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δ238U = [(238U/235U)sample/(238U/235U)CRM-145a-1) � 103
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Ø Sources:

Riverine input
Ground water
Aeolian

Zhang et al., 2020a, GCA
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Ø Sinks:

Euxinic sediments
Reducing sediments
Carbonates
Low-T alteration
High-T alteration
Ferromanganese
Others
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Chen et al., 2018, GCA
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A global compilation of δ238U 
and δ13C across the end-

Permian mass extinction

Zhang et al., 2018, Geology



6J5 U��:

O
/S

 e
xt

in
ct

io
n

F
/F

 e
xt

in
ct

io
n

D
/C

 e
xt

in
ct

io
n

P
/T

 e
xt

in
ct

io
n

T
/J

 e
xt

in
ct

io
n

0100200300400500600

0.6

0.4

0.2

   0

−0.2

−0.4

−0.8

−0.6

−1.0

−1.2
NPgKJTrPCDSOCmE

Age (Ma)

 T
e
rm

in
a
l E

d
ia

ca
ra

n

δ
23
8 U

ca
rb
 (

‰
)

Zhang et al., 2020a, GCA

&P�!13�U(?<;G
��	T�YC2KA87I]
�



U��:4�'DL!BC8

d sw
input anoxic suboxic oxic

N F F F F
dt

= - - -

238
238 238 238 238d( )sw sw

input input anoxic anoxic suboxic suboxic oxic oxic
N U F U F U F U F U

dt
d d d d d×

= × - × - × - ×

Zhang et al., 2020a, GCA

distribution of seafloor 
areas

anoxic/euxinic suboxic oxic
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dNsw
dt

= Finput − Fanoxic − Fsuboxic − Foxic = 0

d(Nsw ⋅δ
238Usw)

dt
= Finput ⋅δ

238Uinput − Fanoxic ⋅δ
238Uanoxic − Fsuboxic ⋅δ

238Usuboxic − Foxic ⋅δ
238Uoxic = 0

Zhang et al., 2020a, GCA
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Finput = Fanoxic + Fsuboxic + Foxic

Finput ⋅δ
238Uinput = Fanoxic ⋅δ

238Uanoxic + Fsuboxic ⋅δ
238Usuboxic + Foxic ⋅δ

238Uoxic
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[ ]anoxic anoxic anoxicF k A U= × ×
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238 238
anoxic sw anoxicU Ud d= + D

238 238
suboxic sw suboxicU Ud d= +D

238 238
oxic sw oxicU Ud d= +D

anoxic
anoxic

ocean

Af
A

=

suboxic
suboxic

ocean

Af
A

=

oxic
oxic

ocean

Af
A

=

	��������#�� ) %��$�" �� ��-�
"�����

	���������!�-#��� �� ��-�
"������! �!��"��

238 238 anoxic anoxic anoxic suboxic suboxic suboxic oxic oxic oxic
sw input

anoxic anoxic suboxic suboxic oxic oxic

f k f k f kU U
f k f k f k

d d × ×D + × ×D + × ×D
= -

× + × + ×



U��:4�'DL!BC8

d sw
input anoxic suboxic oxic

N F F F F
dt

= - - -

238
238 238 238 238d( )sw sw

input input anoxic anoxic suboxic suboxic oxic oxic
N U F U F U F U F U

dt
d d d d d×

= × - × - × - ×

[ ]anoxic anoxic anoxicF k A U= × × [ ]suboxic suboxic suboxicF k A U= × × [ ]oxic oxic oxicF k A U= × ×

238 238
anoxic sw anoxicU Ud d= + D 238 238

suboxic sw suboxicU Ud d= +D 238 238
oxic sw oxicU Ud d= +D

anoxic
anoxic

ocean

Af
A

= suboxic
suboxic

ocean

Af
A

= oxic
oxic

ocean

Af
A

=

238 238 anoxic anoxic anoxic suboxic suboxic suboxic oxic oxic oxic
sw input

anoxic anoxic suboxic suboxic oxic oxic

f k f k f kU U
f k f k f k

d d × ×D + × ×D + × ×D
= -

× + × + ×

Zhang et al., 2020a, GCA

distribution of seafloor 
areas

anoxic/euxinic suboxic oxic



���
�	�������
���������

• The complex animals (the 
Ediacara biota) first appeared 
about 575 Ma, shortly 
postdate the Shuram
Excursion (SE)

• The Ediacara biota begun to
decline at ~560 Ma and 
eventually disappeared at the 
Ediacaran-Cambrian transition 
at about 541 Ma 

Xiao et al., 2016
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• What was the global marine redox state across the Ediacaran Shuram
Excursion?

• What was the global marine redox state during the last 10 Ma of the
Ediacaran Period?
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Three classic Shuram sections

modified after Meert and Lieberman, 2008
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Zhang et al., 2019, Geobiology
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In the pre-SE ocean: >45% of seafloor was overlain by anoxic waters

In the SE ocean: ~0.6% of seafloor was overlain by anoxic waters

238 238 anoxic anoxic anoxic suboxic suboxic suboxic oxic oxic oxic
sw input

anoxic anoxic suboxic suboxic oxic oxic

f k f k f kU U
f k f k f k

d d × ×D + × ×D + × ×D
= -

× + × + ×
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Zhang et al., 2018, Sci. Adv.
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In the latest Ediacaran ocean: almost 100% of seafloor was overlain
by anoxic waters

Zhang et al., 2018, Sci. Adv.

238 238 anoxic anoxic anoxic suboxic suboxic suboxic oxic oxic oxic
sw input

anoxic anoxic suboxic suboxic oxic oxic
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f k f k f k

d d × ×D + × ×D + × ×D
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Marine Redox Drove the Rise and
Fall of the Early Animals

Zhang et al., 2019, Geobiology
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Fan and Shen et al., 2020, Science
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Stockey et al. (2020) Nat. Comm.; Zhang et al., in review

24 variables 
treated as 
constants in 
conventional mass 
balance models

Minimum and maximum values
From modern trace metal 

oceanography and lab 
experiments

Mass balance models run 1000 times

Each run uses a random subsample between minimum and maximum ‘constant’ 
values
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• Fully coupled concentration-isotope model: 3 redox sensitive 
sinks, Monte Carlo mass balance

Zhang et al., in review
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• Fully coupled concentration-isotope model: 3 redox sensitive 
sinks, monte carlo

But what about interpretations of 
global cooling and atmospheric 
oxygenation through the 
Ordovician?...

…we use the cGENIE Earth system 
model to evaluate whether these 
trends are compatible.

Zhang et al., in review
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• cGENIE Earth System model

Ridgwell et al. (2007) Biogeosciences
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• Ordovician tectonic configuration in cGENIE

Ocean depth (m)
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• Example Ordovician marine O2 profiles: 16 x CO2, 0.4 x O2, 0.5 x PO4

Deep ocean floor O2 Water column O2 vs latitude

Dissolved O2 (mol kg-1)
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• Summarizing 70 cGENIE simulations – compared to uranium 
fanox estimates
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There must have been a corresponding 
increase in global marine productivity 
to counterbalance the expected 
effects of bottom-water oxygenation 
and maintain an unchanged seafloor 
redox landscape.

Zhang et al., in review
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A global compilation of δ238U data from 
measurements across the PTB.

Zhang et al., 2020b, GCA
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A. δ238U data with LOWESS smoothing fit. 
B. B. Model estimates of anoxic seafloor area 

(fanox) across the Permian-Triassic boundary.

The first anoxic episode lasted for ~60 kyr while 

anoxic seafloor area expanded to cover >18% of the 

entire seafloor, coeval with the main EPME horizon, 

agreeing with marine anoxia as a proximate kill 

mechanism for the EPME. 

Zhang et al., 2020b, GCA

238
238 238 238 238d( )sw sw

input input anoxic anoxic suboxic suboxic oxic oxic
N U F U F U F U F U

dt
d d d d d×

= × - × - × - ×

A simple dynamic model (coupled with a simplified Monte Carlo framework)
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Biogeochemical model of coupled marine C-P-U cycles
Variable/Process Equation Units 
Differential equations   

Ocean-atmosphere C dA/dt = Fd – Fw + Fox – Fmorg – Ftorg + FLIP mol C yr-1 

Ocean P balance dP/dt = FPw – FOrgP – FFeP – FCaP mol P yr-1 

Ocean U balance dU/dt = Friv – Fanoxic – Fother mol U yr-1 

C isotope balance dδA/dt = (Fin × (δin – δA) + FLIP × (δLIP – δA) – Forg × (–Δ))/A ‰ yr-1 

U isotope balance dδU/dt = (Friv × (δriv – δU) – Fanoxic × Δanoxic – Fother × Δother)/U ‰ yr-1 

Key variables   

Atmospheric CO2 CO2 = (A/A0)2 PAL 

Global temperature ΔT = kCO2 × ln(CO2) – kSL × (age/570) K, age (Ma) 

Plant CO2 response f(CO2) = 2 × CO2/(1+CO2) - 

Weathering kinetics f(T) = exp(0.09 × ΔT) - 

Ocean anoxic fraction fanoxic = 1/(1+e–kanox × (ku × (P/P0)–pO2)) -, pO2 (PAL) 

Carbon fluxes   

Silicate weathering Fw = kw × E × W × V × f(CO2) × f(T) mol C yr-1 

Carbonate degassing Fd = kd × D mol C yr-1 

Corg oxidation Fox = kox mol C yr-1 

Carbonate weathering Fcw = kcarb mol C yr-1 

Aggregate C input Fin = Fd + Fox + Fcw mol C yr-1 

Terrestrial Corg burial Ftorg = ktorg × V × f(CO2) mol C yr-1 

Marine Corg burial Fmorg = kmorg × (P/P0) mol C yr-1 

Total Corg burial Forg = Fmorg + Ftorg mol C yr-1 

Phosphorus fluxes   

P weathering FPw = kPw × (Fw/kw) mol P yr-1 

Organic P burial FOrgP = Fmorg × ((fanoxic/CPanoxic) + ((1–fanoxic)/CPoxic)) mol P yr-1 

Fe-sorbed P burial FFeP = kFeP × (1–fanoxic) mol P yr-1 

Ca-bound P burial FCaP = kCaP × (P/P0)   mol P yr-1 

Uranium fluxes   

U weathering Friv = kriv × Fw/Fw0 mol U yr-1 

Anoxic U sink Fanoxic = kanoxic × (U/U0) × fanoxic/fanoxic0 mol U yr-1 

Other U sinks Fother = kother × (U/U0) × (1 ‒ fanoxic)/( 1 ‒ fanoxic0) mol U yr-1 

 1 
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Zhang et al., 2020a, GCA

C-P-U cycle model results 
for cumulative carbon 
releases of 1 × 1018 mol C, 
1.5 × 1018 mol C, 2 × 1018 mol 
C, 3 × 1018 mol C.
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Zhang et al., 2020a, GCA

C-P-U cycle model results for 
increases in vegetation coverage 
of 40%, 60%, 80% and 100%. 
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