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Main isotopes of uranium (g,U)

6238U = [(238U/235U)samplel(238UI235U)CRM-145a'1) X 103 Reies S
abun- half-life mode | pro-
dance (t0) duct
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232y | syn 68.9y 226y
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A,=57°U -0**°U,, X denotes different U sinks

> Sources:

Riverine input Global Seawater _ .

Ground water Ground water & Aeolian (<10%) 6*°U,,= ~0.39%0 6238UR:V_9(;SZ(6>0/90~020 y

Aeoli 5238= 2 9 13.4nmol/kg .26 %o :
eollan gL

Bulk carbonates
= 0.27+0.14%o (1SD)

Primary carbonate precipitates D bonate
A, .= 0.00~0.09%o

> Sinks:
Euxinic sediments " .
Reducing sediments Euxmlcsed'mims Ferromanganese
€ g B inic™ 0-6~0.85% nodules Reducing/hypoxic
Carbonates A = —02% sediments

= 0.1~ 0.15%o

metal
A

suboxic

Low-T alteration
High-T alteration Low-T alteration A .= 0.25%o
Ferromanganese Altered oceanic crust

Others High-T alteration A .= 0%o ?

Zhang et al., 2020a, GCA
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Seawater
$2381J

Reducing
Sinks

-0.9%0 -0.6%0 -0.3%0 0.0%o

U(VI) U(v)

enriched in 238U
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Romaniello et al., 2013, Chem. Geol.
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A global compilation of 5238U
and 813C across the end-

Permian mass extinction
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The rate of change of N, is equal to the source of U (rivers) minus
the various sinks for U (e.g. anoxic, suboxic, oxic, etc):

dN
d;W = F;nput _Emoxic 4 suboxic _F:)xic d|Str|but|On Of SeaﬂOOF

dareas

We can write a similar equation for the U isotopic composition of
seawater which depends on the mass-weighted isotopic composition
of each sink:

/

m anoxic/euxinic m suboxic oxic

d(N,, '5238Usw) - F .5®Uy _F S3U _F S3U _F .53y

d t input input anoxic anoxic suboxic suboxic oxic oxic

Zhang et al., 2020a, GCA
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Steady State Solutions: at steady state, the sum of all inputs and
outputs of U to seawater are equal, and thus the concentration and U
isotopic composition of seawater through time is constant.

dN

W _ _ _ —

dt input anoxic suboxic oxic

W, 07U,,) SPU _F Sy _F . §Py _F .§%U =0

dt input input anoxic anoxic suboxic suboxic oxic oxic

The source and sink terms are equal

input anoxic suboxic oxic

5238U _ F '5238U +F '5238U +F:)x[c '5238U

input input anoxic anoxic suboxic suboxic oxic

Zhang et al., 2020a, GCA
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Defining Metal Burial Rates: Defining the & values of each Defining fraction of each
sink: seafloor areas:
A
anoxic — kanoxic ) Aanoxic ) [U] 5 238Uanoxic - 5238Usw + A anoxic f;znoxic B AanOsz
_ 238 238 A,
suboxic ksuboxic " suboxic [U] o Usuboxic =0 Usw + Asuboxic fsubOXic - %
_ 238 o238
oxic ~ k oxic onic ) [U] 5 onic - 5 Usw +A oxic onic
foxic -
ocean

5238(] — 5238U . f;lnoxic -k anoxic Aanoxic + f:mboxic ) ksuboxic ) Asuboxic + ]Foxic ) koxic ) onic
Sw mput f . k + f . k + f . k
anoxic anoxic suboxic suboxic oxic oxic

Zhang et al., 2020a, GCA
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W _p

d t input ~ Lanoxic — 1 suboxic — * oxic
238
dv,, -0 Usw) S3U S3U S3U _F .5BU
dt mput mput ai’lO)ClC anoxic suboxlc suboxlc oxic oxic
anoxic — kanoxic ) Aanoxic ) [U] suboxic - ksuboxic ) suboxic ) [U] oxic — koxic ) oxic ) [U]

5238U

anoxic

57U +A

anoxic

5238(]

suboxic

=57 +A
A

suboxic

5238(]

=57, +A
A

oxic oxic

f _ anoxic f _ suboxic f _ oxic
anoxic suboxic oxic
ocean ocean ocean
é‘ 238U 5 238U ]Fanoxic kanoxic anoxic + suboxic ksuboxic ASMbOXlC + f;xzc oxic oxic
% mput f k + f f
anoxic anoxic suboxic suboxlc oxic oxw

distribution of seafloor
areas

/

m suboxic

m anoxic/euxinic oxic

Zhang et al., 2020a, GCA
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?é o A B * The complex animals (the
o 54 = & 2z £ 3 8 : : .
= Y IEEE NN R Ediacara biota) first appeared

ME: EILREARI about 575 Ma, shortly

: s E22 < 2 E 5 E® 5 83
540 - 8 E" S e £ A EE g = > o pOStdate the Shuram

- g s | -
550 % = | EEEEE Excursion (SE)
1ann
570 % %

— g E S [ u
580: g é = Gaskiers glaciation o The Ed|acara b|0ta begun tO
90 .8 | decline at ~560 Ma and

13 S .
] eventually disappeared at the
610 — . . g
. Ediacaran-Cambrian transition
o at about 541 Ma

Xiao et al., 2016



* 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

Bol’shoy Patom

modified after Meert and Lieberman, 2008
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A Jiulongwan section (South China)
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5 238U 5 238U f;moxic ’ kanoxic ) Acmaxic + fsuboxic ) ksuboxic ) Asuboxic + ‘][axic ’ koxic ) onic
input
f;moxic ’ k anoxic + f:vuboxic ’ k suboxic + f;xic ) koxic
-0.3 7
. 238
8 USE ocean

— 0
/o\ Aanoxic 06 A)O
X
<~
5 A, =10 %o
S
P
e o]
2 535U
o pre-SE ocean

0 20 40 60 80 100

Anoxic/euxinic seafloor area (%)

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
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A Wuhe section, Hubei Province B Gaojiashan Section, Shaanxi Province
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5238 5238 Jpanoxic ) kanoxic ) Aanoxic + suboxic ksuboxic ) Asuboxic + f;)xic ) koxic ) onic
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In the latest Ediacaran ocean: almost 100% of seafloor was overlain

by anoxic waters
Zhang et al., 2018, Sci. Adv.



Zhang et al., 2019, Geobiology
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Fan and Shen et al., 2020, Science
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Minimum and maximum values
From modern trace metal
oceanography and lab

// experiments

Table 1 Minimum and maximum values included in metal mass balances. /

Variable [ Minimum value Maximum value ]

AU, %o 0.4 20 08 20
AU\ %o 04 20 08 20

A% Moy, %o 0.8 47 03
A98Aa o neo 47 n_31

24 variables b
treated as b Mass balance models run 1000 times

constants in by

. bu. . . . ‘ ,
conventional mass o Each run uses a random subsample between minimum and maximum ‘constant

523 values
balance models 5

A2:SUcarbAIoc Yoo 0.2 48 0.4 48
foxiim % 83.89 36 100 (physical limit)
fea % 0 100-fo s

2Calculated by unit conversion.

bCalculated as 5th and 95th percentile of ocean-draining rivers.

cReferences indicate that negative fractionations are possible under reducing conditions. As quantitative constraint on the magnitude of these fractionations is poor, the magnitude of the negative
fractionation is parameterized to match the positive fractionation. See Supplementary Fig. 6 for alternative parameterizations.

Stockey et al. (2020) Nat. Comm.; Zhang et al., in review
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70N X

* Fully coupled concentration-isotope model: 3 redox sensitive
sinks, Monte Carlo mass balance

dUlew _p g

dt riv
Density

l 0.00
0.25
.~ 050

. d[u]_.é6*%U
(1)C7)8 [ ]Swdt = =F riv 6238Uriv —F oxic(6238Usw + A238oni6)

oxic Fred —F

eux

_ Fred(sz?’gljsw T A238 Ured) _ Feux (8238Usw + A23gljeux)

Fluxes for redox-sensitive sinks are defined as

[Me],,,
M.sw

foux (%)

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.

0.1 1.0 10 100
feux (%)

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

! —
3.D pusal) module
circulation model

- c-goldstein
cGENE ) |

atmosphere T P |
- 2D chergy-moist@éﬂ}ywce | | —
(no clouds, dynamics) @ : gnlergy Mh;l)is:jtulre : atchem
§ ‘“ I alance Mode I 4_’
f BOD tertr):a:ttglal iy ‘ o | —r-"""" < » | 2D atmospheric
W | . | : 2 1] chemistry
simplified | . 2 eef | . | ' 32
el . , ! ' 1 | © module
thermo-dynamic | | R , - I ' N
sea ice open ocean : T | ' I ' | €
L I&= e A I ' . : 8)
& oy T ! ' x : : | . —
* **.5 ¥ Vs ERORCER) . (il AE om0 I | dynamic- i I biogem
et O {land surface and hydrology ' 1 1 | I | thermodynamic o K <>
- ' . | sea-ice model N B :
| | € 3D marine
| : biogeochemistry
I
I
I
I
I
I

< D Composition
Carbon-GENIE ( information
WWW.S€002.01g < i d _ Flux
‘cGENIE’ g ' information

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

< >

0.0 800.0 1600.0 2400.0 3200.0 4000.0

Ocean depth (m)
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* Example Ordovician marine O, profiles: 16 x CO,, 0.4 x O,, 0.5 x PO,

Deep ocean floor O, Water column O, vs latitude

I

-60.0 -30.0 0.0 30.0 60.0 90.0
Latitude (°N)

Dissolved O, (mol kg")
dissolved oxygen (02) (mol kg-1)

< I>

0.000000  0.000026  0.000052  0.000078  0.000104  0.000130

Data Min = 0.000017, Max = 0.000098, Mean - 0.000054
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* Summarizing 70 cGENIE simulations — compared to uranium

f. o €Stimates
100.01 , 1 )

There must have been a corresponding
~ 1001 increase in global marine productivity
o to counterbalance the expected

S effects of bottom-water oxygenation
~ 1 and maintain an unchanged seafloor
redox landscape.
01 = 5

0 25 50 75 100
Atmospheric O, (% PAL)

Zhang et al., in review
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A simple dynamic model (coupled with a simplified Monte Carlo framework)

238 s
d(NSW Z USW) = Enput ’ 5238Uinput _F'anoxic ) 5238Uan0xic o Evuboxic ) 5238Usuboxic o E)xic ’ 5238U0xic § i B
<
A. 8*%%U data with LOWESS smoothing fit. o .
B. B. Model estimates of anoxic seafloor area
(7.nox) @cross the Permian-Triassic boundary. s .,
> D a
2) A
The first anoxic episode lasted for ~60 kyr while
anoxic seafloor area expanded to cover >18% of the = e
entire seafloor, coeval with the main EPME horizon, «
agreeing with marine anoxia as a proximate kill
mechanism for the EPME. o
oY -
Te)
Al
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Biogeochemical model of coupled marine C-P-U cycles

Fup

Fluxes
Carbon
Phosphorus
Uranium

Variable/Process Equation Units
Differential equations

Ocean-atmosphere C dA/dt = Fa— Fy+ Fox — Finorg — Fiorg + FLip mol C yr!
Ocean P balance dP/dt = Fpy — Forgp — Frep — Feap mol P yr!
Ocean U balance dU/dt = Friy— Fanoxic — Fother mol U yr'!
C isotope balance dda/dt = (Fin X (8in — 8a) + Frip X (SLip — 8a) — Forg X (-A))/A %o yr!

U isotope balance ddu/dt = (Fiiv X (8riv — 0u) — Fanoxic X Aanoxic — Fother X Aother)/U %0 yr!
Key variables

Atmospheric CO, CO, = (A/Ap)? PAL
Global temperature AT = kcoz * In(CO2) — kst % (age/570) K, age (Ma)
Plant CO; response f(COz) =2 x CO/(1+COy) -
Weathering kinetics f(T) = exp(0.09 x AT) -

Ocean anoxic fraction fanoxic = 1/(1-+¢ Kanox x (u  (PP0)p02)) - pO2 (PAL)
Carbon fluxes

Silicate weathering Fw=kw XE xW xV xf(CO,) x f(T) mol C yr!
Carbonate degassing Fa=kq4xD mol C yr!
Corg OXidation Fox = kox mol C yr!
Carbonate weathering Few = Kearb mol C yr!
Aggregate C input Fin = Fg+ Fox + Fey mol C yr!
Terrestrial Corg burial Fiorg = Kiorg X V x f(CO2) mol C yr!
Marine Corg burial Funorg = Kmorg % (P/Po) mol C yr'!
Total Corg burial Forg = Fmorg *+ Frorg mol C yr'!
Phosphorus fluxes

P weathering Frw = kpw % (Fy/ky) mol P yr!
Organic P burial Forgp = Finorg X ((fanoxic/ CPanoxic) + ((1—fanoxic)/CPoxic)) mol P yr!
Fe-sorbed P burial Frep = krep % (1-fanoxic) mol P yr!
Ca-bound P burial Fear = kcar % (P/Po) mol P yr!
Uranium fluxes

U weathering Friv = keiv ¥ Fu/Fwo mol U yr'!
Anoxic U sink Fasoxic = Kanoxic X (U/Uo) X fanoxio/ fanoxico mol U yr'!
Other U sinks Foter = Koter ¥ (U/Ug) X (1 = fanoxie)/( 1 = fanoxico) mol U yr!

Zhang et al., 2020a, GCA
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C-P-U cycle model results for
increases in vegetation coverage
of 40%, 60%, 80% and 100%.

Vegetation (normalized)

CO, (PAL)

Temperature anomaly (K)

thll’.)

Anoxic fraction (f,
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Zhang et al., 2020a, GCA
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