0 256+6
13 52.80 287.10 215.60 1.33 0.054 0+0.001 6 0.305 3+0.010 4 0.041 0+0. 000 9 259+6
5
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Fig. 5 "FeO/MgO-SiO, diagram (a, after Miyashiro, 1974) and Harker diagrams (b and c)
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McDonough, 1989) , RIAMIFEIRIAIE . (Nb/Th),—  H5EIR YA ([E8a) , [RI Z J7 I , #H X B 1Y
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WEBTEAE (w,/10°) S EIER

Table 5 Whole rock analyses of major (w,/ %) and trace

elements (w,/107°) of the Late Permian Xiaogaoshan basalts

FEAh YY-XGS- YY-XGS- YY-XGS- YY-XGS- YY-XGS- YY-XGS-
RS 04 05 06 08 09 12
Sio, 52.83  48.24  44.24  45.08  45.36  45.87
TiO, 1.88 2.31 2.63 2.62 2.94 2.57
ALO;  12.49  14.56  13.67 14.09 14.66  14.05
Fe,0;  6.74 3.52 9.36 6.04 3.87 8.21
FeO 3.90 8.96 7.13 9.68 12.74  6.52
MnO 0.10 0.17 0.23 0.29 0.24 0.23
MgO 3.54 6.86 5.01 5.54 4.34 5.53
Ca0 12.29  5.79 9.79 8. 84 5.93 9.89
Na,0  0.31 4.42 3.62 3.50 0.27 3.03
K,O0 0.04 0.62 0.07 0.38 0.29 1.25
P,0; 0.23 0.26 0.29 0.29 0.22 0.27
LOI 4.77 3.11 2.54 2.00 6.62 1.24
Bif 99.12  98.82  98.58 98.35 97.48  98.66
Rb 1.10 11.0 1.84 8. 46 15.7 26.2
Sr 37.6 287 379 602 65.6 404
Ba 14.8 203 144 612 73.8 798
Th 1.47 1.76 2.67 2.70 6.20 2.83
U 0.39 0.39 0. 60 0.42 1.42 0.48
Nb 12. 1 15.3 24.6 26.5 46.2 26.0
Ta 0.81 1.05 1.60 1.70 2.97 1.67
Zr 168 207 173 180 342 155
Hf 4.61 5.52 4.69 4.81 8. 84 4.28
Y 24.0 26.6 34.0 34.5 41.3 28.8
Sc 23.8 28.6 33.8 34.5 33.4 38.0
Co 42.3 54.7 59.7 63.0 75.3 54.3
Ni 75. 1 106 54.2 60.8 309 60.7
Cu 41.3 25.4 170 35.6 249 56.4
Pb 3.05 3.64 3.23 3.23 9.06 2.62
Zn 72.7 128 154 211 190 112
% 305 318 477 483 358 454
Cr 57.7 53.0 29.0 40.9 548 59.5
La 14.8 14.8 20.5 21.4 31.9 19.8
Ce 34.2 40.2 44.9 47.8 70. 1 43.7
Pr 4.74 5.91 5.96 6.31 9.03 5.77
Nd 21.8 26.9 25.3 26.8 37.0 24.2
Sm 5.35 6.39 5.81 6.15 7.92 5.47
Eu 1.65 1.93 1.97 2.05 2.09 1.85
Gd 5.61 6.75 6.62 6.73 8.42 5.97
Th 0.89 0.99 1.08 1.12 1.34 0.99
Dy 4.81 5.44 6.15 6.38 7.28 5.49
Ho 0.93 1.01 1.27 1.27 1.42 1.10
Er 2.60 2.90 3.61 3.77 4.09 3.12
Tm 0.32 0.35 0.47 0.50 0.54 0.38
Yb 2.07 2.25 3.08 2.97 3.48 2.63
Lu 0.29 0.31 0.43 0.44 0.50 0.38
Y REE 100 116 127 134 185 121
Ti/Y 469 520 464 455 427 535

TR Sr [R5 2 (0. 704 650 ~0. 705 035) DA K2 1F Y
eNd()fE(+2.91~+3.02) EPUE T LA F45i8 (K 7,
#6).

4.2 EBERFUUEITF Fe EERZM

NE L RA B AR Mg (35~42) , R4
I TR E R 4y B . BRI NI (54x107° ~
106x107°) Fl Cr(29.0x10°~59.5x10°°) (£ 5,k T
YY-XGS-09) & B 0] B8 & 2B T MM A 1 o0 B 45
H T Eu F1 Sr X FRHS A Y M TT R B iz W
W Eu Al Sr S5 HHE R T RHS A 143 B 45 S 1
FH. MR, Mg* F1 TiO, \"FeO S 30 HA i 1A
K( B Sh I Se) , RBAK LD TAVEIREE T B
AE LT, SRE A B2, IR TR TR R
(1=1061~1180°C, p=190~352 MPa) ,/IN&E L Z &k,
AE Db BT R TREE T oA T R A B o
i (R 2) .

R R P 2 RS 3 A PR o S ta 3
—-Fh IR R UL Bowen #A%(FTBKE 7 A1 Ak )
(Bowen, 1928; Hunter and Sparks, 1987) , % —Ff /2%
R/D UL Fenner #434 (& 2kF6EJ5 ML) (Fenner,
1929) , 7F K Bifi ¥ ¥ 2 2% A 3 8 5 UL ( Hunter and
Sparks, 1987; Brooks et al. , 1991; & N4, 2003)
ARG e B S 2 WERR AT 3 B 45 T I ] Fr 4
i, TTRESRE 73 5 23 ot SO TR JE (f,,,, Veklser,
2009) . e AR A K R G P RERR T R e
XK, I SO 2 76 R I B B kAR 43 25 45
(Toplis and Carroll, 1995) , TP % 4235 & DU { £ 0
TRHRERR T A 5 3k B4R A, T S5 808k 19 K 301 5 4
(Brooks et al. , 1991) . Toplis 1 Carroll (1995) 4§ i}
Fe-Ti ALY X, (ERVE 3 AGR L (f,,) 1 IEAHSE

g A, e 2 s B B 1Y FeO
(12.13%~16.22% [ T YY-XGS-04) , J& TR % i,
#(35; EI5b), WA LR JOBE A AR (L an s
LU RE Y K IRFERKE DU T2 BH R AR SCHIAE,
2003 ; BN, 2012; Li et al. , 2017a) AL HFER( 1L
WA S HIX TE RIS 2013) WABL TR
B, NEINZ A FeO Fl TiO, M Mg* AR
e, 1 HBAT AR A X, {E(0.24~0.38; 3£ 3) 4%
7E 7 ELIP @Eﬁﬁgﬁt%lz, Bl Fenner ﬁ%(Fenner,
1929; [£18b) . H5EiRHe o FECAW AL (f,) T
(Juster et al. , 1989) SR /N L Z A B A 18 32
WA H TR Y DL R A R BN LK A TE
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Fig. 6 Bulk chondrite-normalized REE patterns (a) and primitive mantle-normalized trace element spidergrams (b) of the

Xiaogaoshan basalt
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chondrite and primitive mantle values for normalizations, OIB and E-MORB are from Sun and McDonough (1989)

eNd(1)

.8 |
OO Ay b b 2
@ ELIPE Bk Hi
O ELIP{CER M
12 1 1 | 1 1 1 ]
0.702 0.704 0.706 0.708 0.710
(78181

Bl 7 /el — &L RA R eNd (1) - (7Se/*sr), [EI i
Fig. 7 eNd(1)=(YSt/*Sr), plot of the Xiaogaoshan basalt
OIB $4551 H Lassiter et al. (2003) ,Madureira et al. (2011) ,Hanyu

et al. (2014) FMGarapic et al. (2015) ; ELIP {EHCA SRS |
H Anh et al. (2011), Li et al. (2012), Yang and Liu (2019),
Zhang et al. (2021) ,Yao et al. (2021)F1 Yu et al. (2024)
data of OIB are from Lassiter et al. (2003), Madureira et al. (2011),
Hanyu et al. (2014), and Garapié et al. (2015) ; data of ELIP picrites
are from Anh et al. (2011), Liet al. (2012), Yang and Liu (2019),
Zhang et al. (2021), Yao et al. (2021), and Yu et al. (2024)

THUK AXFRAR AR IR R IR BT, X A3 A
THRMEA (BB ) FURH A 53 B 45 b, T 3 i)
Fe-Ti FALMII /> BS 45 i (Zhang et al. | 2012) , X545

F6 MFWLBE_BHZTHER Sr-Nd FAIESTER
Table 6 Sr-Nd isotopic data for bulk rocks of the

Xiaogaoshan basalt

AT YY-XGS-06 YY-XGS-08 YY-XGS-12
w(Rb)/107° 1.90 8.54 28.01
w(Sr) /107 382. 60 610. 80 412.90
w(Sm) /1076 6.03 5.84 5.63
w(Nd)/107® 27.12 24.57 25.39

8 Rb/ %Sy 0.014 8 0.041 6 0.200 7

878y/86y 0.704 704 0.705 189 0.705 531

lo 0. 000 007 0. 000 006 0. 000 009
WG/ 14Ng 0.1347 0.144 3 0.134 6
Nd/ N 0.512 687 0.512 698 0.512 685

lo 0. 000 008 0. 000 008 0. 000 009
(¥sr/%8r), 0. 704 650 0.705 035 0. 704 789

("Nd/"™Nd),  0.512458 0.512 452 0.512 456
eNd(1) 3.02 2.91 2.98

FH2A B G, B 9 ARV A M A B it 2
W4k S oA TR R Ak I Fe-Ti 484k
00 SR I 25 S (T 2b Al 2¢) . Mz hEIn X
A Y Fenner AL # (5 BRI RETT 0134k ) DL K&
PR BE X i R A, BN R TR i A A
i (AR, 2013)

W SO R B /N Ll O R R
BEA I Mg 1 TiO, "FeO Y AR ¢ (& 5b FiI
S5¢) , VARG SFEAT 1 F 4 o0 2 AR T 2 i 40 455 X
(E6) 46/ T —Fpig g fbtash o, iEBA
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AL eNd (¢) {E [ eNd (1) gy = +2. 91 ~ +3. 02;
ENA(t) e =+2.3~+6.7 Wang et al. , 2014], X

S0l BRAG SRR R R W /N g L2 A R B
WA 2 R OF Hoe ELe i b m ™9

12

25
¢ o i L A 2
h N-MORB a O /e = i 2y b
ok e
20F K T ‘,'
08 N B N
o 15| OIB 1. &
E . - \ {fo[l ‘t;‘-‘?v‘-_.‘“-..“_
: . 06 e ~ | Ly
=10 - [?5] OELIP % %, T T
! 04} N 77 LA
\‘?6}5:? E ﬁ.\\
Y a
05 WELC 02l \\\ O ;}
muC ol
0 1 1 1 1 1 1 0 1 | 1 1
0 5 10 15 20 25 30 35 0 2 4 6 8 10
(Th/Yb)p w(Mg0)/%
8 (Nb/Th),—(Th/Yb), Hi5EIR S HIGIE (a, 3 Pearce, 2008) Fll Xy, —w(MgO) BB (b, #E 1% X HI%: 2003)

Fig. 8

(Nb/Th),=(Th/Yb), plot to discriminate crustal contamination (a, after Pearce, 2008) and plots of Xy, —w(MgO)

(b, after Xu Yigang et al. , 2003)
B SRR OIB | JFUIA M8 IRV F A X %A —Sun and McDonough (1989) 5 kB LA Zhang et al. (2006) ; #%T FHI5E(UC) FITF #15%
(LC)—Ma et al. (2000) F1 Wang et al. (2007a)
data source; PM, OIB and N-type mid-ocean ridge basalts ( N-MORB)—Sun and McDonough ( 1989) ; Emeishan picrites—Zhang et al. (2006) ;
the Yangtze upper crust (UC) and lower crust (LC)-—Ma et al. (2000) and Wang et al. (2007a)

B X 45 1E

THTTAR /0N e L e S T2l A A s 2 sl R
4 260.2+5. 0 Ma, S0k 5 1L A 51 %2 17 JRUR &
L A TR = 9 ( Zhou et al. , 2006; Fan et al. |
2008 ; Zhong et al. , 2020; Huang et al. , 2022b) .
BRfbeE i, e L X RCAE B R OB i Lot
A TR BB, DLIE ) eNd (¢) fEL(+2. 91 ~
+3.02) , YIRULEIE T HpEAE, Th/Yb-Ta/Yb &l
i NE I Z A #AE T MORB-OIB 445 2 H A~ F
E-MORB Fil OIB Z [8], H M52 iR Y A 5 (&l 9a)
Th/Nb-Ti0,/Yb Hul& ¥ #15] E H (K 9b) , /& Il
RARAET OIB-OPB YU Bl Z N (Hubg it 451 ) , Jf H
£ T OIB 55 SZLM MR A #a#k I (llb #Y; Pearce
et al. , 2021) , FEIH b b 5 X DL M e AR 2 40 R 3, £F
A/DE SZIM 4143, 13X Ee 5 ] & 7R AR 40T
FIR T R R 18 L & Se-Nd [R5 22 HH 0L A AR AE
RIS g LG — 8 20 A VR X D b b A 2 oo =
JF4 M OIB [fi] E-MORB 3o 3 FUARAE
4.4 REEBOX & & L7

REEBOX PRO (v. 1. 1) A& 03 i -4 i ds 44
AR TG R B B A XS L 7 e 245 R I il ot
HEATIE AU, 12 U 3k S 56 RN B ) 24 2 U mT
TR A T P S R i R [T A 46 =2 [ ) 448 e e 3o

4.3

(0. 01x10° MPa) H AL IR R R (dF/dP) . A
[F) P58 DX B 1Y) I P e AR T o e e R A TR
AT FEARS Rl AR TR 7 A — > < s mil A R AR I AR 4
gy IJE AR BT SRR R AT
RS IR FAERY Ly o IR A 35 E A ) U5
DCAPE(Hotn BRSO RN S A4S ) (e
T ( t,) DL R W46 4 A PR B ( Brown and Lesher,
2016) o ARGEA SO /N L e — s O IR Ry
T 20 LA BRI AT FE R, A SC REEBOX A Y 15
EEASEAT .

K H IR & PR 8L “ active residual mantle column
(RMC, Brown and Lesher, 2016) ", iZ pRZUE K 5 X
7% 118 (net source buoyancy) A IEAH, & H T M
FEFREE (o il ML AT AT IE e 118 . IRZ 05
CLUIFESE ELIP R IX &5 4 PG 2R 9 5 ( Zhang et al. |
2008; Hou et al., 2011; Ren et al., 2017; Zhu
et al. , 2018; Yang and Liu, 2019; Zhang et al. ,
2019; Yu et al. , 2024) , Horhik &4 (2022) %} U Ji|
ARV A AT e B R IR DX rh ] REAFERE
H oy, BRI AR OESE, Tian 55 (2017) #E—2
i RO L2 A R DX A B 2H 3 0 B A AR
(4o PRIHG , AR YR ADI R b 58 DX e K L B O
JE R HulE (PM, 95% ; McDonough and Sun, 1995) 1%
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w(Ta)w(Yb)

10

0.03
0.1

1.0
w(TiO,)w(Yb) ———» £t 14
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B9 HuhS YR X HIFIE Th/Yb-Ta/Yb & (a, 3& Pearce, 1982) Fil Th/Nb-TiO,/Ybh #% & (b, #& Pearce et al. , 2021)
Fig. 9 Mantle source determination diagrams Th/Yb-Ta/Yb (a, after Pearce, 1982) and Th/Nb-TiO,/Yb (b, after Pearce

et al. , 2021)
OPB— AR Z I ; M—ARF i eicts Y 4 P8t e PR 25 0, EM— S5 g OIB—¥E B Xl ; MORB— KB XA

OPB—oceanic plateau basalt; M—subduction-modified lithospheric mantle ( SZLM ) sourced magma; EM— enriched mantle; OIB—ocean island

basalts; MORB—mid-ocean ridge basalt

Fe A 20 43 ( Duncan et al. , 2016; Heinonen et al. |
2022) ; G2 #4717 (G2 pyroxenite, E-MORB, 5% ; Sun
and McDonough, 1989) {0 KGR ST 41, BRI A1

o BIAMWFFEIA A IR G Ll Mg A B =W & iR
(F7), D5 I HF e 8 3t (2, ) B8 72 AT TR 3 E R
1 400~ 1 690°C., it Pl M3 Ik 24 1 380°C ( Heinonen

&7 ELIPMUEHEE (1,) SBRENURRE/ SOBEEEGMEER
Table 7 Estimation of mantle potential temperature (¢,), pressures, and melting depth/lithospheric thickness of the ELIP

Hu T (2, ) TERE T (p) SRR B/ A P TR E= PN
FERZRA 1,<1 500°C R R AT IR LB AR E =75~ 100 km
- Xu et al. , 2001

MRER LA 1,>1 550C

TEHUA WA TR X IR 1 630~1 690°C

WA 1 =1 590°C

p

I I Z R 1, =1 420~ 1 637°C

A IR A AR ORI = 1 440 C

JR UG A IR > 1 600°C
t,=1400~1 550C
t,>1 560°C

FARHICE £, =1 525~1 620°C
- Bk HCA ¢, =1 500~ 1 550°C ;

FIERHER 1, =1 620~ 1 660°C
BRI 1A ¢, = 1 410~ 1 530°C
t,=1450~1592°C

B X AW IR 2R IE LR B = 60~ 140 km

4.2x10°~5.0x10° MPa

0.4x10° ~4. 0x10* MPa

2.4x10° ~4.8x10> MPa
~5.0x10° MPa

>3x10° MPa
IR — TR B K A A
2L S1 . 2~3x10° MPa
k. 4.0~5.4x10° MPa
R4k, 1.5~3.0x10° MPa

Hh5E A (LB IERREE ) = 64~16 km

o BRI T B B 1L TR )

130~ 150 km

HME IR X PR BE = 15~ 130 km

JE UG A 2R AR > 130 km
70~ 145 km
~150 km
PRI IR B R R
R >90 km
(L a7 ST ey A2 |
REE = 60~90 km
%k =120~ 160 km
{4k =45~90 km

Zhang et al. , 2006;
HAHEEAE, 2006

Li et al. , 2012

2K A, 2012

Xu and Liu, 2016
Munteanu et al. , 2017
Shellnutt and Pham, 2018
Xu et al. , 2020

FRALE, 2020

Yao et al. , 2021

Zhang et al. , 2021
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et al. , 2022) , HuWESHFE 55 A B R ZUAH BLVE A O A
H A P B 2 A P 9 R 200 7 ( Campbell and Grif-
fiths, 1990; Read et al. , 2004) . 7R TAEME B/
L B 2 A R AR Ol 260. 2+5. 0 Ma,
5 ELIP I & I R (260 ~ 257 Ma) |, H5 501 S W5 4 I
M4 (~260 Ma; H U Huang et al. , 2022b)
U, /N I BT R AT RE R A T ORI A A
0

PEI UG AR F N ELIP 44 Rl 8/ 5 A0 P JEE 1Y
B ZER % A AT E M 26 (Xu and Liu,
2016; Shellnutt and Pham, 2018) , 25 Y 45 $ 5 5 (1)
A B R ARV Rl 50~140 km (£ 7)
La/Yb-Ti/Y $EIFRM k)5 11 Z R A B2 IE
FHOCAT AT, B BEE IEs R B3 R T/ Y (H Rl 2 3 K
(E10) X S5 A L A B TR R

a

w(La)/w(Yb)
[y
T

[ RN = (g e )
B %

I

20 -
25 =
5 A7 B S =140 km

30 1 1

b

459°C/2.57%10" MPa~1 465°C/2.66x10" MPa

N 548°C/3.41x10° MPa~1 557°C/3.55%10" MPa

10

1 403°C/238x10'MPa_~

wiLa)/w(Yb)
1

i

i

)

K
20 \A
25
2
AT L EE=50 km %
30 - 1 1
200 300 400 500 600 700 800 900 1 000
w(Ti)/w(Y)

Bl 10 MEJE I LKA La/Yb-Ti/Y L) &% REEBOX PRO HL4h £&
Fig. 10 La/Yb-Ti/Y plot and REEBOX PRO modelling for the Emeishan basalts

LLMNZ AN R MR (o, ) 2500 T RO BEADUE Rl i, 20 (0 IR R AR 7 20 /N iR Ll i O Rl AR 1R )8 1 XA BE 51 X 8
(2001) ; Xiao %(2003, 2004) ; Zhou % (2006) ; Wang % (2007a) ; Song % (2008) ; Qi %:(2008) ; Fan %:(2008) ; FEFEyK%5(2009) ; Lai %
(2012) ; Li %:(2012, 2016, 2017b) ; Liu % (2017, 2022) ; Tian %5 (2017) ; 45 (2018) ; Yang and Liu(2019) ; XI&7E%5(2020) ; B4 8

4£(2021) 5 Yao %(2021) ; Huang %5 (2022a) ; Yi %5(2022) ; SIBR/ECT ¥ B
red curves represent modelling of mantle partial melting at different mantle potential temperatures (¢,) , and red dots mark the melting conditions for
the Xiaogaoshan basalts. data sources; Emeishan basalts (Xu et al. , 2001 ; Xiao et al. , 2003, 2004 ; Zhou et al. , 2006; Wang et al. , 2007a; Song
et al. , 2008; Qi et al. , 2008; Fan et al. , 2008; Jiang et al. , 2009; Lai et al. , 2012; Li et al. , 2012, 2016, 2017b; Liu et al. , 2017, 2022;
Tian et al. , 2017; Qin et al. , 2018; Yang and Liu, 2019; Liu et al. , 2020; Ji et al. , 2021; Yao et al. , 2021 ; Huang et al. , 2022a; Yi et al. ,

2022; eliminating some outliers)
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A
= % Gk

i 44 3%

SRR BE | HRER 2 A B WL T B M R TR B2 A2 W)
A (Xu et al., 2001; Xiao et al. , 2004; Qi and
Zhou, 2008 ; Fan et al. , 2008 ; Song et al. , 2008 ; Lai
et al. , 2012; Yao et al. , 2021) . WEJE 1% R AT
EIEL G ARER/ B ER Z AV B 09 ] T

REEBOX PRO B4l % W], &0 84 A BB & 10
(140 km ), Hb & A% 455 fil 75 2B Y ¢, (1550 ~
1 690°C ) , FLALLIA il it 2 75 55 &R 43 ik JE 1L = K X
B HBA I BER 2 A X8 (] 10a) .
W, BEASABAET EE Sk X RE, X5
Xu 45 (2001 ) (1) Hh 8 AT 5 Gl 8 W 4 | 6] B A
ELIP #hiff 22 S 2 A 15 58 (Fan et al.
2008 ; Lai et al. , 2012; Liet al. , 2017a) , B A A
B2 (50 k) , ASASUJE Fll ) g o I 415 [T A2 R
(1,=1400~1 690°C ) , Ifif HLJ& fl IX 0] W % 9 K.
AR BB R 8 T L& rm ek 2 s, hd 5
FH SR I AREE X2 (1 10b) o PRtk (IRBR/ ik
ZRAE TR A (~50 km) Z0F T AL, iX
5 Heinonen 45 (2022) %f Karoo LIP % i 2 34 11
REEBOX BLUZE R —3, /vt Kt A i et oA
IR, DR b A Y e E L2 1 403C/
2.38x10° MPa ~ 1 557°C/3. 55x10° MPa ( [& 10b)
SR B AR S AR HL T IR R Hh g YR T ~ 180°C , 48
AN T M AR TR/ i L A T B AR v i AR
(Zhang et al. , 2006; Bryan and Ernst, 2008) .

PRIt 0 11020 3 18 D IX 20 3 D J g A 20 5
R, BA R R O B AR A /D i PR 453
(¥Ef A, ~5%) . Ren 25 (2017) 1@ 1t X ELIP 1
RO A 0 R AR RS AT 5T, 2 R AN R 2R R 1Y)
T i 2 (e TR ER ) KRR IR T — AR X 1
—JYRIX , Zhang %5 (2019) FE— 4R T — N ESE
708 T e RS TR | B R ) RS A s R R S R
ANFE) Ti E DK Ti/Y R %R, UL REE-
BOX BLAAZE S FF T 3X —i 5, Bk LR BE/ = gk
LR T DA I % S AP B, D DR 2R 0 il I
JEE RN 7 251 L B b 5 DX 40 JoR 4 R
5 58

(1) PUJHERTE /N e L — B i 2k Ja Tl o
PR Z A R, SRR A RS RIREE N 1061 ~
1 180°C , JEJ1°4 190~352 MPa, Fe-Ti ALKy
Xy, (B (0.24~0.38) 487/ T HARMEGR B, A F T W)

Fenner # ¥k,

(2) LA-ICP-MS #5471 U-Pb MI4E25 38 260. 2+
5.0 Ma,/ME L ZEETE T ELIP BER R, X
PRI AZ B B IR IR X DL g A o L S
SR AT P B EL A RV 2 2 45290 5 45 B 1Y)
a7/

(3) REEBOX PRO #ill 3 W, & )B4 A B
(140 km) T 75 225 5 A4 L #8 WR (¢, = 1 550 ~
1 690°C) , H AL RE M e Bk X il A, B o A 1
(50 km) FYR Rl 7 BB 297K (1, = 1 400~ 1 690°C)
AR R BRI X A WRJE LR ER = Bk X A
S EA TR H b R AE 0 VR IX 200 i S0 Rl 1 7
Y, /NI Z AT TR A P S5 T B
VR R 7 9 2 1 403°C/2. 38 10" MPa~ 1 557°C/
3.55%10° MPa,

Bt R B2 A AR K R A A2 T A 5
1 B B A Bl |
References

Anh T V, Pang K N, Chung S L, et al. 2011. The Song Da magmatic
suite revisited; A petrologic, geochemical and Sr-Nd isotopic study
on picrites, flood basalts and silicic volcanic rocks[ J]. Journal of
Asian Earth Sciences, 42(6) : 1 341~1 355.

Belousova E, Griffin W, OReilly S Y, et al. 2002. Igneous zircon:
Trace element composition as an indicator of source rock type[J].
Contributions to Mineralogy and Petrology, 143(5) . 602~622.

Bowen N L. 1928. The Evolution of the Igneous Rocks[ M]. Princeton;
Princeton University Press.

Brooks C K, Larsen L M and Nielsen T F. 1991. Importance of iron-rich
tholeiitic magmas at divergent plate margins: A reappraisal [ J ].
Geology, 19(3): 269~272.

Brown E L and Lesher C E. 2016. REEBOX PRO: A forward model sim-
ulating melting of thermally and lithologically variable upwelling man-
tle[ J]. Geochemistry, Geophysics, Geosystems, 17: 3 929~3 968.

Bryan S E and Emst R E. 2008. Revised definition of Large Igneous
Provinces (LIPs) [ J]. Earth-Science Reviews, 86(1~4): 175~
202.

Campbell I H and Griffiths R W. 1990. Implications of mantle plume

structure for the evolution of flood basalts[ J]. Earth and Planetary

Science Letters, 99(1~2): 79~93.



553 1

AR A DO RN e — S I R

AR L M BRAE AP RFIE B R DRI B PR 7 S 517

Chung S L and Jahn B M. 1995. Plume-lithosphere interaction in genera-
tion of the Emeishan flood basalts at the Permian-Trassic boundary
[J]. Geology, 23(10) : 889~892.

Dong Shuyun and Zhang Zhaochong. 2009. Geochemical behavior of Yt-
trium in Fe-Ti oxides: An example inferred from the Emeishan Large
Igneous Province[ J]. Geological Review, 55(3): 355~360 (in
Chinese with English abstract) .

Duncan R A, Kent A J R, Thornber C R, et al. 2016. Timing and com-
position of continental volcanism at Harrat Hutaymah, western Saudi
Arabia[ J]. Journal of Volcanology and Geothermal Research, 313
1~14.

Ewart A, Marsh J S, Milner S C, et al. 2004. Petrology and geochemistry
of Early Cretaceous bimodal continental flood volcanism of the NW
Etendeka, Namibia. Part 1; Introduction, mafic lavas and Re-evalu-
ation of mantle source components[ J]. Journal of Petrology, 45(1) :
59~105.

Fan W M, Zhang C H, Wang Y J, et al. 2008. Geochronology and geo-
chemistry of Permian basalts in western Guangxi Province, Southwest
China: Evidence for plume-lithosphere interaction[ J]. Lithos, 102
(1~2):218~236.

Fenner C N. 1929. The crystallization of basalt[ J 1. American Journal of
Science, 18 223 ~253.

Garapi¢ G, Jackson M G, Hauri E H | et /. 2015. A radiogenic isotopic
(He-Sr-Nd-Ph-0s) study of lavas from the Pitcairn hotspot; Implica-
tions for the origin of EM-1 (enriched mantle 1) [J]. Lithos, 228~
229. 1~11.

Guo Mengming. 1990. Regional Survey report of Pingchuan (SHEET G-47-
24-B) and Tianwan (SHEET G-47-24-D) with A Scale 1:50 000:
Geological part [R]. 1~110 (in Chinese).

Hanyu T, Kawabata H, Tatsumi Y, et al. 2014. Isotope evolution in the
HIMU reservoir beneath St. Helena: Implications for the mantle recy-
cling of U and Th[J]. Geochimica et Cosmochimica Acta, 143 232
~252.

Hao Yanli, Zhang Zhaochong, Wang Fusheng, et al. 2004. Petrogenesis
of high-Ti and low-Ti basalts from the Emeishan Large Igneous Prov-
ince[ J]. Geological Review, 50: 587 ~592 (in Chinese with Eng-
lish abstract) .

He B, Xu Y G, Chung S L, et al. 2003. Sedimentary evidence for a rap-
id, kilometer-scale crustal doming prior to the eruption of the Emeis-
han flood basalts[ J]. Earth and Planetary Science Letters, 213(3~
4): 391~405.

He B, Xu Y G, Huang X L, et al. 2007. Age and duration of the Emeis-

han flood volcanism, SW China; Geochemistry and SHRIMP zircon

U-Pb dating of silicic ignimbrites, post-volcanic Xuanwei Formation
and clay tuff at the Chaotian section[ J]. Earth and Planetary Science
Letters, 255(3~4) : 306~323.

Heinonen J S, Brown E, Turunen S T, et al. 2022. Heavy rare earth ele-
ments and the sources of continental flood basalts[ J]. Journal of Pe-
trology, 63(10); 1~17.

Hill R I. 1991. Starting plumes and continental break-up[ J]. Earth and
Planetary Science Letters, 104(2~4) . 398~416.

Hofmann A W. 1988. Chemical differentiation of the earth: The relation-
ship between mantle, continental crust, and oceanic crust[ J]. Earth
and Planetary Science Letters, 90(3) : 297~314.

Hou T, Zhang Z C, Kusky T, et al. 2011. A reappraisal of the high-Ti
and low-Ti classification of basalts and petrogenctic linkage between
basalts and mafic-ultramafic intrusions in the Emeishan Large Igneous
Province, SW China[ J]. Ore Geology Reviews, 41(1): 133~143.

Huang H, Cawood P A, Hou M C, et al. 2022a. Zircon U-Pb age, trace
element, and Hf isotopic constrains on the origin and evolution of the
Emeishan Large Igneous Province [ J]. Gondwana Research, 105:
535~550.

Huang H, Huyskens M H, Yin Q Z, et al. 2022b. Eruptive tempo of
Emeishan large igneous province, southwestern China and northern
Vietnam: Relations to biotic crises and paleoclimate changes around
the Guadalupian-Lopingian boundary[ J]. Geology, 50(9): 1 083~
1 087.

Hunter R H and Sparks R S J. 1987. The differentiation of the Skaergaard
intrusion| J |. Contributions to Mineralogy and Petrology, 95(4) :
451~461.

Ji Xingzhong, Chen Qiang, Cheng Zhiguo, et al. 2021. Geochronology,
geochemistry and petrogenesis of the Pu’an basalt succession from
eastern Emeishan large igneous province [ J]. Acta Petrologica et
Mineralogica, 40 (2): 363 ~ 383 (in Chinese with English ab-
stract) .

Jiang Changyi, Qian Zhuangzhi, Jiang Hanbing, et al. 2007. Petrogene-
sis and source characteristics of low-Ti basalts and picrites at Bin-
chuan-Yongsheng-Lijiang region, Yunnan, China[J]. Acta Petro-
logica Sinica, 23(4) : 777~792 (in Chinese with English abstract) .

Jiang Hanbing, Jiang Changyi, Qian Zhuangzhi, et al. 2009. Petrogene-
sis of high-Ti and low-Ti basalts in Emeishan, Yunnan, China[J].
Acta Petrologica Sinica, 25(5): 1 117 ~1 134 (in Chinese with
English abstract) .

Jourdan F, Bertrand H, Sharer U, et al. 2007. Major-trace element and
Sr-Nd-Hf-Pb isotope compositions of the Karoo large igneous province

in Botswana-Zimbabwe[ J]. Journal of Petrology, 48 1 043~1 077.



518 F=

PR N 7/ B /S

i 44 3%

Juster T C, Grove T L and Perfit M R. 1989. Experimental constraints on
the generation of FeTi basalts, andesites, and rhyodacites at the Ga-
lapagos Spreading Center, 85°W and 95°W[ J]. Journal of Geophys-
ical Research: Solid Earth, 94(B7): 9 251~9 274.

LaiSC, QinJ F, Li YF, et al. 2012. Permian high Ti/Y basalts from
the eastern part of the Emeishan Large Igneous Province, southwest-
ern China: Petrogenesis and tectonic implications [ J]. Journal of
Asian Earth Sciences, 47 216~230.

Lassiter J C, Blichert-Toft J, Hauri E H, et al. 2003. Isotope and trace
element variations in lavas from Raivavae and Rapa, Cook-Austral
islands: Constraints on the nature of HIMU- and EM-mantle and the
origin of mid-plate volcanism in French Polynesia[ J]. Chemical Ge-
ology, 202(1~2): 115~138.

LiCS, Tao Y, Qi L, et al. 2012. Controls on PGE fractionation in the
Emeishan picrites and basalts: Constraints from integrated lithophile-
siderophile elements and Sr-Nd isotopes[ J]. Geochimica et Cosmo-
chimica Acta, 90; 12~32.

Li HB, Zhang Z C, Emst R, et al. 2015. Giant radiating mafic dyke
swarm of the Emeishan Large Igneous Province: Identifying the man-
tle plume centre[ J]. Terra Nova, 27(4) . 247~257.

Li H B, Zhang Z C, Santosh M, et al. 2016. Laic Permian basalts in the
northwestern margin of the Emeishan Large Igneous Province: Impli-
cations for the origin of the Songpan-Ganzi terrane[ J]. Lithos, 256 ~
257 75~87.

Li H B, Zhang 7Z C, Santosh M, et al. 2017a. Late Permian basalts in
the Yanghe area, eastern Sichuan Province, SW China: Implications
for the geodynamics of the Emeishan flood basalt province and Permi-
an global mass extinction[ J]. Journal of Asian Earth Sciences, 134
293 ~308.

LiJ, Zhong H, Zhu W G, et al. 2017b. Elemental and Sr-Nd isotopic
geochemistry of Permian Emeishan flood basalts in Zhaotong, Yunnan
Province, SW China[ J]. International Journal of Earth Sciences,
106(2) : 617~630.

Li Yongsheng. 2012. Quantitative Modeling of the Emeishan Large Igne-
ous Province Magmatism Processes[ D]. Beijing; China University of
Geosciences (in Chinese with English abstract) .

Liao Baoli, Zhang Zhaochong, Kou Caihua, et al. 2012. Geochemistry of
the Shuicheng Permian sodium trachybasalts in Guizhou Province and
constraints on the mantle sources[ J]. Acta Petrologica Sinica, 28
(4):1238~1 250 (in Chinese with English abstract).

Lightfoot P C, Hawkesworth C J, Hergt J, et al. 1993. Remobilisation of
the continental lithosphere by a mantle plume: Major-, trace-ele-

ment, and Sr-, Nd-, and Pb-isotope evidence from picritic and tho-

leiitic lavas of the Noril’sk District, Siberian Trap, Russia[ J]. Con-
tributions to Mineralogy and Petrology, 114(2) . 171~188.

Liu Jianqing, He Li, Hu Yuhan, et al. 2020. The petrological and geo-
chemical characteristics of Emei Shan basalt in Leibo County, Si-
chuan Province[ J]. Acta Geoscientica Sinica, 41(3): 325~ 336
(in Chinese with English abstract) .

Liu W H, Zhang J, Sun T, et al. 2015. Low-Ti iron oxide deposits in the
Emeishan large igneous province related to low-Ti basalts and gabbro-
ic intrusions[ J]. Ore Geology Reviews, 65; 180~197.

Liu X J, Liang Q D, Li Z L, et al. 2017. Origin of Permian extremely
high Ti/Y mafic lavas and dykes from Western Guangxi, SW China;
Implications for the Emeishan mantle plume magmatism[ J]. Journal
of Asian Earth Sciences, 141, 97~111.

Liu X Y, Qiu N S, Sgager N, et al. 2022. Geochemistry of Late Permian
basalts from boreholes in the Sichuan Basin, SW China: Implications
for an extension of the Emeishan large igneous province[ J]. Chemi-
cal Geology, 588 120636.

Luttinen A V. 2018. Bilateral geochemical asymmetry in the Karoo large
igneous province[ J]. Scientific Reports, 8(1); 5 223.

Ma C Q, Ehlers C, Xu C H, et al. 2000. The roots of the Dabieshan ul-
trahigh-pressure metamorphic terrane; Constraints from geochemistry
and Nd-Sr isotope systematics| J|. Precambrian Research, 102(3 ~
4): 279~301.

Madureira P, Mata J, Mattielli N, et al. 2011. Mantle source heterogene-
ity, magma generation and magmatic evolution at Terceira Island ( A-
zores archipelago) ; Constraints from elemental and isotopic ( Sr, Nd,
Hf, and Pb) data[ J]. Lithos, 126(3~4) . 402~418.

Marzoli A, Bertrand H, Youbi N, et al. 2019. The Central Atlantic Mag-
matic Province (CAMP) in Morocco[ J]. Journal of Petrology, 60
945 ~996.

McDonough W F and Sun S S. 1995. The composition of the Earth[ J].
Chemical Geology, 120 223 ~253.

Miyashiro A. 1974. Volcanic rock series in island arcs and active conti-
nental margins[ J]. American Journal of Science, 274 (4): 321 ~
355.

Morimoto N, Fabries J, Ferguson A K, et al. 1988. Nomenclature of py-
roxene| J ]. American Mineralogist, 73; 1 123~1 133.

Munteanu M, Wilson A H, Costin G, et al. 2017. The mafic-ultramafic
dykes in the Yanbian Terrane ( Sichuan Province, SW China) : Re-
cord of magma differentiation and emplacement in the Emeishan Large
Igneous Province[ J]. Journal of Petrology, 58 513 ~538.

Pearce J] A. 1982. Trace Element Characteristics of Lavas from Destruc-

tive Plateboundaries. Orogenic andesites and Related Rocks[ M ].



553 1

AR A DO RN e — S I R

AR L M BRAE AP RFIE B R DRI B PR 7 S 519

John Wiley and Sons, Chich-ester, England.

Pearce J A. 2008. Geochemical fingerprinting of oceanic basalts with ap-
plications to ophiolite classification and the search for Archean ocean-
ic crust[ J]. Lithos, 100(1~4) . 14~48.

Pearce J A, Emst R E, Peate D W, et al. 2021. LIP printing: Use of
immobile element proxies to characterize Large Igneous Provinces in
the geologic record[ J]. Lithos, 392~393. 106068.

Qi L and Zhou M F. 2008. Platinum-group elemental and Sr-Nd-Os iso-
topic geochemistry of Permian Emeishan flood basalts in Guizhou
Province, SW China[ J]. Chemical Geology, 248(1~2); 83~103.

Qin Ya, Yang Qijun, Sun Mingxing, et al. 2018. Geological and geo-
chemical characteristics of Hezhang basalt in Guizhou and its re-
sponse to Emeishan basalt[ J]. Journal of Guilin University of Tech-
nology, 38(1): 1~13 (in Chinese with English abstract) .

Read G, Grutter H, Winter S, et al. 2004. Stratigraphic relations, kim-
berlite emplacement and lithospheric thermal evolution, Quirico Ba-
sin, Minas Gerais State, Brazil[ J]. Lithos, 77(1~4) . 803~818.

Regional Geological Survey Team No. 1, Sichuan Geologic Bureau. 1971.
Geological survey report of Yanyuan ( SHEET G-47-6) with a scale of
1:200,000 [R]: 1~75 (in Chinese).

RenZ Y, Wu Y D, Zhang L, et al. 2017. Primary magmas and mantle
sources of Emeishan basalts constrained from major element, trace el-
ement and Pb isotope compositions of olivine-hosted melt inclusions
[J]. Geochimica el Cosmochimica Acta, 208 63 ~85.

Saunders A D. 2005. Large igneous provinces: Origin and environmental
consequences| J]. Elements, 1(5); 259~263.

Shellnutt J G and Jahn B M. 2011. Origin of Late Permian Emeishan ba-
saltic rocks from the Panxi region (SW China) : Implications for the
Ti-classification and spatial-compositional distribution of the Emeis-
han flood basalts[ J]. Journal of Volcanology and Geothermal Re-
search, 199(1~2) . 85~95.

Shellnutt J] G and Pham T T. 2018. Mantle potential temperature esti-
mates and primary melt compositions of the Low-Ti Emeishan flood
basalt[ J]. Frontiers in Earth Science, 6: 67.

Smith J V and Brown W L. 1974. Feldspar Minerals[ M]. Springer-Ver-
lag, Germany.

Song Biao, Zhang Yuhai, Wan Yusheng, et al. 2002. Mount making and
procedure of the SHRIMP Dating [ J]. Geological Review, 48
(sup. ) : 26~30 (in Chinese with English abstract) .

Song X Y, Qi HW, Robinson P T, et al. 2008. Melting of the subconti-
nental lithospheric mantle by the Emeishan mantle plume; evidence
from the basal alkaline basalts in Dongchuan, Yunnan, Southwestern

China[ J]. Lithos, 100(1~4): 93~111.

Sun S S and McDonough W F. 1989. Chemical and isotopic systematics of
oceanic basalt: Implications for mantle composition and processes
[J]. Geological Society, London, Special Publication, 42(1); 313
~345.

Sun Y D, Lai X L, Wignall P B, et al. 2010. Dating the onset and na-
ture of the Middle Permian Emeishan large igneous province eruptions
in SW China using conodont biostratigraphy and its bearing on mantle
plume uplift models[ J]. Lithos, 119(1~2) . 20~33.

Tegner C, Lesher C E, Larsen L M, et al. 1998. Evidence from the rare-
earth-element record of mantle melting for cooling of the Tertiary Ice-
land plume[J]. Nature, 395; 591~594.

Tian H C, Yang W, Li S G, et al. 2017. Could sedimentary carbonates
be recycled into the lower mantle? Constraints from Mg isotopic com-
position of Emeishan basalts[ J]. Lithos, 292~293. 250~261.

Toplis M J and Carroll M R. 1995. An experimental study of the influence
of oxygen fugacity on Fe-Ti oxide stability, phase relations and miner-
al-melt equilibria in ferro-basaltic systems[J]. Journal of Petrology,
36: 1 137~1 170.

Veklser I V. 2009. Extreme iron enrichment and liquid immiscibility in
mafic intrusions: Experimental evidence revisited[ J]. Lithos, 111(1
~2): 72~82.

Wang C Y, Zhou M F and Qi L. 2007a. Permian flood basalts and mafic
intrusions in the Jinping (SW China)-Song Da ( northern Vietnam)
district; Mantle sources, crustal contamination and sulfide segrega-
tion[ J]. Chemical Geology, 243 317 ~343.

Wang M, Zhang Z C, Santosh M, et al. 2014. Geochemistry of Late Per-
mian picritic porphyries and associated Pingchuan iron ores, Emeis-
han Large Igneous Province, Southwest China: Constraints on petro-
genesis and iron sources[ J]. Ore Geology Reviews, 57: 602~617.

Wang X D, Hou T, Wang M, et al. 2021. A new clinopyroxene thermo-
barometer for mafic to intermediate magmatic systems[ J]. European
Journal of Mineralogy, 33(5): 621~637.

Wang Y, Yang J D, Chen J, et al. 2007b. The Sr and Nd isotopic varia-
tions of the Chinese Loess Plateau during the past 7 Ma: Implications
for the East Asian winter monsoon and source areas of Loess[ J].
Palaeogeography, Palaeoclimatology, Palaeoecology, 249 (3 ~4):
351~361.

Wang Yan, Wang Kun, Xing Changming, et al. 2017. Metallogenic di-
versity related to the late middle Permian Emeishan Large Igneous
Province[ J]. Bulletin of Mineralogy, Petrology and Geochemistry,
36 (3): 404~417 (in Chinese with English abstract) .

Wang Yunfeng, Zhang Zhaochong, Wang Lijuan, et al. 2013. Geochemi-

cal characteristics of Permian basalt from Hutiaoxia and Jin’an area of



520 F=

PR N 7/ B /S

i 44 3%

the Emeishan Large Igneous Province and constraints on their source
region[ J]. Acta Petrologica Sinica, 29(12) ; 4 387~4 403 (in Chi-
nese with English abstract) .

Xiao L, Xu Y G, Chung S L, et al. 2003. Chemostratigraphic correlation
of upper Permian lava succession from Yunnan province, China;: Ex-
tent of the Emeishan large igneous province[ J]. International Geolo-
gy Review, 45 753~766.

Xiao L, Xu Y G, Mei HJ, et al. 2004. Distinct mantle sources of low-Ti
and high-Ti basalts from the western Emeishan large igneous prov-
ince, SW China; Implications for plume-lithosphere interaction[ J].
Earth and Planetary Science Letters, 228(3~4) : 525~546.

Xu J F, Suzuki K, Xu Y G, et al. 2007. Os, Pb, and Nd isotope geo-
chemistry of the Permian Emeishan continental flood basalts ; Insights
into the source of a large igneous province[ J|. Geochimica et Cosmo-
chimica Acta, 71(8): 2 104~2 119.

Xu R and Liu Y S. 2016. Al-in-olivine thermometry evidence for the
mantle plume origin of the Emeishan large igneous province [ J ].
Lithos, 266~267; 362~366.

Xu R, Liu Y S and Lambart S. 2020. Melting of a hydrous peridotite
mantle source under the Emeishan large igneous province[ J]. Larth-
Science Reviews, 207. 103253.

XuY G, Chung S L, Jahn B M, et al. 2001. Petrologic and geochemical
constraints on the petrogenesis of Permian-Triassic Emeishan flood
basalts in southwestern China[ J]. Lithos, 58(3~4): 145~168.

Xu Yigang, Mei Houjun, Xu Jifeng, et al. 2003. Origin of two differenti-
ation trends in the Emeishan flood basalts. Chinese Science Bulletin,
48(4) . 383~387 (in Chinese with English abstract).

Yang C and Liu S A. 2019. Zinc isotope constraints on recycled oceanic
crust in the mantle sources of the Emeishan Large Igneous Province
[J]. Journal of Geophysical Research: Solid Earth, 124 (12).
12 537~12 555.

Yao J H, Zhu W G, Wang Y J, et al. 2021. Geochemistry of the Yumen
picrites-basalts from the Emeishan large igneous province: Implica-
tions for their mantle source, PGE behaviors, and petrogenesis|[ J ].
Lithos, 400~401; 106364.

Yi D, Zhao J, Li C H, et al. 2022. Crustal contaminations responsible
for the petrogenesis of basalts from the Emeishan Large Igneous Prov-
ince, NW China; New evidence from Ba isotopes [ J]. Journal of
Earth Science, 33(1): 109~120.

YuS Y, Song X Y and Chen L M. 2024. Interaction between mantle
plume and subduction-modified lithospheric mantle: Geochemical ev-
idence from the picritic lavas from the Emeishan large igneous prov-

ince[ J]. Chemical Geology, 648 121964.

Yu Songyue, Lan Jiangbo, Chen Qi. 2020. The compositional inversion
and evaluation of melting conditions for primary melt of the Emeishan
picrites[ J]. Bulletin of Mineralogy, Petrology and Geochemistry, 39
(6): 1240~1 255 (in Chinese with English abstract).

Zeng Linggao, Zhang Jun, Sun Teng, et al. 2013. Zircon U-Pb age of
mafic-ultramafic rock from Pingchuan region in Southern Sichuan and
its geological implications[ J]. Earth Science-Journal of China Uni-
versity of Geosciences, 38(6): 1 197~1 213 (in Chinese with Eng-
lish abstract) .

Zhang L, Ren Z Y, Handler M R, et al. 2019. The origins of high-Ti
and low-Ti magmas in large igneous provinces, insights from melt in-
clusion trace elements and Sr-Pb isotopes in the Emeishan large Igne-
ous Province[ J]. Lithos, 344~345. 122~133.

Zhang L, Ren Z Y, Zhang L, et al. 2021. Nature of the mantle plume
under the Emeishan large igneous province: Constraints from olivine-
hosted melt inclusions of the Lijiang picrites[ J]. Journal of Geophys-
ical Research: Solid Earth, 126(5) : €2020JB021022.

Zhang Lei, Ren Zhongyuan and Zhang Le. 2022. The nature of mantle
source of the Pingchuan picrites in the Emeishan Large Igneous Prov-
ince: Constrains from the trace element composition of olivines [ J].
Geotectonica et Metallogenia, 46 (1): 112~ 131 (in Chinese with
English abstract) .

Zhang Zhaochong. 2009. A discussion on some important problems con-
cerning the Emeishan large igneous province[ J]. Geology in China,
36(3): 634~646 (in Chinese with English abstract).

Zhang Z C, Kang J L, Kusky T, et al. 2012. Geochronology, geochemis-
try and petrogenesis of Neoproterozoic basalts from Sugetbrak, north-
west Tarim block, China: Implications for the onset of Rodinia super-
continent breakup [ J]. Precambrian Research, 220 ~ 221 158 ~
176.

Zhang Z C, Mahoney J J, Mao J W, et al. 2006. Geochemistry of picritic
and associated basalt flows of the western Emeishan flood basalt prov-
ince, China[ J]. Journal of Petrology, 47(10): 1 997~2 019.

Zhang Z C, Mao J W, Saunders A D, et al. 2009. Petrogenetic modeling
of three mafic-ultramafic layered intrusions in the Emeishan large ig-
neous province, SW China, based on isotopic and bulk chemical con-
straints[ J]. Lithos, 113(3~4): 369~392.

Zhang Z C, Zhi X C, Chen L, et al. 2008. Re-Os isotopic compositions
of picrites from the Emeishan flood basalt province, China[ J]. Earth
and Planetary Science Letters, 276(1~2): 30~39.

Zhang Zhaochong, Mahoney John J, Wang Fusheng, et al. 2006. Geo-
chemistry of picritic and associated basalt flows of the western Emeis-

han flood basalt province, China: Evidence for a plume-head origin



553 1

EREAE . DU e A i X B AR i BRAG SRR SR DR A S 521

[J]. Acta Petrologica Sinica, 22(6): 1 538 ~1 552 (in Chinese
with English abstract) .

Zhang Zhaochong, Wang Fusheng, Fan Weiming, et al. 2001. A discus-
sion on some problems concerning the study of the Emeishan basalts
[J]. Acta Petrologica et Mineralogica, 20(3) : 239 ~246 (in Chi-
nese with English abstract) .

Zhong Y T, Mundil R, Chen J, et al. 2020. Geochemical, biostrati-

graphic, and high-resolution geochronological constraints on the wa-

ning stage of Emeishan Large Igneous Province[ J]. Geological Socie-

ty of America Bulletin, 132(9~10): 1 969~1 986.

Zhou M F, Zhao J H, Qi L, et al. 2006. Zircon U-Pb geochronology and
elemental and Sr-Nd isotope geochemistry of Permian mafic rocks in
the Funing area, SW China[ J]. Contributions to Mineralogy and Pe-
trology, 151(1): 1~19

Zhu J, Zhang Z C, Reichow M K, et al. 2018. Weak vertical surface
movement caused by the ascent of the Emeishan mantle anomaly[ J].

1 018 ~

Journal of Geophysical Research: Solid Earth, 123(2):

1 034.

Mt Fr 3255 S0k

FER R, RIS 2009. 7.( V) (ERREK ALY PR HIR LT —
LI JE 1L SO 4 A BT,

SR, 1990, VJIIME ( G-47-24-B) H VS MR ( G-47-24-D) 1:5 J3 [X 83
A . BRI R].

HRHAT, TRATS:, FAE, 4. 2004, WRE LA B BELL A Al
“MREK LA RIS, HBREPE, 50(6) : 587~592.

e, B, REEE, 4 2021, MRF I KA R KRR
AE REAE R RSN T (1], AT WERE, 40
(2): 363~382.

FEHL, B, Ik, 2007, R - - T X Ak
LA FIHCE A A R SIRIX R[], A, 23(4) .
777~792.

Sk, FW N, Bk, 4 2000, RS s R RIREE X R
MEARAET]. EAER, 25(5)

ZKAE. 2012, WRJE IR A A RAE T R E B[ D] Jb

Mo IePE, 55(3) : 355~360.

1~110.

1117~1 134.

A0 T EE A (s

BTN, KRS, AL, % 2012, SRMKIR B4 B I X ik
F IR AE IR X [ )], H AR, 28(4) .
1 250.

XU, R, W, . 2020, DUJTR A 10X A S A
LR ERREL T ] HusRAEdR , 41(3) : 325~336.

%W, BIRE, INHAT, . 2018, BHNBREHIIX Z A M T ER
P REAE B X JE L0 L BRE MR ) ). ERAREE TR A4
38(1); 1~13

DU H TR A 1 A, 1971.
HGE[R].

KO, KERE, T, % 2002, £500 SHRIMP A% &R AR
W5 B A KRG [T]. MFIETE, 48(S1) . 26~30.

%A, EOH R, 4 2017 JE LSt R SR
YR ZREVELT]. B0 HER (L2204, 36(3) : 404~417.

T, sIE:, T, . 2013, WRJE 1L K s 4 1 Bk 7 4

CRA TR A ER (L RRIE IR X AR (], A A
24k, 29(12) 1 4 387~4 403.

TR SURI, HEELAS, Ak SE. 2003, RS LK OBCE A R SA 3K

SIS RIRFE[)]. BHEmiR, 48(4) : 383~387.

1238~

ERVRIE 1:20 J7 ( G-47-6) [X 3l i J5 )
1~75.

Ao

FRA, WL, B . 2020, WRJE LG TR AR 420805 IR T8 K
XIS AR A PEAR [T, B A sk A= sE AR, 39(6) -
1240~1 255.

AT, B X, BN B, S 20130 JIEET BRI - HEEE B T
B U-Ph 4F4 T Mo B3 L[], MuERoRl —rp [ BT K 242
7, 38(6): 1197~1213.

3 &, ARG, K SR 2022, WRJE LR JORUE T A b
PRI PR —F AR A O TR Rl 29 ()], Kl i 5
W, 46(1) ; 112~131.

HKAESE. 2009. T WEE IR KA LR E R[], b
FEHIR, 36(3) : 634~646.

TKkI5%, Mahoney John J, AR, 4%, 2006. ik JA 1L K KA 4 VE
MR TR TR I BRI 2 A Sk 07 Jl 1) TE 4%
[J]. EF4R, 22(6) : 1538~1 552,

WARsR, FARA, JERE, 45 2001, WRJEILZ A PRI P g — L)

BT 1]. AATPEaEE, 20(3) : 239~246.



