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Permian Large Igneous Provinces and Their Impact on Paleoenvironment
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Abstract: The spatial and temporal relationship, and the fundamentally mechanistic association between massive
volcanism and contemporaneous changes in paleoenvironment and biodiversity, most notably the connection between large
igneous provinces and mass extinctions, remain an increasingly hot topic in Earth Sciences, which attract the attention
from not only the scientific community but also the general public. This paper focuses on the Permian geological events and
briefly reviews recent progresses in the studies of three Permian Large Igneous Provinces( Tarim, Emeishan, and Siberian)
and their potential impact on paleoenvironment and biodiversity. Some controversial problems in this field are highlighted,
and perspectives for future study are also discussed.
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and Saunders, 2005; Bond and Wignall, 2014) , %} F
fifp R N 2 A 2 Il Y B S TR, HOA R R B
o MR NGETE LA A, IR AR BT A B R KR
A KL S AR IE T A ) K A A AN R A
8 A K A A R A IE 52 5 RO 1l i 3 A
(Bond and Wignall, 2014; Ernst, 2014; #5543 M
UK,2014) 5 FR LA, % Ee A3 A A [) DR O 48 T8 TR
M BR B g 2 5 A KL Y e ] K g B, DL R JA]
CUNGRESY TR R A N SR 7/ B | R (S S 2P S
PR 225, A R R KOS 35 5 AR
PRI b [ 18 A5G 2R R IE AR R AR .

TSR M BT S B AR T RE R A Y
BN S RN ERE B&, TREZ 5 Tz K
[t 18 28 & Al 24 1% 7% 3 ( Golonka and Ford, 2000) , fiff
FEY, “BL DA 3 A BEAY KR s
2y, B s QLR LR KA A (Xu et al., 20145 17
R FE SR, 2014 ) Sy B R 19 L & i (SRR i)
K Bl A0 A5 JR AL I8 I Ui A K A (Zhai et al.
2013; Zhang and Zhang, 2017) 4% 1L b B i 4 <52
B (Ali et al., 2013 Liao et al., 2015) 5K IR
Hb X Panjal Trap ( Shellnutt et al., 2011, 2012a,
2014 ; Stojanovic et al., 2016) 4% ; @ — B i (JR{E
B ) M ) R 0 E 1 R KA A (Zhou et al.
2002 ; Zhang et al., 2006; Shellnutt, 2014) ; @&
“ERAZZUTTZ A TR X 22 KK
SHRFAE B TR P KLl AR AT (B AR S5, 19895 Yin et
al., 1992; Gao et al., 2013; JRITHIBKIA 42, 2013;
He et al., 2014) , DL K 3 57 [y 58 s 39 o5 R R ASE 11 K
i v 3t 2 A - P A R IE K K A A (Reichow et
al., 2009; Ivanov et al., 2013 ; Burgess and Bowring,
2015) , MNAeBRR MR ZEFR, ~ SR T Al
H: AR 7K ( Late Paleozoic Ice Age; LPIA) [ “ K="
PRI ) = 20 001 U 3 PR A0 % 48 (Shi and Wa-
terhouse, 2010) 5 MA Wi {1k #1 & , 41 i 20 1 3] -
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B, dEAJRTES I 5 0T 46 ) o 20 sl , =R
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M ORI A — R R R R (R
CHITAR P A W g T B I A S R AR ) K
47) IR - B ZRE A B W R KRR
1 A=y K s g <y A AR Ak AR e g AR B
A W) B B & B (Sepkoski, 1981; Raup and
Sepkoski, 1982) . BHr /Rt 0] I F 4 38 i i 109 |
TR SR R BB K LT Bl A BRI B AR
b AP AL AR AL HR B I A T
A RBAEAE N AEBIL ] T A B b DG 6, {H 25 18 31 32 )23 1
i) 25 S5 (AN B ) R R AR R AR 2R
S5, 3K S ML % AN R A, AR SCER R A 3
A By KOS B A BE T S AR W AR, X AR
1) — SERIF 5 2 J 30 47 ) 2 0] Jo AN F A, 6% 5] K,
A A HE S TV S TS o

1 Z&4LHFFRESR

20 00 A % 29 RO AR D b BT D R B e
IF 30 A o 2 BRI R AR R Z A R
BRVER) HE AR, EbRMEZN S SR04
(Subcommission on Permian Stratigraphy; SPS) %
W 20 FA4-F%" (Permian Timescale, 2017
FLAMR) P, ARLE - BLERLIFER N 298.9+
0. 15 Ma ( Ramezani et al., 2007;
Davydov, 2012) , &7 /K - I8 & 38 i A 2 4R 0%
272.95+0. 11 Ma( Wu et al., 2017) , JR {4341 - IR
S LR AEWY S 259.1£0.5 Ma ( Zhong et al.
2014), — &4 - =B LT LRAER N 251.902 +
0.024 Ma( Burgess et al., 2014), Fi& 4 DMHERE
#B 2 KT CA-TIMS J7 3% ( Mattinson, 2005) 3k 15 19
B AT U-POAERS , 232 4 8 1k fi e B B2 I 4F I8 29 7R
55 SRR R AR R TR Al 6 A 4R
Iy ok S R L TR B S T 2 I O b T AR AR AE
(BT,

T LR, i T 973 (U-Pb s, Ar-Ar,
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i ovs PUBUE ) B 225, A 58 8 28 RO K 1 4 3l

Schmitz and

IS ) S N} 1) ) [} N} ¥} ) S} e}
2 2 2 N >N X = =Y G G %3 1%
£ IS S S0 =N & (S} S 3 =N & S}

0ST

| 55 5% | mesws T4
™t — P ' [ [ ! 1 U
= % = Loy
M o5 = <oy 5 Sow g omy Zow E Eogs b
WE o2 E§: § ¢ = P B2 & ;% Pgi
2 I s 2 s S5 S8 5 5 & 2357
S ossr 5 = a S S7%
1 | | | 1 I I 1 L1
Bl 1 &g i BAEAE SR (2017 4F 1 JT )

Fig.1

Permian Timescale ( January, 2017)
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PR 58 A S ey | 0 R R S N [R] (e B = PR 2 ) L oy
g 7K BE A A T R IR AL L i S TR 81 3R SR (3R
BEH SR ), A2 W) 22 FE I 5 A A B I i) R T
(LEWY =08 2 10 ) 55 TR R AR ME O I A7 £ SO v 1 i
] RUOBE _EEAT HAE SR, X R TE R — B 22 K KK
HAA RIS AR A W A T T 7 A R Y N A AL
] FRF PO 590, 38 A 7 A A TR AR TR

2 _ERAKKREAS

Kok B4 (Large Igneous Province; LIP) J2& 48
AR 7 B 1l 5 I 8] P T A5 2 Ok sl XA
VE FHAE M A A8 32 34 358 v T A0 Y R R S 3 2 i
AP E RO PR B (WK s ) Mo R
Fe (U MCs R A ) A 3 R B (BURE BT
HIR s B AUE H L 0.1 Mkm® 53 MR
KT 0.1 Mkm® 5 5 ) 5 22 i 6] A5 2 50 Ma, 7T gy
— 1B 2 0 O B AR, R AR T 1~
5 Ma, 76 3 ] 58 i) o5 96 AR BB 3 B i i 75%
( Coffin and Eldholm, 1994 ; Bryan and Ernst, 2008) ,
A1 55 2, KKOSCE 8 BB o A Y ) 32 08 3
ey [\ 5 I 0T Al N 30 345 L 4 00 DL 1 o
BEVEE Ry LA SR AE , X2 X R KOs A
A /SRR S 05 B B0 bR A5, A 2 AR T L A R i
PR B Al o T B R M RRE, H AT = S 421k
FIAS RIBE A" 285 19 R A il i gh 2 A7 3
W R B BLOR R KO A T A R
R IR IO EE & - =& L Z A F K
KB SRR KOs B KRR W) Cim-
merian Hb B & 2k 10 & 2% 7% 31 ( Yeh and Shellnutt,
2016) , 73 A5 T AL 92 I PG PR 1l 3 Bk | e AT KR
Panjal Trap B & & 3 X, iy F B RE 5 A 50 78 B 22
FLOEARPANCRKBCER” 25 S (R
) kLI Bl SR B, BRI A T
A r X B L 2 B E SO RS S (BROS AR
55,1989 Yin et al., 1992) {HA7" ¥ % it 3K AL 7 1IE
¥5 (Gao et al., 2013; He et al., 2014; Liao et al.,
2016) B, 3x B2 1 Kkl AR R B BT 58 R Bl i
S J N I il il i 12 2 46 1) B4 55 5YJR) AR Y IS A 4
W AR S RKCE A E SR RN 5 . K
T B R KA A (B B (R JE 75 AA A1)
A R BE 27 [ L TTOF IS S SRR B 2, AR SCAE i
ANHE R, FEG A ROBE K B 2 WO R
AT R 7 AR S WA Y 48 bR BE AT TR 22 0 B AN
XF o

WRAESE . & 4R KA A W BRI 5 AR 80t - o Ji 5 i S

&

2.1 HBEARKARES

P& LR R KR A8 2 B LR Ml B b 5 8 Ak g
S b I Bl e o R A LR R B R T R Y
BN 5 3K S F (Zhang et al., 2013a) , T 2250 A3 T4
LR 45 Hb 1) vh 7 A Hb X, A A AR 0.25 ~ 0. 30 %
10° km*( Xu et al., 2014), 3 =2 M E 2 0.15%
10° km*(Xu et al., 2014) ; #7280 DL Z 50 44
BNE WEELERESEHR(Xu e al., 2014)

I ] FRUBE B B (G 7B 4 ek ) 2 0 B R 41 4
R ] 25 SR I ) 45 ) 2 R RE A 7E B LR R KO
BRI BT FE A AR VR B R S R

S S5 7 T A HE — 20 S A DG B () L, o 2%

T Z AR B BUR MR e N TR & 22 ok A R F
U B ARIE 1B A [ A A SR AL R A TR o A
T3 1 ARAF HY AR 2 4F I 44 (Shangguan et al., 2016) ,
G A F 205 ~ 358 Ma i1 52 KV B A B P B 8k e
R EEAE P AE M (~283 Ma, ~267 Ma) , fif: Jit
EHOE RS [ ~291 Ma % ~272 Ma, 7E3C 5 .
O3 ATRE M A Av-Ar AR B A U-PhAE I 1
fiti £, Xu 55 (2014) Ay 3 B R KO 4 K s
Al KRB 3 BB R D% 11 (~300 Ma) ,
FERBE HUAR KA 4 B RS 46 I 1), {HL 3 A 38 A
Jay R T B AL BBEAS h DX, xF BU AR BL IS AR 0 A s
Y A5 BRI 75 1 U-PAE 8 Oy 299. 9+4. 3 Ma, 5 5}
41 1 U-Pb4FE #% 300. 8+4.7 Ma,300.5+4. 4 Ma 1£
R ZT0 H N AR — 5 (Zhang et al., 2013b) ; Q%5 2
(AR W 90 B Ol 287 ~ 292 Ma) , 3 i ) 4F ¢ 29 Oy
290 Ma( Xu et al., 2014) U BH AR KA BEH 1
WA W B, 3 A FL )T, DU EE 3 X - Py
A1)l e g MR SRy 2 e AR S A A XL
Ak, BAT 55 89 Nb-Ta G5 M ey, (o) (4
fiE o RHRTBE 2 BOA B Ac-Ar I AR R 15 B9 4R S K
287.3+4.0 Ma.287.9+3. 1 Ma(Wei et al., 2014) ,iX
5 #M ] SHRIMP J5 ¥ 1% 2| (9 U-Pb 4F i 289.5 =
2.0 Ma.288.9+2.0 Ma( Yu et al., 2011) fEiR 2270
N — 2 % 3 31, R BRI KA A4 2 K
F2 B A B B, AR WY [ Ry 272 ~ 284 Ma, 3 U I 4R
W 2554 280 Ma(Xu et al., 2014) , /4 7F B 48 |
FUAE LR AE | B 06 55 1 R 403 i 4 X, (0 4 R
N VA B R ECE S5 2K, B Nb-Ta
ESEHFIE ey (O ERE, BRI R, 5 B
KK JBE A A G S 1 SR 22 i) ) KT 20 Ma( ~
300~280 Ma) , H:rpifi it X i A EARBUL W R T S
Ma( ~292~287 Ma) ,

I5% EsF ) PRI 2R A0, g — A s T R 1 B LR
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KA ABEMERPE SRS SR AR, BT
b SE R E T VDL B R KOKCE A 1 K s £
ANGE R B, R DR ST AL O, R AR 2 A TR 2
0.25%x10° km*(Li et al., 2011; Xu et al., 2014) , H
PSR 80% KL T AR ok 5 LR Zh M 1
b TR B R AR RO SR B A K AT
IR 2 600 m, M 53¢ A2 0. 15%10° km’ (Xu
et al., 2014); H T A — W HF 5% #, Usui 1 Tian
(2017) A0 3 LR R K 48 6 0 A T AR A s 0K
M R4 BB AT 0. 3%x10° km” 1 0. 3x10° km” .

LA I ) R RE ML S B B R E 0. 3%x10°
km® (A RE M LR M5 3 4 76 5 Ma( EBER M T
FEL) PSS A B BLOR KK A 48 1 W58 & 132 (0. 06
km®/a) 5 7§ {4 A W, o K PG P (CAMP) | 1 T
(Deccan Traps) B R K kB AEE (D >1 km'?/a)
FH LA A R 22 8E
2.2 EBLWARRES

53 EORRKS A A A H, Wk JE LR KR e
5% D) S0 4K LR A5 3 [ PR 2 RO BT
P BB T2 0 56 (AR SCHIAE,2013) o XTIk S
LR K B A8 B 43 A 70 L, BRI AR IR B — By A
PR FENM TY FRPimEmusg, zm . W, 5t
MNEEN, ZREF A k) P (Fan et al., 2008) F1 8 K (Li
et al., 2017) , P4 5N g7z Il -2 W 8, PHJL A e
FT—/NE W 5 T 848 =1L s, A
by 5T S0 ol A5 gk A LL K K R AR 28 D R B R AR TR
AR IR , T %0 H 28w L2 0.25x10° km®, to % A7 AT
fedEat 0. 7x10° km®(Li et al., 2017) 5 K Il| % 5 BF
A VYR AR I SR, PO A X R R
5 km , ZFER bl i XA LA K (He et al., 2003;
Zhang et al., 2006, 2008) , 7 3¢ S5 R P4 1125 0. 3
~0.6x10° km’( Shellnutt, 2014) .

U JE X s T AR E O R A g R 1K
g, H BRSPS B R KA (8UE B TR
) P AL, SR U b ) DL T AR W 2R ek R 4G K
S5 I ] HEATARXT 200 (B bl T A 3 11K 19 4
TR B P 0 R RS I - 1T B R s e, DL Sk JE 1
M A b T 3 AR b e TR 2 S AR T AR R L X
FIAH (IRUEEZH ) 5 1 R PP (BUE i/ e T 4)
Z AR Z W PAT ARG X 5 A W) M 2 HG A0 2
HHF R — € W ME, Sun 55 (2010 ) 38 b % iE 11Kk
BUEE WA i S 2 AR AR E)E 0 BT
F14) T R 1 U2 v ) A TR 0 AR A Bl Z B Y, IS A Kk
B T DL A A K18 B g - IR P S8 4k
(GLB) % S 71| T (4n )™ 74 o 52 3% SR M VR AT ) I 4 IE
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A1 BB DA 9 T LUK KR A R B R R
B [A) 72 2F JE #ll Jinogondolella altudaensis 5 , 1B 43 4
LA R (IS0 B 5L (8L ) 5 B RS Bl /i R s
i [E], AH 24 T F B #ll Jinogondolella xuanhanensis i o
HRAE [ PR i )= 22 3 22 % 20 ML U 4F R 7 (Permian
Timescale, 2017 4F 1 H hit ) Capitanian [} Tl | Ji§ 7 2k
WY 259.1+£0.5 Ma , 265. 1+£0.4 Ma, L} ] PHZE 3K
e AT ) T IO 3 8 F R i 81 (Mei et al.
1998; Jin et al., 2006; Sun et al., 2017) , 7K L K
HEWT, Sun 25 (2010) Fr 6 & Y fe 57 W8 K i R L/
W JEE W% & I (] W] BB 400 49 24 263. 5 Ma 260. 9 Ma,,

XU JE K BCE 4 Ar-Ar g 47 U-PhAE % %K
e GETt, 020 1 2 MR JE 1L R KOS A BT B ]
4 260+3 Ma( Shellnutt, 2014) ; {H i S8 4 1% B 85 Bt
K I 53 7 J5 . 22 0 SIMS 1 LA-ICP-MS, 53 #r i 22
(>19% ) W] RER T K AR AT B4 4 2 6F 8], PR A 4R 3
Bl JyoE R ER B A A ) 5 e I LSRR A B A
WA B 5[] N, B — i e M 2R A AR R AR I 0E AR
TEARFR 2B WA ) AR Y, DR T G vk A AR K
YEFI B8 & i BR o He 85 (2007 ) Ay & g 41 IS &1
CBP5 E vUa ™ A 2200 ) B9 36 Lo DURN 5 g
JE R B A = YOG, RS A E R AT
JE W K S 4 TR A R 1 4 7y s PRt , 0k JE 1ok
KOCE B TR R R 1L E 20 06 8 4 JiS o
FHER R o T B Ry — > A I M BT LT (isochron )
GLB FLLk 48 iy 55 [m] T M JE 111 R O 4 1 4R i o
F OB RS 41 CA-TIMS J5 %, Zhong %5 (2014) Xf
KBRS 3 DX e Ji 112 5 2 00 R 1 o5 M
JUORHA R GLB Z A 04T 1 R RS B E 4R, 1S
(R E 358 W T G AR 0% 73 99 Oy 259. 120.5 Ma,
259.2+0.3 Ma, P 3 7F 1% 22 30 [ N 598 & — 3L, ik gk
SERPRE TR LR O A I AR Dy 259. 1
~259.2 Ma, &2 B8] /N T 1 Ma,
2.3 AAAMIEXRABESE

PEAR AL R 0 8 T8 T 2R R R L
(R Bl i e K06 2, th T 5 & 2R A RK
25 254 1) B 1B #E & O &R (Renne and Basu, 1991;
Campbell et al., 1992; Renne et al., 1995; Kamo et
al., 2003; Reichow et al., 2009; Svensen et al.,
2009; Ivanov et al., 2013; Burgess and Bowring,
2015) i A Sy b it 2 ST 58 R MEARE Ll A T
FOREE RV R R R R — WA TR
I (S A N = e 7 o I K = | AT A
SIS QUUNIIE (S R 1A A 1 A1 2 = RN S N o )
FELRLR 10 B 2 A 2% 8 7 50 75 H (Reichow et
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al., 2009) . 1 F & 1 OCBR ], J 48 XE LA i
8 3 A1 T AR S 9K R & L B Tvanov 5§ (2013) 1A R 43
A T AT AE IR B 7x10° km® 5 3K SR BURT BE Sy 4%
10° km®; BP {# &5 {5 SF 89 4f i+ ( Reichow et al.,
2009) , H 73 A T AR H R iR AT g3 ) 3k F] S %
10° km® 3x10° km’

Ivanov % (2013) i3t 7 # & 2013 4E L KMV
AR KA Ar-Ar( 49 NME) (U-Pb( 18 4
B AR IR B, 45 R WOR Ar-Ar 4R U-PhAE % 04
B3 HIAE ~253 Ma, ~251 Ma, 7E RGEMEIR 22 (~1%)
TWHIN— 2, 22X 00T, SR B PR & R
KB A8 L R B %% X 22 I [A] /) T 2 Ma ( Bryan
and Ernst, 2008) , 4 Karoo ( Svensen et al., 2012) |
g% J& 11 ( Shellnutt et al., 2012b); R4 Ivanov %
(2013) 4t A [m] /4 UL A , BRI PG A0 RS0 R KO0 8 2
DALFE PR, 3 BIE ~252 Ma( /- =842 5L) .
~242 Ma(Hh =F L) HREIHFATIN - FL
- =B 0 2 A FUASE RN S e R e K R ) —
JiH, CA-ID-TIMS &k B2 I 4F 7 25 i) i % Jig |, il
R B A R AR W) K A 1 B 2 X AR I 20 R H B

O Bk

- 20
— 16
J
: - 12
@ T

WRA A R iR IR IR EE 5 AR 00 - o A5 i I

K55 ( Bowring et al., 1998; Mundil et al., 2001,
2004 ; Shen et al., 2011; Burgess et al., 2014) ; J 3
RAE“EARTHTIME” $047 Ji5 , X 7 VLA 1 301 i — & —
=B RNL(PTB) - F# )2 i il BUORL &S 7 F08r
AR Y 45 2R (Burgess et al., 2014) f K244 i ] gk —
HBRETE 251.941+0. 037 Ma 5 251.880+0. 031 Ma
Z I8, F iy AL 6148 kao P4 A A K KA &
C A ] ( ~252 Ma) | FFZEMFE] (<1 Ma), 5
B AL W) R At S AR G Y I ) RUBE, A AR B0 2
R ZE R, BT OE S RE IR N 7E LA B RO R
Burgess il Bowring (2015 ) J 2 Xof P {1 1) 32 K K B
H—FRINKINEE & ERE 2R AE &
JEERE AR 0 U AR R 0 R KOCE 48 KL i 3l i (a) 3 —
HBRE N 252.27+0. 11 Ma~251.354+0. 088 Ma; H
B, I (4%10° km?) 19 2/3 £ ~251. 9 Ma Z ]
9 300 ka Y4z ARmEHE (] 2) .
2. “TEBLERANBEEEERFMENXTEL

1 bR R BEIEA b 3% 1 5] 1 8 R (R A 1
PG SR O A B 2 2R AL, A 65 32 0 3 1Y
FREEIS ] 5 5 R T R i R AL, 3X 02 P g KM

- 36 S 1L 3] T STMS B 47

® Clarkina sp.

o Hindeodus sp.
o ramiform
—124 E

L Osc, iRk
Q25+

+E[ O PTB (H. parvusi Bl)
023

FrE:3 !%’ WL s

¥ BLITTU/ POt

.

- SN — 8°C,,./ %o
S TR K w
U/Pb%: 1% 2
2524Ma 2523 -4 2521 2520 2519 2518 2517 2516 2515 2514 2513
I
R -
2358 Ma © B — s WK 9 e o
AL B R B IR RGP A km)! HRBEN
| (5 )52 km, % Gulith B
B — mpm a2 — 2 S 2 R ? K-
I

B wusemes |
B arx

[ 2

<5

Noril’skdh [X 12 N\ & 2% 3)

TRV YO YT Vo v WY Yovy —>?

VARSI K KRR 8 (B 50) 1R N 0 )

A S0 KO 4 45 35 305 21 15 8] 7 81 ( Burgess and Bowring, 2015) , K Wiy 1L #) 1 — & - =& & S AR ML & kG

U-Pb5g 4F ( Burgess et al., 2014) fi [6] {7 Z 25 {1k ( Burgess et al., 2014) {5 ¥ /K i B 25 4k ( Chen et al., 2016b)
Fig.2 Timeline of the Siberian Traps volcanism ( Burgess and Bowring, 2015) , compiled with high-precision geochronology ( Burgess et

al., 2014) , high-resolution carbon isotope records( Burgess et al., 2014) , and seawater temperature changes( Chen et al., 2016b)

around the Permian-Triassic boundary at the Meishan section
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B3 Bl 5t AN BE sk TR 1) R 2 G e Y
T 2 AN HPAE 52 1 i 22 & ( Courtillot and Fluteau,
20145 Ernst, 2014) . H T KA H 8% 16 00 T 50 R
JE AR R, IS A8 3 S H(E A T RE S8 A UME A, [H R 3K
AR R B e A 3 DR BUE A
ZE00) + 2 A BT A AR 5 T, WA A I R KOs A
WeAr v] g 4 0 8 km’/a, Wk JH 10 K kW HH A
0.5km'/a, ¥ HL K Kk B4 4 W fE A
0. 06 km®/a. {H75 7 B A2 , 350 XA BF X ik 2 i
PRI TOURR H 55 fY Hh R 1 Bk K 5 = R B2 CA-TIMS g
AU-PhEFRYEE R (B BT, RE R , 1 &
W 2% S 21 LR TR B T ~289. 3 Ma, JF IR 2%
AL B AR 45 R T ~284. 3 Ma, i — 20 JE 52
T2 e B Wk i R KT 5 Ma; Usui #l Tian
(2017) 38 3 0 4] B 2 5K 19 ol L 1 00 20 B 5, R W
~150 m JERY L s Al BEAE JL A 4R N A dBmE Y, R
Vil 2 2% 2 2 R R R R LG b AR T IR 2% 7 s
AR, o ZER I I, BR U i B B i s K R
i S AR 22 A K B JE IR B B R — BB
AE, 0B R S B L RS K N ) 4 A1 Y L JEE R
S TR ) LB e R KR A B TR A S e g, T
R IX — B B A B LR K AT 3 B0t kil &
K7 VR ET s W A5 TOMEYE R (B H O TR
B U JE L R P A ARSI K A A L 1R T e
B B 1Y) A B PR A5 BEORE (A [A] 90 4% ) 1A 38 &R
g8, MELUAT RO .

Rl ZBARKBEL (BEA,BEEL,BEFNIT)
FERFESEE
Table 1 Comparison of main characteristics of

the Permian LIPs( Tarim, Emeishan, and Siberian)

EHOKLIP  RJE I LIP PR F)F LIP
55 % 7 2 = — % — (M%)
= W6 341 5 2 ) ] ~290 Ma ~260 Ma ~252 Ma
= UG )45 S N ] >5 Ma <1 Ma 0.3~1 Ma
AR Mkm?)  0.25~0.3  ~0.25(>57)  >5(~797)
S RBL(Mkm®)  0.15(0.37) 0.3~0.6 3~4

W o i 3 R 2 A, LA A AR R R TSR
& (n CO, . CH, ., SO,) M JjdJe o KKK E A
B2 77 ) B B4R E 2 — ( Ganino and Arndt, 2009;
Self et al., 2014) . R A EHE HHK B/ EEYX
#a A 2 [ /Y AE A OC 56 &, 15 Ganino Hl Arndt
(2009) R B, A3 B FE b 5 UTRUE B HE iR
JEAE F ( contact metamorphism ) , 7] 8 76 86 KR & F
PRAE KRB B S 75 0] DL A ) 18 7 A e 2 52
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NI A 1 22 I, VEAR R K KO 48 2 DL B
WRE, RN MR EE T E ARG Ao E.
B2 RS APLBUE SR (R Dy CO,) KAl
( Svensen et al., 2009; Ilacono-Marziano et al.,
2012a,2012b; Polozov et al., 2016) , W%)5 1L X R A
TRMEEZA A KA, 015 58 1 42 fil 22
JEAE F B ) CO, 7] 3k F| 61 600 ~ 145 600 Gt
(Ganino and Arndt, 2009) ; 53 4b, X K B % A
M A7 B & A A 98 R, 2 AR R A 5 A9 20 BT (Zhang e
al., 2013c) , fhitHu)E LR K A 48 K G 8] BE
BT 1500 Gt f) SO, (B B4 2K 5 &t >0.3
Mkm®) 5 58 CO, il SO, 0 e , i 75 W 111 K
FURE 6 3l B4 BOR BRI ¥ g o X3 R4
Hi i & A 2 R R AT K - R R AR E S
(Lietal., 2014), LUK IEZ TR & -4 %
G—PALHE FE LN E W E R E, K AT
R BE R A #0 A R, B = 22 ks R Vs A
DINGE= = R RE =S IR RItE (S AN 3 = RITNDS
B AETE R 3 22 000 o B R R R R A
HH o B DRV B BUS AR R 0 BT (Black et al.
2012; Zhang et al., 2013¢) , LI RIR @A S5TTH
i i AR SR T RE AR (Ganino and Arndt,
2009; Svensen et al., 2009) Z 4, Hi b 4+ sk ¥ 5 &
A7 FEURH B AT T Ao AP 30 3 58 i BE i A CO, A1 HCI
(Sobolev et al., 2011) t B4 KWL IR 715 B3R 3 Fp
WA, RV A% R o R T 4 28 R A e A
AR TERE AR A 1 FPE AR AR KA A
HRAFTE , BE R Ah 7 2 7 32 S b A, o 1 0 — 2D Ik
S5 R CRILAKRIES2,2013)

3 ZEALEHBER

I8 SF A9 35 23 (Parrish, 1995; Zharkov
and Chumakov, 2001) ], — & 20 & — P AIGHRERR Y
“UK5 kg A (Shi and Waterhouse, 2010) : 2
BT AR AR (A R i - B ) A ks
s, REGUKNDLFE R T8 A X L3 X (Fielding
et al., 2008; Isbell et al., 2012; Montafiez and
Poulsen, 2013); X |F F S -=2482Z2xm“E=E"
S A4 (Sun et al., 2012; Romano et al., 2013) ,
T 7K I B AR N PR B T ~10°C (Chen et al.,
2016b) . FYHAR Y, 3X 2 A2 10 7T REHR 212 KB 2R A
B4 75 3l i 3 1 ( Barron and Fawcett, 1995; Scotese
and Langford, 1995; Golonka and Ford, 2000; Yeh and
Shellnutt, 2016) ,
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3.1 EREHERIKE

W oty A= AR UK 2 A o B R RSk I R
Frgimf o] [ A1 5 28 50 (Visean) 2 . F 2 R RN 2
K i ~70 Ma
( Montafez and Poulsen, 2013) . F.HAWF5TIA M M iy
AR PRI S — W 3 | R 2 1 3 fF ((Veevers and
Powell, 1987; Crowley and Baum, 1991; Crowley,
1999) , {H 5 32 %F IX] FC 44 b, X (4 KA. L e A L B
BEAEU R 36 Ak - & L KD A B 5E (Tsbell
et al., 2012) F W, M vty AR AR pK A7 A6 A [ A2 B2 A oK
JI R, e R 2 45 2, T RO S5 1) 8 B B
(fisal C1,C2.C3.C4; —F&2 P1.P2 . P3 P4) JL
Hof 7k 20 Wi 3] ( Gzhelian ) — — & 20 B 3] ( Sakmarian )
R TR, ok )1 8 o T AR )™

1 5 40 B 1] ( Moscovian-Gzhelian, ~ 9 Ma) J2 B
TUR (] k9] (C4 P12 [6]) , %F b e & (US mideon-
tinent ) fi%) i€ [B] #1 )2 24 BF 2% ( Ross and Ross, 1987) i
71N 3K — IR S0 98 S T 4 2 i e, AT REAN R — D
“¥& %= " 1 (Montaiiez and Poulsen, 2013) , K JJy K )JI|
DUBESE AUAE X BL 98 20 B0 XA WL, — % 20
( Asselian-early Sakmarian) , Rl P1 [ Bt , # 3% # IA K
S A A UK B B T g (Isbell et al., 2012;
Montafiez and Poulsen, 2013) , 7K )| A 55 ¥ 3 2% X FL
PHEIAY ~30° S IARL B IX . 3 P Bl K
T AR UK N BT 5 19 Dt B, ] R R AR AR A ok R
(pCO,) I AL (B HE F 129 280%107°) ( Montaiiez
et al., 2007) , K AR EWE (pO,) BFHTH
(H27#5 29 30%) (Berner, 2006, 2009) £ 3, H R I
A RE & K £R BN M b X e B & 09 A AL ik HE
(Berner, 2003) . B% 5L & /R ] ( Sakmarian, 293.5 ~
290. 1 Ma) tp 4, A P1L. P2 Z[A] #Y 55 — A ] Uk,
X B, pCO, B ~280% 107 4 4L | A ZF ~2 500
10"°( Montafiez et al., 2007) ,pO, W% AT B B B
( ~26% ) (Berner, 2006, 2009) , iX Fl i 2 78 k., 7]
RESZ 45 T KA R R % AR i 3 A
(Montafiez et al., 2007; Birgenheier et al., 2010)
B 58 BRI 2= rp (M S 2 A8 B AR AR 3 BB
UK (P2 P3 P4, fH 32 % J5) BR T 3 K F 3 AR 748
Sydney .Bowen , Gunnedah 3 #h 45 /55 26 i #h [X (Ishell
et al., 2012; Metcalfe et al., 2015) ,

BR UK 5 Vi [ (Isbell et al., 2012) (g ~F- [ 72
1k (Ross and Ross, 1987) . KX — &AL bk Fl & IR JE
A5 Ak (Montafiez et al., 2007) 24, dy K IR E A 4L
JE R BRI AR AR AL ) — A 4R bR . Chen 4§

3% ( Capitanian-Wuchiapingian ) ,

WRAESE . & 4R KA A W BRI 5 AR 80t - o Ji 5 i S

&

(2013, 2016a ) j 12 X o7 TR 443 B2 3l X 1) 5 M 27 f) 40
PR A7 ¢ 40 4 78 ) (Visean) 2 — & 20 % 1)
(Roadian ) 7 JE il % [7] 7 2 9l 7 , 8 4 13X — ) [
Bl i K U B S AR Dl B B, A2 335 ~
270 Ma [] ,8"°0 1) fi =i W ( 23. 3% ) Hi BLTE W 41 7
T E AT SR I 48] ( ~ 320 Ma) 5 283 2 B BEtE T
BER TEA K - B L Z AR H) ~21%0; S 4l
B, B Asselian-Kungurian A #, 80 %t 4% & & 7&
~21%0; H SRR - NFE & i 2 52, 2 N &
2R P {2 %2 (Chen et al., 2013) ,8"0 L 5 4E
R (~21%0~19%0) o HHE Lk 370 ZEfhita# K
TR KR, Chen 25 (2016a) WA it A4 AR
R B o0 (B e O ok )1 = T AR B A B AT R
I ( ~ 320 Ma) , 1 JF & 3@ 1A 5 B9 ( Montafiez et
al., 2007 ; Tsbell et al., 2012) H ¥ 7E Bf 25 /R 8] - B
SRR ORI PL BB ) 5 My A AR K A A A
W, &M 7E Kungurian B3 -Capitanian K ] ( Chen et
al., 2013) , WL AN T ARG VK )1 HTAR (Tsbell er al.
2012) R A A Bk e BE PR | T (Montafiez et
al., 2007) f7 $& H4 i) Sakmarian B 81 77 72 (8] 7K 3 1)
Wik o
3.2 EefdRBAMETW

I — 2R - 22 58 AR ) K A =R (UK
CH AR AR fE AL B N R A KT
42 H (Jin et al., 1994; Stanley and Yang, 1994) ,
JU R 5 JE R U A ] A O R
(Zhou et al., 2002) ,ffi 15 Xf F3xX — B B ol BR45 97 ¢
ORI FE H O B B s E TR 3t A 0 4 RS
PN B R AR i S T R B ( Haq and Schutter, 2008) ,
FEHAA GLB FEM )= E 2L IR B AR > (Jin e
al., 2006) ,iX 25 5¢ % @ @ GLB iy B 5E B A7 ok T
PRSI ME RS TE 4R R At O 40 DX 2 52 R Dl i
IKFEARSE 4B H A7 T RS A A 2R O Ay ) v R 5
DX 5 AR RFEE A -SRI 2 52 i e i T —
LU A5 25 oE AR R OK AL DT AR, B OR 5
AT H B AR IR P I 1R AR R Y B B 5 K
EHJZW G I o A TP R B SRR AT
T 2090, 6 T 1X — M X B 5 A 2 A i
R EHHL)Z (Shen et al., 2007a) , DL Kty 3R 55 45 5
(IncC, 0, Sr, Ca, S &) Ky, HATC KA
MR G AN (Wang et al., 2004; Chen et al.,
2011; Zhong et al., 2013; Jost et al., 2014 ; Zhang et
al., 2015)

Wang %5 (2004 ) %8 50158 1 34 3 WE BT ) T
GLB B i i T LK [] (o7 2% A48 1k , K4 & W] 2 4% ) 1w
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GLB FH & JZ 57 AR AF A5 — Ui /] 102 28 1B 97 fid (32 3k e
~2%0 5 BRATF ~3. 5%0) 5 H: v 35 JME R WA 970G , 7E
Ja 23 A8 F3ESL ( Chen et al., 2011; Jost et al.
2014) B AL 4 BRYE P H A 50 18 6T LA Jost 45
(2014) Z I . e X GLB {1 8% [ {7 Z 18 17 , I
FETE i A L X AR A s R % 4 b 2R P 48
JIG B8 A A Ak ) A5 2 (L 7 1 791 T, R 2 A7 AR B
A—F, RIEEAE R X, an Py 1l K (Lai et al.,
2008 ; Saitoh et al., 2013a) . P4 Ji| 3§ ( Lai et al.,
2008 ; Shen et al., 2013a; Xie et al., 2017) 55 M BE
#3% (Wignall et al., 2009; Bond et al., 2010) .J 74
41l (Shen et al., 2013a) . P4 JI[ J& T ( Shen et al.,
2013a) .5 JK (Tian et al., 2016) 4%, GLB i 2k [t ir
FR Btk [7] 37 2% 728 At A 7 22 ), T F 6 32 R B0 1) ik
TR ] RE 2 4 2 3% S8 1k DUAR AR AL 3 36 58 55 2 Fh
S AP R A, RN 5 2 6 )R GLB ik [\ 32 R A2 4k
A RLAE , A RE TR UE R JA 11 DR RS KLl 3% 3 ox X 3
42 BRBKANE BR A 5200

EAREE W, WX H A Kamura | 50 2}
Verbit 3l X f) GLB b J22 B [ {3 3% BF 55 7, Isozaki 45
(2007a, 2007b, 2011) % B X 1§ 4~ 4 X (19 87°C,,, 1E
Capitanian ] 5 Bt 55 0 A9 45 22 @ (AR (5%0 ~
6%o , it 5 (H 297 %0 ) , I\ HAR AR 45 B2 2 Rt X
S R IR E WD R AR 7 ) LB R R A AL Bk R, 45
7N A7 5 I 18] AH 0 5K Y 42 BRE ¥ R8BI Kamura
JEPET IR A Sy JICTE 5 R AR ) K 2 A
i EZFENZ — o (HHATA 1k, ) Kamura , Verbit
HUIX I8 C,,, 5 S o {1 45 K 22 B0 IX R L4
L H A B RS (R KR EE ) GIESETE Cap-
itanian # & A= 7 AC IR A A2 Ve S 0E A TR B0 4
[} fii % , Chen 45 (2011) H & 1ok 22 1 X GLB HL 4
R KR R R B A P S 1 G 0 - 2R T
AR 3 B B I B 28t 3, BT (~4%C) —
B (6~8C)—TF(~10°C) ; {H iy T )= FEBR K
Gy AP, W AN 2 LAE B Kamura 25047 2 15 17
e, LR JA Ll R B ASE S Ll i gl B 0 366 Lty 1 K I
AR AL Z B I N R AR

R VB R TEE T 5k A6 B B O A 5 0 JE Ll R AR K
¥ 3 i % <A (CO, (CH,) B Z B I TE R R,
Jost &5 (2014) HF 5% 1 46 B 3% S ME ) R A 4 HOH
Koserelik Tepe ) ) C-Ca [V %, Z5R BN ,3 5%
o s C, 8" Ca I NETE —BUOM A ; 45
B0 A R Al BT S, 3 7 B X HL BT Jost
55 (2014) 3NN GLB i) C—Ca [A)fii % 5 % R 7] BE %
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DI 2% L e 0 B 1 P 0 B9 R, A B e
A BRVERRAE R 55 06 PR, I s T4 % R 8 ko
5 8l FRBE AR AL AR W K 2 2 8] B SR I PR o

X T Y R T 3 S E BT RS [ P 3 Apache
T 1) 25 4 ) 432 2R % FEBIE 5T, Zhang 45 (2015) % BLTE
A 53t A 2R 0 A7 72 7T X B Y 22 B R 67 3R S B
BT8R G 0 AE W) H BR AL S R PR R A T AR A Y
A, T T 1 A A T8 K A BT, S X — A W) L R AL
FIRRFARR E R B 260 AR 5 5 TE
ZE WAL B (G BRI Jinogondolella granti T, &
Clarkina postbitteri postbitteri 7y ) , $& H i AL 16 7K ¥
R FEREGE IR EY KA EEFN R, XY
JH 3 50 1 0 LR B L C-N-S 55 Hly Bk 1k 24 48 4 1) B
%% (Saitoh et al., 2013a, 2013b, 2014) £ 1 , JA {5 &
e AR A7 AE 35 A f /il (oxygen minimum zone;
OMZ) 1475k , S Buam AL B 48 B9 )2 T3 7K 110 2 &)
WOAHPRIR , 3 B T A2 W) 14 A2 25 fa Bl ( Saitoh et al.,
2014) , i BETE R A2, 0 B R 2 1K A N B
R EPUE” (REFUIE A B R KA 1 2F B
A W i )2 WF 5% (Lai et al., 2008 ; Sun et al., 2010)
FW], 9K B W GLB A7 70 5K e 2 Y 3 J= 8k 2k
Saitoh 45 (2014) B U5 Y i S 7, A0 T E R
7 (REBTI E B ), B 2 A0 T RE AL 2 2 JE i) Jino-
gondolella shannoni 17 3% IV, Zhang %5 (2015) 1£ & 3K
M VERATF  Apache i1 1R 590 A9 R A6 T K E ) AL
TARZE D 3 G B M4 (Jinogondolella altudaensis
i | Jinogondolella prexuanhanensis 7 . Jinogondolella
xuanhanensis Hf§ ) , A2 4% 3% S M | Bk A ) T 2F R R 40
£ B ERR (Mei et al., 1998 Jin et al., 2006; Sun
et al., 2017) RECER (BE 5 11 4N TR E A0
WEAAL) , ATRER ~3 Ma; 1M H., 78 [A] 4b 46 /¥ 1 3%
M VBRME R T IX 3 AR A N, TS . 2 TR Ao
Z3H ,AUAE Apache | [ Jinogondolella altudaensis
AT B A AR — U I 2 A [ 3R R AR (et ) IE
i) o TR & Z, B miAL i AR K E IR
B — L Bk,
3.3 _E-ZBLZXNERE

KT 2B - =B 02580 55728 Ak 1 BF 58 AR
%, K XA A Bk, A SO vk 4 A B, AN 8 B
T AR R S T 1 LA WF 8 40038 (An T3t L AR Ak | ik
A ) e B R
3.3.1 & AJHE W AriAR, Burgess & (2014) %
TR LR AW R K A B d K RE R I ) R E TR 61+
48 ka(if2 i T 251.941+0. 037 Ma, £5 3 T 251. 880+
0.031 Ma) LAWY, T P4 A7 ) 3. R Kk RCE 48 14 e T
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25 (Burgess and Bowring, 2015) , 3 I H 35 £ i)
[E]/NTF 1 Ma, i858 R K 46 4 A 5 A I [a] bRy &
o 2 B9 40 ) S R ASE KL i Bl AT RE 2 i AR )
KA (E 2 A e AL, 2 AR BE UK 58
Mo AR AR, T AR )R 0 SR U A TR P
FRIE R KT B 5 AR ) K 4 0 Ay BE R R . —
FBCT 5, Y R KA B KOS B, R B R
ik \H,S.S0,.CO, .CH, % (Robock, 2000; Self
et al., 2014) , 2% & B N B9 ol 2 K7 A
AR 28 RO 5 BT DA, o A 2 | R T KR
03, AT LA 24 9448 A R KL 82 1 Ma
e 307 P e LI R B B BE

Joachimski %5 (2012) F| I 1% &t J51 1% 43 Hr J5 ¥k
(TRMS) X #f LA 1 PU I b S ) 16 PTB R 2F 1B
R A R R AL R BEAT T E 4 R Bon e &4
KRA—RBENR 80 FEAK, 1875 2 8°C 1y Pk Tt
i, DA 3 YT il = 7 2 B — A 20 R A R K A
RN Z—, BRI FSF T PTB #b )2 &
EAE , M H IRMS Jy 3530 % i 22 22 /0 0.5 mg B PR AR
S8 AR 9 A O I URE il (R PTB A 28 J8 30 4k A i
H L RI2y 10~ S0RiARAS ) | BT L 2 2% ) 1 3R 45 1) 45 2R
H1 (Joachimski et al., 2012) i /> K 48 2 {37 1 K035
THIL - F 5T 58t BUAE A2 W) K K 4 T ik 22 i 39 18] 2
ZJE  UEHE A FE AL o B B TR AT (SIMS) fi
D RURE A3 BT 5k, I 58 28 T8 0 Ak A B HG Al A= 9y o g
R R it 100 4 ) 6 2 2 DA o A oty A, R AE Ok
7 I W oE F 10 B E T B (Trotter et al., 2008,
2015, 2016; Rigo et al., 2012; Wheeley et al.,
2012) , HFZALHAE T - O o0 PEA, B oK &
D AR A T A AT EAT 2 R BT s QR
FEM 72 "0 Bt m] AR AT () PU R HE | A1 B AT B 3
F 0.2%0 (10 SE & 1o SD); @ EAE, 0l Hsh &
23 H . Chen %5 (2016b) F ] SIMS J5 ¥ Xf 4 g A
[ PURR BRI (0 4 &)t (CE Ll BRb A BSF: T
R AR AW O JOK 5 k) PTB
EFRTERIBEAT TR G0 R AL R 4 BT, AL A G
SRR A E AL (A 25 2 ) BARA . 45 RAESE,
TR AR B A AR — SRR T R (A
~20 ka W2 10°C) 5 {H5 Joachimski % (2012)
ARl #4 , Chen 25 (2016b ) A K0 78 X Tt il
PE R AEAERR IR AL R Tl AR K 2 ), R4 2
il M e RORK 2 J2 7 (EPBE Ll 24 ~ 25 J2) ol 1 7K B2
#RICHA AR, B LA 2 R TR R R R A
RAEY IR L) HEFHH (E 2) . XFERZLE
£l VAR R = VADall i ¢ P - i 5

WRAESE . & 4R KA A W BRI 5 AR 80t - o Ji 5 i S

&

Kuh-e— Ali Bashi, Zal #|]1 ( Schobben et al., 2014;
IRMS J7 &) , FFEH &8 () Abadeh F T (R 7%, K &
FHE s SIMS J7ik ), DA K )T P4 ok 22 3% Sk PTB |
T (PR AE, oR e R B 5 SIMS J5 3k ) o R AR A7 7E
A S HAIE T Chen 25 (2016b) 3¢ T FH L A K 248 2
] G R 458 .

Brand %% (2012) | fl 2 K | Dolomites i [X i
TR0  A4T (H EE T KM X A ) K 4R
A7 BOF AT Y oty KR B A Ak, 45 R 5 R D 2F R R A
R U B IC SR AFAE T 22 ). K 4a Z i ~20 ka &
K4 Z Hf ~1.9 ka, Dolomites Hi X 7 & 7K i € 4
RF] ~35CIPRIFRE ; KAEZHT ~1.9 ka K4
JAGL, PR3H T B ~40°C 78 K 4 W ) 4K 28 b Tt
K JH )RR 1 05 1 (BB A2 268 7°0) |, Garbelli 45 (2016)
TG 3 - E S T PTB A o ¥ K IR R R Ak
B 7R 5 Dolomites Hb X AL FFAE , B 1 2% 5 1
HH FE ~26°C (6-1 2 8-2)2) LA B K 24
~32.6°C(8-13J2) , IAE KA ZHi (9 JZTHAR ) 4k £k
Thim & ~36C,

3.3.2 mEmAC PUAAFIIE R KOS A A R IR R
Fefuh A2 BAERT, LA S A Sk S s 0 B A AR
B i E & CO,( Svensen et al., 2009; Sobolev et
al., 2011) B T RE & 2 B THR Z 58, o5 — AN e
)5 Wil S T TR AL, PR T 48 75 T K TR J3E 28 Ak 19 48 B
o] AP ok 363k R K e 5 A W K A 22 1) Y R
Fo AEWFFR T LK, Payne 25 (2010) HF5E 1 5t
FIV 0 T ok 2 e 1) 5 () o 2R AR A1 L, 45 2R BOR
TERAZ AL R, 8% Ca B — R BE 29 0. 3%olfy
PR 6 g, A% 2 2 i K 8% Ca M A AE AL, 1T H 5
87C, o A2 F8 /R M P MR A R xR L) T PTB
I Ak A /85 W) 2 K 4 B (Hinojosa et al.,
2012), & B[R] FE 9 ML A, BDAE K 48 2 A0 T,
8" Ca58"C,,, IF) A5 S A , PR UG K RASE K 1L 3 3
) CO, AT BEE BT IR AL T I A S B K4

TE T ER SR 7 P b IX, Clarkson 45 (2015) #F 58 T
FR[I5E P Wadi Bih 31 i ( ik B2 £h 5 & HAH ) 09 8 [W] 457
Fo BdE R, 8B FEAE —FE K 48 (AR Y L
25 2 RMUBEK 2 J2 ) 1R IF T 3% A2 4k, H7E
5 K2 (HRH 24 T8 L 28 2 ) Z i HH B2y 6%
F189 R e J3E 7 i ( BRIV YEE 7K pH (L FEAR 24 0.6) o TR
kA TFRAMBE K 42 )5, H 8'"B 538"C,,, JGAH
R (kS C,,, Ml 207, 8"B 5
A 8B SRR AL, 87C,,,, MRS RE ) L AR
LG 5 AN SRR TR IR AL A K AT Y S5 IR
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B T8 B R 0 R A b ER Ak 22 3 AR AN, R
PREEAE b A8 A mT LI R 98 78 A2 77 BR 85 (Kol er
al., 2007) . ¥ AR AE 90 0 46 AE R Q0 45 5T 5% 19 B
T, 55 KB ) 3R A 2 B A R R IR R
FRBSFEABIV KR T X~ B, Garbelli 5%
(2017) %F — 28 40 R A W) K 46 i A0 K 246 39 18] 1Y) i J2
SPGB LT YRS M EAT T RGEOEE A o A Y
Bl 60 45 45 52 307 A 4% 5 A b X (2 K] Dolomites , f
WY, AR, B HOL TURE T ) o S5 R BN TEAEY R
KA JERL, /INW DR 26 i 2 3 ) e o = 2 HOIRJZ AE
AR, 5C BT LF 4E R 28 /N iy 41 3 DU R 26 /i B IR
JEREFYE KRNI R KA AR, 5B R AE R
RAARR R BE T K pH B REIRER B 5N
(76 SRR I H 3 , Garbelli 8% (2017 ) 1A iy /N B DL
R AHH DR 58 B4t b AN TR, B e PR 26
TE I 2 Bl ) 7E 385 0 K FRALRE ) b 22 57 s B 4T
AWREWKESIWH HEWH . A M E % E
PR AR W) K 4 P R RE =2 A, T /)W DL R 28
18 57C JoT 2T 24 /N B Ak A8 G B R 3 0 Ak 1 T TR BR 8
I B P AT HES
333 pHEHA CTRAL-=/ALAZERAEBE
SRS WL Y SR R T SRR TR 2 A T T
FHUAH 4R 1E ( Wignall and Hallam, 1992) , ¥ F1 % Th/U
{8 ( Wignall and Twitchett, 1996) , ¥z ¥ Gkt 48 ik i
A (Isozaki, 1997) , ¥ %5 IR 35 4k 9 ( Wignall et al.,
2005 ; Shen et al., 2007b; Bond and Wignall, 2010) ,
A WkR &Y (Grice et al., 2005b; Cao et al., 2009;
Xie et al., 2017) , 840 43 ( Grice et al., 2005a; Xiang
et al., 2016) , % 1k if J& 8% € % ( Algeo et al.,
2011; Xiang et al., 2016), 4l & 8 K 40 [ 7
( Brennecka et al., 2011; Lau et al., 2016) ,5H & &
MR TR 2 (Proemse et al., 2013) %,

ZRMRERY, R/ L - =S LZ WA
TV AR S (EL Bl 4 i 2 ) 1940 91 L (g 2 B AR
EEHLIX ) 5B (AT R GRS M) A
PR, LA S kS AR AR ) K e p R R AR,
W 15 JE 3 o Tsozaki (1997) B 4t f9 1< 15 ~20 Ma )
G S AR R — L, 2Rz R
FEHLIX HARPE R &K Cache Creek JX A B9 45 41
EASTE B a2, Proemse 55 (2013) 3 4 1 fm & K
Sverdrup Basin 7K ¥ 4% 4 AS 5] 19 PR 2% ) 18T 19 40 & &=
FARFIRLER 5 85 2R o TEA Y K4 J2 07, AR TR K
PRI Buchanan Lake ¥ 10 47 75 41 [7] 2 % #9 2. 3% 1E
T, AR R K PR I5 Y West Blind Fiord i 1 £H 7] 432
FORFFRRE , X VLW AE T 18 J2 5 7 76 B4 3 1 sl

383

R AE00S AR ) K 26 1) 5 ) I AR AR AR A B 2L A
5341 . Xiang 55 (2016) XJ U 1| b= &I  PTB )22 i
17 ERA Sy i TR VR LR (TOC 55 & 1 45 b
LG 45 R Bos, ESFdlm AR P o - =24
I R JZE A SR AR 5 0 B Be s SR, A W)
KU JRAL E T IEAAFAE Gl 4, 2 T 18 I ok 4 22 20 A
J& ESpH N & AR A KA EEFN

Bk I3 Hrak w] R AR S S A JBUIR S
AIFEBR AR 2, (H B 7 A0 Bk 5 R 8 6 o 14 1) T (2
B b5y ) Z 0 W A A [R) — ) T £ AR bR
CHNER & i S R 2R il i Sl [R) 2 R L Ak e
SRR 4 R UG R AE) A AL I Y R M AR, X 8
VFR AR TT R il S S 0 50 AP (AR T A T 1)
3.3.4 KLEH 5 ARAF P MR C R
FR R S R IR IR R K A AR T B 5 A ) K
ot B o S PR 2 D) 1) 06 AR, N e il JLAR R 1Y BIF 5
# H ( Thibodeau and Bergquist, 2017) , U135 JC i 14
L5 B (Sial et al., 2010) . Deccan Traps ( Sial et
al., 2013, 2014, 2016; Font et al., 2016) , Karoo-
Ferrar K Kk %A% ( Percival et al., 2015) ,CAMP Xk
K548 (Thibodeau et al., 2016) , K FE{H ). Kk
A 4 (Sanei et al., 2012; Grasby et al., 2013,
2016, 2017) . HEAHMLJZE P« o S 7, H RN
H5EFMHEMIE2 F I m Kk & & (Hg
concentration) , X . E T HRIK S BA LK & &= B
{H(Hg/TOC) . Sanei 55 (2012) fF 58 1 hin & K AL
# X Buchanan Lake 5|1 — & 20 KW K4 207
TR E R A LK & 5, K ITE LR W) K 4a i A
TEREWRRHE" s Ba LR L %k )2
87N A IR, S B AR IR (Grasby et
al., 2011) By #h JZ JZ {7, Sanei & (2012) 1A K
Buchanan Lake &)1 — & 20 AR “ R 75", WY
PEAE I R R 4 R RIS el g 25 e i 8 Ak
R (Hg)) K,

L BRR TG A (Mason and Sheu, 2002) 7,
e ok R SR R IR BR A ORI, e e
5B ZARBE AR SR S il S ok TR S5 AT G
(Thibodeau and Bergquist, 2017), R7EE 22 W EY)
MR AL 27 A P v AF AR B AH G 73 18 ( mass-dependent
fractionation; MDF; % I8 HefE M0 ) Fndk it &
FH 5% 4378 ( mass-independent fractionation; MIF; & L)
A Hg FERARE) , B 1 45 & T RUAE A 2 7R
% T. B ( Bergquist and Blum, 2009; Blum et al.,
20145 Yin et al., 2016) : {FVETUARY) R 1Y KOk
T8 BP Bl A8 % A (terrestrial runoff) | K= UL (atmos-
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pheric Hg™" deposition) , B.A5 7~ [A] 4 [d] £ 2 4 1E
117 KR 455 ) 5 28 (B AT LA X 43 P X, Grasby 4§ (2017)
TESEHTWESE (Sanei et al., 2012) {5 fili b, 7047 T
Buchanan Lake | [f] (% 5% [A] v 22 A2 4k, I 5 0 1L i) T
PTB M JZ 5K & it ORI Z AT T X b, 4553 3%
W ARFRARER B R RO A L e, SRR
25 B I VF VR AH ) Buchanan Lake 3 1f 75 A= ) K
4% 2 Fi ¥ A7 1€ Hg Hg/TOC {H Y .35 T+ 5 8™ Hetk
KA R b B S AR LS BT i A2 A e
RAE AR A K 4 )2 A, AR AR b B 20 A7 3 22 5%, 0
11 34) T R i 24 1. 5%o, i Buchanan Lake 3| i {24
0. 5%c; #F Buchanan Lake T, A" Hg {4 i 55 28
b, KA HT290. 15%0 , K 4 J5 K 0. 12%0 ~ 0. 18%0, {H
FEME L T, A Hg #1452 % 7 fi, H K 4/ 2
0. 15%ol% S~ K 4 J5 1) —0. 12%0, 45 4 1T L35 85 %
], Grasby % (2017) 1A}y Buchanan Lake | [ i) “ 7%
S A2 VAR R R AL KL Bl R AR BT
e ol TS o) e ) [ B 2 ko A R R TR B B T
A (XA Il FR AR ) 52

4 —EREMENEH

A A 2 K F 58 (Sepkoski, 1981; Raup
and Sepkoski, 1982; Bambach, 2006; Alroy et al.,
2008) KW, AR -ZEBLZL & -SBALZLIE
A i A P s b 2 A ISR R T I, HE O HE Y
K] (Stanley and Powell, 2003) , Ji5 & W % A= b 5 b5
HH 5 KIRA K 48 544 (Jin et al., 2000; Shen et al.,
2011; Wang et al., 2014) , & 5 ~ 81% 1 i 1 4= ) Fp
oy 2K O R T T2 (Stanley, 2016) , H 2 K 4 )5
~8-9 Ma iy rh =& IR0 A4 F B IR S AR E W 24
B4 2 £ % (Chen and Benton, 2012) . H T4 4ih
DR b2 XF Lo Al A 1T 2R B 5% A B 45 TR R 1 52
Wi, KTk - B A Z AL AW oy S R AR, 24
FATERE — 1728 O — b DX s — LA B B, o o 34
(Wang and Sugiyama, 2000) . fi /& ( Shen et al.,
2006, 2013b) . ME2 ( Groves and Wang, 2009) | fy #id
¥ ( Montaiiez et al., 2007 ; Wang et al., 2012) 4 #%
A5 S BE B0 B /b o IRAT R 9 6 B, B AR 1 A ik
- B/ R Y SR, 22 KBRS
S WA VK 55 HE AR I o A A R 1 S
( Chumakov and Zharkov, 2002) , = 4= ¥ ] 2 4F %
U R A P R RRAE s 2R E B R E
B R MU ZRAK, Bl 2R HESH Dy A 2 R 5 %
FEPE 5 VR AR W a0 S B RS R S A P B
R Z R R e . BT LY JCH HESh

WRAESE . & 4R KA A W BRI 5 AR 80t - o Ji 5 i S

&

Yy g i), 18Rty A A Pk 3 08 8 45 R ( Sakmarian H
W) 2 SRR R A S R A RN
KAV [F A ETF#aF(Stanley and Powell, 2003)

A Y AL 0 R T 2 — A R
T G 0 — 2R P tHE R0, B BT O AR P T A2 )
fEAL” B N E R A KA A7, X — 2R
Y4, 7E B ( Wang and Sugiyama, 2000) . fii /&
(Shen et al., 2006; Clapham et al., 2009) | i 2%
(Groves and Wang, 2013) . 3§ 4 ( Ehiro and Shen,
2008, 2010) 25 {1 2 A 11 A48 A b 30 A A ] A B2 A 4
o TP S R 4 Bk M KB P T T B
(Haq and Schutter, 2008) , & i, GLB #h )= K U &l Bk
KXW Y 2 BRI ST ok A E TR
5B AR ROK S A H TR 5 2R 30 A= )
FA 2 R ERAE: QK FE, BTk
SR TP AR W) K A (B MESR I | A SRS
WA= ), He Al ) 52 532 Wi A Rl 2 02 T R Y AR )
B (mwse B ) ; QKA ARFER M, AT TRA4Y)
53 5 BE O A 2 2 78 A6 1 B 18] AN [H] (Shen and Shi,
2009) o FIRFFAE, 0515 HR > BT N IRAE
W ORI — R 90 M BT R8T B 2
“E A A K4 il ( Clapham and
Bottjer, 2007; Isozaki et al., 2007a; Clapham et al.,
2009 ; Isozaki, 2009a, 2009b) ,

MOk £ IR E R, &4 R AE Y K 4t (end-
Permian mass extinction; EPME ) J& ¥E &5 i} [8] PN e
R B ) 2P R O OME P F (Jinoer al., 20003
Rampino et al., 2000; Shen et al., 2011; Burgess et
al., 2014; Zhang et al., 2016) , HEj AT _S 4K
He W K 48 19 5 K4+ 1L (Shen and Bowring, 2014) , 3
BE R TR A, LA LS Z AH R R R S5 I ]
KA AL . FH] E {F X 8] (confidence interval ) Jy
i, Jin 55(2000) 23 M 7B 1S D> FE AT
FeCpi 2 ) MR AL A Bk RS
162 Jm, 333 Fh) Ry HLZ R IR /LK EY)
R — Uk B 2 HRE K 4 A e R R B K 4
BLFHE 25 2, b K 4 205 1k 94% , Lk [A) i =
TR A A2 R AR A o DL AR ) i 2 X L 4 0k A 1%
Zyg g FE Tl , Shen 25 (2011) \Wang 5 (2014) 5K FH 2
R 5 4L ( constrained optimization; CONOP ) Jj 2 X}
Herg S X BLaN AL 2 3t 18 S5 i . 1450 A4k A1 Rl i
M2 IEBR AT T AL BT RS AL KA K
2t Ry L GE 3, B RO 2 AE 2 A B X TR I
24e JRTIER , B A 3 [F] A 28 DR 67 fi , e R 2K 4 [XC (]
H 24e~28 JZ  FREEn [A] AN T 200 ka; F T E RS
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JE 45 U-PbiE 445 5 ( Burgess et al., 2014) B K
B K 4 FR 52 7E 251. 941£0. 037 Ma, oK 4 F5 {4 45 o
F 251.880+0. 031 Ma, 542 BB} [E] /N T 61+48 ka,

TN —F M E NN R, B - BLZKEY
K 4t ( Permian-Triassic mass extinction; PTME) 3 3%
O3 WIS, o3 R LT LU T 25 )2 28 )2, RO
i Clarkina meishanensis 5 Fl Isarcicella staeschei
W, HA Rk Z B (Yin et al., 2007, 2012 ; Song
et al., 2013) , BAEEFC (Jin et al., 2000; Shen et al.,
2011; Wang et al., 2014) % % 3 ( Song et al.,
2013) B £ %R (Xie et al., 2005; Yin et al., 2007)
BN Ta) WL A ) AR L, it 29 sf R S [ AR ) SR T
T [A] B 36 B 19 25 5 (Jin et al., 2000; Song et
al., 2013) , Uk T 4 BR YU A A [R] i X3 58 K 728
(anoHE B AL (B SE) JE W R AP, KL AR B B
KL, FE N 3 N B SE S AR R RE T, G0 AT 3 N A S BR
SR (A2 R M R AL BE ) R B S . AR R
X Rt K I AE A (Yin et al., 19925 Gao et al., 2013,
He et al., 2014; Liao et al., 2016) A] GE A &4 ¥ K
7 (i DR B 2 5 R ) K A 2 Wi AR S R G L —
TS (Wang et al., 2014) 5 = F 28 AR P4 (1 A
KIRAT 5 42 75 31 ( Burgess and Bowring, 2015) , | &
“BEBEE bR S AR BT, A A5 P O R F 3k
SRl AT O RS R G E R B, (WS
REE, 1E A AR, i T S0k R b X skt ik I 7
(Beatty et al., 2008 ) =l ¥ % /K T8 BF 455 F “ sl X457
(Song et al., 2014) FUAELE, UL X /DB A4 B B %) 3
355 PR 2R 1t 52 R 7 205 5 B8 B s Y Ak S W 11 R 2 (sl
AU ) &5 J B (A5 AN [R] b X AN [R) 2 ) 2R TR K 4
I TR I T B A A — R 2 S, R B
ECH SUp/ P

5 Jé‘%'k‘jﬁﬁ—ﬁg

o F B 28 R VR 1P A R R KO
HAAAEHER B Fy o B R A 5 R S AW K T
A BHE By 225 Gk 1) R m gy gt A S A 1]
i AR 9 =38 M I o A% 3R I5E 5 AR R (18T 3)
I, D068 5 AR 7 M 2 AR S0 U i DAl A8
A IR 0t NS E Z AR, LR
AT AR AE R BE AR A AR A2 G AR TR 0 3R M BR A
S E LR S 07 N I B 4R TR
F18 — AR A ) 1) AR (ELATS A 38 20 5 B [l e o
BEARRME I T LU O, (45

(1) B BUR K JOUA 4 W 1 78 Y o8 B
Je AL TE % AR I B 5 fF KR Panjal Trap |
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(=R TN DA TR el 511 1 5 S YN8 = i)
WP R A 12 KAl p 55 F Cimmerian 3 8 5 58
AR R 5 X — I 0 KL B L A A A R A g
PR R, T AR SR A 5 v T A Bl ks 40 48 A2 ol
Mg A R AL 2 A T Bk — 2D IR iE 2 1 AT RE A
fE & 2 B3z K BE KI5 (Pangean Rim of
Fire) ( Golonka and Ford, 2000)

(2) 45 B b J2 02 BF 50 3t S5 Dy sk o 300 3l o = £
REE R AWM Z W ER PR, £ S
JRAEACHEZE  , B $) /R 1 Sakmarian | Artinskian . Kun-
gurian G575 H A 9 R IE 080 7, HOHE e T
7R i 2= B 2P S 55 A K R S X AR b SE
B XU EL G Ml X A T AR b ) AR AR AR R X
FE 7 T B AFAE AR 2 53 B, 3X W MR AR B 2 1 kT
We oty A= AR UK At A2 Ak T P TR A S AR ) 2 R
AR AL Z T I R Y i — AP R o

(3) & ) 4 P 1T A7 7% 28 Visean ] 8 — & 40
Roadian ] 9 1% 22 A< I ] RUBE B 0] 4 ] 42 3R 0 5%
(Chen et al., 2016a) , G 75 7E € Fg H At 3 )2 5] 1 DA
S B R K F BB ML X G 36 Hh & 48 AR B IR IE, AKX
Tt A AU A AR P s A R R R L R R
RAFFE A CTER [ 2 —

(4) TR UG W & PR L 7e 40 TH TR A |
IG5 ZE ARG, W 1L R KO A BT S —
H LRSS KR W a8, 53— J7 10, 58 75 164 r b
X ¥ A M2 3 1 P, T DL GLB AR Wt )2 R AR IS B
RAH,IFE5 G o 0 B R P BE 2R AR W) R oy
A, ST DR 42 KO0 B A ) b 2 AR ARE RE SR
R B MR 2 R) 8 2 — o I T 0 2 Y B
PEER ) 2 2 8L Kamura S00F7 (9 7 W R H R R,
DS ES NS A S TR R (A - S CIR VA R AN
Yy o3 5 B AR AL 2Z 0] RS A0 A8 45 OC 2%, o fE A 0E —
HIRANEFE Y ]

(5) VAR R R K a8 B LR AEY K4
FA R ENF YR Ty m, & PG E R
(Burgess et al., 2014 ; Burgess and Bowring, 2015) ,
HOCT A B R 1 K L 4 3l -5 P A R I R KOs A
IS B IR SE R K% A AR AR K 4 P RTR Y
YERL, o Fe itk — 2D JE I o ARAE SRS E ML R (4 Ca,
B Mo .Zn Li Os Hg %) #ie F1 53 87 5 5 09 & 2 58
S - Lt < S AL e R S I PR R TN
R LT 3 5 2 W) 2K 4 S 22 (8] ) N TE AL O
F PR TR, H B AR I R 2
WA BR RUEE RS L 53 A J2 doe 2% ikt ) 5L F%) o B T4
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Fig.3 Major geological, environmental, and biological events during the Permian, constrainted
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