
This is a repository copy of Progressive development of ocean anoxia in the end-Permian 
pelagic Panthalassa.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/178489/

Version: Supplemental Material

Article:

Takahashi, S, Hori, RS, Yamakita, S et al. (9 more authors) (2021) Progressive 
development of ocean anoxia in the end-Permian pelagic Panthalassa. Global and 
Planetary Change, 207. 103650. ISSN 0921-8181 

https://doi.org/10.1016/j.gloplacha.2021.103650

© 2021 Published by Elsevier B.V. This is an author produced version of an article 
published in Global and Planetary Change. Uploaded in accordance with the publisher's 
self-archiving policy. This manuscript version is made available under the CC-BY-NC-ND 
4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

This article is distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs 
(CC BY-NC-ND) licence. This licence only allows you to download this work and share it with others as long 
as you credit the authors, but you can’t change the article in any way or use it commercially. More 
information and the full terms of the licence here: https://creativecommons.org/licenses/ 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 



パンゲア大陸

250 Ma

Tethys

N.Z.

Japan

    Panthalassa
Siberian Trap

A B
Triassic - Jurassic
accretionary complex

Black (1994), Begg & Johnson(2000)

40°S

38°S 

174°E 176°E

36°S 

New Zealand
North Island

Study section

(Waiheke-1)

Arrow Rocks

1

2

3
45

Figure 1



brown yellow chert

EPME

C
h
a
n
g
h
s
in

g
ia

n
 

In
d
u
a
n

black claystone 

Legend

palegreen tuffaceous claystone

palegreen siliceous mudstone

black chert

black chert with yellow surfacepalegreen tuffaceous mudstone

0

0.5

1.5

-0.5

1.0

N
e
o
g
o
n
d
o
le

lla
 c

a
ri
n
a
ta

N
e
o
s
p
a
th

o
d
u
s
 c

f.
 k

u
m

m
e
li

L
o

w
e
r 

T
ri
a
s
s
ic

 

Waiheke 1 section Unit A
(N.Z., the southern middle 

latitude Panthalassa, deep-sea)

U
p

p
e
r 

P
e
rm

ia
n
 

N
e
o
g
o
n
d
o
le

lla
 c

a
ri
n
a
ta

F
ir

s
t 

T
ri

a
s
s
ic

-t
y
p

e
 N

a
s
s
e

ll
a

ri
a（

R
a
d
io

la
ri
a
）

P
e
rm

ia
n
-t

y
p
e
 N

e
o
g
o
n
d
o
le

lla
 

1

2

4

8

14

88

86

85

84

78

77

71

68

50

57
58

59

60

43

40

29

26

24

22

-32 -26-28-30

δ13C
org

 

(VPDB‰)

1 103102101

Mo(ppm)

U(ppm)
1 100.1

e
u

x
in

ia
a
n

o
x
ia

 &
 t

ra
c
e
-m

e
ta

l 
d

ra
w

d
o

w
n In

te
rp

re
ta

ti
o

n
s

anoxic

Mo/Al
(ppm/%)

0.1 1 10 100

sulfidic trendsulfidic

U/Al
(ppm/%)

0.1 1 10

fe
rr

u
g

in
o

u
s
 a

n
o

x
ia

o
x
ic

o
x
ic

5.0

100 ppm
25 ppm

B
a
s
e
lin

e

5.0

B
a
s
e
lin

e

sulfidic 

N
e
o
s
p
a
th

o
d
u
s
 c

f.
 k

u
m

m
e
li

Fe
pools (wt %)

Fe*
carbonate

Fe
ox

Fe
magnetite

Fe
pyrite

642

Fe
total 

>0.5

Fe
total 

<0.5

sulfidic sulfidic ferruginous

0

Fe(II)
HCl

Fe(III)
HCl

(corrected)

Fe*
pyrite

(corrected)

anoxic 

Fe
pyrite

/Fe
HR

0 0.80.4

Fe
HR

/Fe
total 

0 0.80.4

Fe*
pyrite

/Fe
HR

corrected

before correction

p
ro

g
re

s
s
iv

e
a
n
o
x
ia

tu
ffa

ce
ou

s 
m

at
er

ia
ls

 d
ilu

tio
n?

G
ri
e
s
b
a

c
h
ia

n
D

ie
n
e
ri
a
n

?

H
in

d
e
o
d
u
s
 s

p
.

Figure 2



A B

C

1 mm1 mm

1 mm 1 mm

Bed 22

DBed 50 around Bed 60

Bed 8

Figure 3



PTB

EPME

Meishan

South China, shallow Paleo-Tethys

0.4

0.3

0.2

0.1

0

-0.1
24
e

25

26

27

28

29

 (m)

L
o

w
e

r 
T

ri
a

s
s

ic
C

h
a

n
g

h
s

in
g

ia
n

U
p

p
e

r 
P

e
rm

ia
n

lo
w

e
r 

In
d

u
a

n
 (

G
ri

e
s

b
a

c
h

ia
n

)

2

δ13C
carb 

(VPDB ‰)

0-2 4

Jin et al., 2000

-0.1-2

-4

Kaiho et al., 2009
Cao et al., 2002

24

23

22

U
p

p
e

r P
e

rm
ia

n
C

h
a

n
g

h
s
in

g
ia

n

0.6

30
0.5

Takahashi et al. (2010)

-29 -28 -27 -26

(VPDB‰)

δ13C
org

 

31

29

25

23

19

16

14

12

9

8

3

5

6

30

31

32

0

0.5

(m)

1.5

C
h
a
n
g
h
s
in

g
ia

n
In

d
u
a
n

1.0

U
p
p
e
r 

P
e
rm

ia
n

L
o
w

e
r 

T
ri
a
s
s
ic

Waiheke 1

New Zealand, south middle latitude Panthalassa, deep-sea

Akkamori 2 

marl

limestone

limestone with
black fragments

claystone (ash)
 

mudstone

Legend (Meishan)

black claystone 

chert siliceous claystone

Legend (Akkamori)

C
h

a
n

g
h

s
in

g
ia

n
 

In
d

u
a

n

0

1.5

-0.5

1.0

L
o

w
e
r 

T
ri
a
s
s
ic

 
U

p
p

e
r 

P
e
rm

ia
n

 

1

2

4

8

14

88

86

85

84

78

77

71

68

50

57
58

59

60

43

40

29

26

24

22

-32 -26-28-30

δ13C
org

 

(VPDB‰)

1st δ13C decrease

2nd δ13C 
decrease

black claystone 

Legend (Waiheke)

palegreen tuffaceous claystone

palegreen siliceous siltstone

brown yellow chert

black chert

black chert with yellow surface

palegreen tuffaceous siltstone

>
 5

: 
su

lf
id

ic
 t

re
n

d

-26-28-32

δ13C
org

 

(VPDB‰)

0

C
h
a
n
g
h
s
in

g
ia

n
In

du
an

U
p
p
e
r 

P
e
rm

ia
n

Lo
w

er
 T

ria
ss

ic

Ubara 

Japan, low latitude central Panthalassa, deep sea

m

Kaiho et al. (2012)

0.5

GSSP

black claystone beds 

chert beds

siliceous claystone beds

Legend (Ubara)

251.941 Ma

±0.037 

251.902 Ma
±0.024 

251.999 Ma

±0.039 

251.880 Ma

 ±0.031 

252.104 Ma

±0.089 

Absolute age

Burgess et al.,

 (2014)

Arrow Rocks

Hori et al. (2007)

Legend (Arrow Rocks)

palegreen tuffaceous claystone

palegreen chert and 

siliceous mudstone beds red chert beds

black chert beds

grey chert beds

-0.5

-0.9

0.1

0.2

-0.1

-0.4

-0.5

-0.2

-0.6

-0.3

?

C
h
a
n
g
h
s
in

g
ia

n
 ?

 

0

-1.0

U
p

p
e
r 

P
e
rm

ia
n
 

-0.5

In
d

u
a

n

0

1.0

L
o

w
e
r 

T
ri
a
s
s
ic

 

0.5

−36 −30−32 −28−34

Fault

δ13C
org

 

(VPDB‰)

?

ARH, Unit 2b

ARG, Unit 2a

-30

Unit A

Figure 4



-0.1

Takahashi et al. (2014)

GSSP

25

26

27

28

29

L
o

w
e

r 
T

ri
a

s
s

ic
C

h
a

n
g

h
s

in
g

ia
n

U
p

p
e

r 
P

e
rm

ia
n

lo
w

e
r 

In
d

u
a

n
 (

G
ri

e
s

b
a

c
h

ia
n

)

24

23

30

251.9

251.8

252.0

252.05

252.2

252.3

Bed No.

Time scale 

PTB

EPME

1st δ13C 

decrease

2nd δ13C 
decrease

Ma

252.1

Waiheke 1

0

1.2

L
o

w
e
r 

T
ri
a
s
s
ic

 
U

p
p
e
r 

P
e
rm

ia
n
 

1 10310210

Mo/Al (ppm/%)

0.1 1 10 102

Mo (ppm)

0

0.5

-0.5

1.0

scale 

change

scale change

scale change

1031 10 102

Mo (ppm)

0

-1.0

U
p

p
e
r 

P
e
rm

ia
n
 

-0.5

0

1.0

0.5

10310 102

Gap

Mo/Al (ppm/%)

?

Arrow Rocks

L
o

w
e
r 

T
ri
a
s
s
ic

 

m

scale change

scale change

scale change

scale change

B
a
s
e
lin

e
 ?

B
a
s
e
lin

e
 

B
a
s
e
lin

e
 

B
a
s
e
lin

e
 ?

B
a
s
e
lin

e

B
a
s
e
lin

e

10.1

B
a
s
e
lin

e
 ?

anoxic 

0

0.5

m

1.5

1.0

U
p
p
e
r 

P
e
rm

ia
n

L
o
w

e
r 

T
ri
a
s
s
ic

Akkamori 2 

Mo/Al
1.0 10410210 103

Mo
1.0 10410210 103

(ppm)

(ppm/%)

sulfidic 

-0.5

-0.9

-0.1

m

scale change

scale change

sulfidic 

Mo/Al (ppm/%)

10-1 1 10 102

0

U
p
p
e
r 

P
e
rm

ia
n

Lo
w

er
 T

ria
ss

ic

Ubara 

Mo(ppm)

10 102

m

1

m

0.1 1 10
U

(ppm)

0.1 1 10 100

U/Al (ppm/%)

below detection limit 

below detection limit 

below detection limit 

U/Al (ppm/%)

U/Al (ppm/%)

0.1 1 10

U (ppm)

10 100

10

1

10.1

1010.1

U
1 100.1

U/Al (ppm/%)
0.1 1 10

(ppm)U
(ppm)

B
a
s
e
lin

e
 

anoxic 

B
a
s
e
lin

e

anoxic 

Low latitude Panthalassa

South middle latitude 

Panthalassa

sulfidic 

anoxic sulfidic 

0.1

0.2

??

ARH, Unit 2b

ARG, Unit 2a

Unit A

-0.5

scale change

Algeo et al. (2011)

-0.02

-0.04

Figure 5



South middle latitude

Low latitude

Low latitude

(Algeo and Tribovillard, 2009; Tribovillard et al., 2012)

South middle latitude

South middle latitude

Low latitude

Low latitude

South middle latitude

Mo
EF

103

10２

10

U
EF

 
10

1

Mo
EF

103

10２

10

U
EF

 
101

103

10２

10

U
EF

 
10

Mo
EF

Waiheke 1

Arrow rocks

Akkamori-2

Ubara

Fe < 0.5 %

Fe*
pyrite

 /Fe
HR

 

>0.8

>0.6-0.8
>0.0-0.6 Fe

HR
 /Fe

total
 < 0.4 

1

103

10２

10

U
EF

 
10

Mo
EF

South middle latitude

Low latitude

3. The interval from EPME to PTB

2. Between the 1st and 2nd step decreases of δ13C in the latest Permian1. Late Permian before the δ13C decreases

4. Earliest Triassic (Induan) 

(Hori et al., 2007)

(Takahashi et al., 2014)

(Algeo et al., 2011)

tuffaceous sediments

0.1 ×U/Mo SW

suboxic

anoxic

euxinic

Open m
arin

e re
dox e

leva
tio

n

Active Mo particle shuttle

Mo drawdown

1

103

10２

10

U
EF

 
10

Mo
EF

10 ×U/Mo SW

U/Mo SW

Model of enrichment pattern

0.9

Figure 6



?

0

0.2

-0.2

-0.4

-0.6

-0.8

0

0.2

-0.2

-0.4

-0.6

-0.8

δ238U
carbonate

‰

anoxic water expansion

‰

Time scale 

Oceanic environmental records of Panthalassa

low latitude cetral

south middle-latitude 

Global anoxic water extent

Sea water temperature records in Paleo-Tethys 

18

20

40

δ18O
apatite

30

20℃‰ Meishan
Kuh-e-Ali

Chanakhchi

Sea-water temperatureJoachimski et al. (2011, 2019)

Zhang et al. (2020) 20% lowess regression

1σ confidence interval
2σ confidence interval

(ice-free)

Shen et al. (2019)

Shen et al. (2019)

Grasby et al. (2021)

no data

no data

no data

no data

no data

no data

no data

Lower Triassic
Changhsingian
Upper Permian

Induan

251.9 251.8252.0252.05252.2252.3

PTBEPME1st δ13C 

decrease

2nd δ13C 

decrease Ma252.1

Akkamori

Ubara

Waiheke

Arrow rocks

Mo drawdown

Euxinia

Radiolarian chert

Mo drawdown

Euxinia

Radiolarian chert

Mo drawdown

Hg/TOC >100

Radiolarian chert Radiolarian chert

Hg

Euxinia

Figure 7


