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Abstract

Something along the lines of :

Around 2.4 Ga oxygen went from being a trace gas to an important atmospheric con-
stituent. Named the ‘Great oxidation event’, this transition caused major changes in
climate. The ‘boring’ billion years that followed seem to show a stable atmosphere with
O2 > 0.01 PAL (present atmospheric level). A seccondary oxidation is thought to have oc-
cured in the neoproterozoic (1000Ma—542Ma) in which oxygen concentration approached
present day level. Here we use a simple earth system model to analyse these transitions
and look at possible causes and effects.



1 Model schemtaic

This model links the simple ocean biology model of Goldblatt et al. [2006] to a stripped down
climate, weathering and nutrient system which is based on the 'Redfield revisited’ [Lenton
and Watson, 2000] and ’"COPSE’ [Bergman et al. 2004] models.

The model consists of two boxes. One representing the atmosphere and ocean, and one
representing the crust. Species are moved from the atmosphere/ocean to the crust via burial,
and are returned by subduction and degassing. Continental weathering allows transfer in
both directions. The system is supplied with an assumed quantity of inorganic reductant,
represented chemically by ferrous iron. Hydrogen escapes to space as a result of methane
reaching the upper atmosphere.

hydrogen escape

inorganic reductant input

The system consists of four atmosphere and ocean reservoirs, and three crustal reservoirs.



Name | Meaning Present day size

(mol)

P Phosphate 3.1 <10

O Oxygen 3.7 x10™

A Carbon dioxide 3.193 x10'®

M Methane 1 x10™

G Buried organic carbon 1.25 x10%!

C Buried carbonate carbon 5 x10%!

Q Buried phosphate 1.3 x10%

Table 1: Model reservoirs

2 Model Forcings

The model is forced with changing continental area, tectonic plate velocity and solar constant.
We use the parameters € and vasc (both with present day value of 1) to represent biological
enhancement of weathering. Following Geocarb [Berner, 1991], we assume vasc = % before
the evolution of vascular plants (at around 400Ma), rising to 1 thereafter. We will explore the
effect of altering this value. We add € to represent increased weathering for nutrients in the
neoproterozoic. It is thought that rapid expansion of land-based organisms at this time may
have driven a transition due to increased weathering rates [Heckman et al., 2001. Lenton and
Watson, 2004] and we hope to observe the effects such an increase might have. Finally we use
r to represent the amount of inorganic reductant entering the system.

Name | Meaning Present day size | Source
U Fraction of continental crust 1 Campbell, 2003.
\%4 Relative tectonic plate velocity 1 Korenaga, 2008.
S Solar constant 1368 W/m? Bergman et al, 2003.
€ Biotic weathering enhancement 1 Lenton and Watson, 2004.
vasc | Vascular plant weathering enhancement 1 Bergman et al, 2003.
r Inorganic reductant input 7.5 x 1010 Goldblatt et al, 2006.
mol Oy equiv yr—!

Table 2: Model forcings
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Name | Meaning Size Source
Ié] Burial fraction 2x 1073 Goldblatt et al, 2006
k1 Net primary production 3.75 x 10" mol C yr—' | Goldblatt et al, 2006
ko Ca associated phosphorus burial | 1.5 x 10'Y mol P yr=! | Redfield revisited
ks Fe associated phosphorus burial 6 x 109 mol P yr—! Redfield revisited
ky Present day oxic fraction 0.86 Redfield revisited
ks Silicate weathering 6.578 x 10'? mol C yr~! | For steady state at present day
ke Carbonate weathering 1.335 x 10'3 mol C yr~! | GEOCARB
k7 Oxidative weathering 6.177 x 10'? mol C yr~! | For steady state at present day
ks Reactive phosphorus weathering | 5.1 x 10'° mol P yr=! | For steady state at present day
ko Organic carbon degassing 1.25 x 102 mol C yr—! | GEOCARB
k1o Carbonate carbon degassing 6.65 x 102 mol C yr~! | GEOCARB
dy Respiration limitation constant 6.33 x 108 For steady state at present day
ds Methanotrophy constant 2.73 x 10%7 Goldblatt et al, 2006
kozic | C:P burial ratio, oxic ocean 217 mol:mol COPSE
kanozic | C:P burial ratio, anoxic ocean 4340 mol:mol COPSE
kearp | CO2 greenhouse approx 8°C Haqq misra et al, 2008.
kmeth | CHy greenhouse approx 2°C Haqgq misra et al, 2008.

Table 3: Table of constants




3 Ocean biology model

Following Goldblatt et al. (2006) the marine biosphere resolves fluxes of anoxygenic and
oxygenic photosynthesis, aerobic respiration, methanogenesis and methanotrophy. To this we
add a simple nutrient and anoxia system, based on the 'Redfield revisited’ model [Lenton and
Watson, 2000]. Throughout this derivation we track available organic carbon, B, to ensure
that this is conserved.

3.1 Nutrient limitation

We assume the biosphere is limited by a single nutrient, which we model as phosphate. Net
primary production via oxygenic photosynthesis is assumed to be proportional to the size of
the phosphate reservoir P.

N = kl(lfo) (3.1.1)

3.2 Oxygenic photosynthesis

CO9+Hy0+hv — CH50 +09

This process removes carbon dioxide and increases oxygen and and available organic carbon
in the atmosphere/ocean box.

i):cphota =-N (321)
Z)xphoto =N (322)
:J:Ephoto =N (323)

3.3 Anoxygenic photosynthesis
4Fe*t+C0g +11H20 +hv — 4Fe(OH)3 + CH0 +8H™

The assumed input of ferrous iron, r, is used to increase available organic carbon in the
atmosphere/ocean via anoxygenic photosynthesis.

Zmomphoto =T (331)
:zno:vphoto =T (332)

3.4 Organic carbon burial

We assume a fraction, 3, of the available organic carbon is buried in sediments. This decreases
the organic carbon in the atmosphere/ocean box and increases organic carbon in the crust.

,orngurial = _B(N + ’I") (341)
G;rngurial5: ﬂ(N + T) (342)



3.5 Aerobic respiration

CH20 +02 — CO2 +H20

A fraction, v, of the remaining organic carbon is decomposed by hetrotrophic aerobic respira-
tion. This is a sink of organic carbon and oxygen, and a source of carbon dioxide. v = %d’y
is a function of oxygen, and corresponds to the inhibition of aerobic respiration below the
pasteur point ( ~ 0.01 PAL). We determine the value of d, by assuming steady state at

present day oxygen concentrations.

Bl = —7(1=B)(N +r) (3.5.1)
O;"esp = _’7(1 - B)(N + T) (352)
resp = Y1 = B)(N + 1) (3.5.3)

3.6 Decomposition and methanogenesis

2CH;0 — CO9 + CHy

All the remaining organic carbon is assumed to be decomposed by fermentors and methanogens.
This is a sink of organic carbon and a source of carbon dioxide and methane.

;nethgen = _(1 - ’7)(1 - 6)(N + T‘) (361)
;nethgen = %(1 - /7)(1 - ﬂ)(N + T) (362)
rtngen = 5(1 = 1)1 = BN +7) (363)

3.7 Methanotrophy
CH, + 209 — CO5 + 2H50

A fraction, ¢, of the methane produced is used by methanotrophs. This is a sink of oxygen

and methane, and a source of carbon dioxide. § = %da is a function of oxygen, following the

anaylsis of Goldblatt et al. [2006] and Ren et al. [1997].

;nethtroph = _5(1 - 7)(1 - /g)(N + T) (371)
Mipctntrapn = — 501~ 1)1 = BN +7) (37.2)
;nethtroph - %6(1 - 7)(1 - ﬂ)(N + T) (373)
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3.8 Total effect of the biosphere

Summing the fluxes for each species we calculate the effect of the biosphere on the model
reserviors. Here we substitute Qo) = (1 —v)(1 — §) to simplify.

;)’iO = O:)xphoto + O;“esp + O;nethtroph
= N—=A(1=F)(N+r)=0(1—=7)(1—=F)(N+r)
= N-(1-(1-700-9)1=0)(N+r)

= N—-(1-Q0)1—-pB)(N+r)

(3.8.1)
;n'o = ;nethgen + M;nethtroph
1 1
= S =)A= BN +7) = 3601 =7)(1 = BN +7)
1
= S-mA=8)(1- BN +7)
1
= S%0)(1- BN +7)
(3.8.2)
Agn'o - i)mphoto + Aiznoa:photo + A;"esp + A'lmethgen + Almethtroph

= N —r (L= BN ) 5 (1= )1 = BN )+ 55(1 —)(1— BN +7)
= N r (- (1)) BN +7)

— N-—r+(1- %Q(O))(l —B)(N +7)

(3.8.3)
Gé)io = Gi)rngurial
= B(N+7)
(3.8.4)
gn'o = ;:Ephoto + Biznoa:photo + B/orgC’bum'al + B;esp + B;nethgen
= N4r— BNV +1) = (L= BN +7) = (1= 7)(1 = H(N +7)
=0
(3.8.5)

Substituting N = k; (%) we have:



bio = 1 (50) — (1 =) - ﬁ)(lﬁ(;) +7)
bio = 59(0)(1 — B)(k1 (;) +7)
bo = _k1<P£) —r (1 %Q(O))(l — B)(kr (Ii) )

G;)io = 6<k1 (7
(3.8.6)
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4 Nutrient burial

The nutrient, assumed to be phosphate, can exist either in the atmosphere/ocean or the
crust. Burial fluxes for phosphate are adapted from Redfield revisited. All of these reduce
the amount of phosphate in the atmosphere/ocean, P, and increase the crustal reservoir of
phosphate, Q.

Rates of nutrient burial are believed to be dependent on the degree of ocean anoxia, we
calculate this using the balance between free oxygen and new production.

O/Oo>
P/P,

anoxr =1 — k4( (4.0.7)

Organic phosphate burial is calculated using the organic carbon burial flux and the carbon



to phosphorus burial ratio, which we call C'Psea.

P
Q/ o Ggrngurial _ ﬁ(k1<P70) + T)
orgPburial CPsea Cpsea
ﬁ(/ﬂ(p%) +7)
P/ = 40.8
orgPburial — Cpsea ( Y )

Van Capellan and Ingall (1994, 1996) suggest that this burial ratio is heavily dependant on
anoxia and calculate

kom’c : kanoxic
CP = 4.0.9
sed (1 — anox(O,P)) « kanowic + anox(O,P) - kogic ( )

Following COPSE, we take the constants kozic and kgpnozic to be 217 and 4340 respectivley.
This is so that C'Psea = 250 for present day anoxia. This precess will give a strong negative
feedback on oxygen levels, so we will also test the model with C'Psea held constant.

Calcuim-bound phosphorus burial is assumed to be proportional to organic carbon burial:

Ql =k (kl(fl)jo)ﬂﬁ> (4.0.10)
Ca—Pburial — N2 k1 + 10 0.
k1 (PL) +r
Pl Phurial = —k2<k107+m> (4.0.11)

Iron-sorbed phosphorous burial is taken to be a function of anoxia:

ks

Q/Fe—Pbum'al = ]{Z(l - CLTLOCC(O,P)) (4012)
/ k'S
Fe—Pburial — —?4(1 - anOZC(O’P)) (4013)

Combining these equations we have our phosphate burial flux:

Q;Lutrientburial = Q,orngum'al + Q/Cabeum'al + Q,Febeurial
ﬂ(k‘l (PL()) +7”) k'1<PL> +r k
= ) Ty (70 ) 51— o,P
Chpsea + R ki+ 1o + k4( anoz(0,P))

(4.0.14)



/ _ / / /
nutrientburial T Porngurial + PCabeurial + PFebeurial

P P
_ _ch(';:e)am — ky (w) — Zi(l — anox(O,P))

(4.0.15)

5 Climate

The system is subject to a solar forcing, S. We calculate average surface temperature using an
energy balance model, adding terms for greenhouse warming by carbon dioxide and methane.

1—a)S A M
T=\ d-9$ ym ) + kcarb 10g <A70) + Kmeth 10g (ﬁo) + Knorm (5.0.16)
Here o = 0.3 is planetary albedo which we assume is constant. k,orm = —239.9 is a

normalisation constant so that under present day conditions we have T' = 15°C'. For simplicity,
we assume a constant temperature rise for every order of magnitude increase in greenhouse
gasses. From a rough approximation of the results of Haqq Misra et al. (2008) we obtain

keary = 8°C and ke, = 2°C. This approximation is only valid for AAO’ MMO >1.

6 Continental weathering

Following COPSE, we resolve fluxes of silicate, carbonate, oxidative and nutrient weathering.
All weathering is assumed to happen on the land, so fluxes are proportional to the relative
continental area, U.

6.1 Silicate weathering
9NaAlSizOg +2C0, +H,0 "™ A1LSi,05(OH) + 2Nat(aq) +2HCO; (aq) +4Si04(aq)

precipitation

Ca?*(aq) + 2HCO;3 (aq) = —  CaCOs(s) + CO2 + H20

Weathering removes 2C from the atmosphere, precipitation returns 1C. So overall, this
process removes carbon dioxide from the atmosphere and increases carbonate carbon in the
crust.

Al = —ks- fCOs-U -vasc (6.1.1)

Cliw =ks - fCO2 - U -vasc (6.1.2)

silw

Normalised continental area, U, and the weathering enhancement of vascular plants, vasc,
10



affect this flux. COPSE uses the function fC'Os to describe the dependence of silicate weath-
ering on surface temperature and pCO- and we use the same.

A

fCOQ(T, A) _ 60.09(T7To)(1 + 0.038(T _ To))0'65 <
0

(6.1.3)

6.2 Carbonate weathering
CaCOs(s) + COy +Hy0 "L a2+ (aq) + 2HCO3 (aq)

) preczpztatzon

Ca?T(aq) + 2HCO;3 (aq CaCO3(s) + CO2 +H0

The precipitation reaction is the reverse of the weathering reaction so there is no net effect
on the system. However we will require this flux to approximate the weathering of nutrients.
Normalised continental area, U, and the weathering enhancement of vascular plants, vasc,
also affect carbonate weathering.

Fewrbw = ke - gCOs - U - vasc (6.2.1)
Where gCO; (again from COPSE) describes temperature and pCOs dependence:

gCO5(T, A) = (1 +0.087(T — TO))\/AT0 (6.2.2)

6.3 Oxidative weathering

CH20 + Oy — CO2 + H20

We assume the rate of oxidative weathering is proportional to the continental area, U,
and to the amount of buried organic carbon in the crust, G. Following Lasaga and Ohmoto
(2002) we also assume a square root dependence on pOs,.

G 0]
owidw = —k7 - U - G—O\/— (6.3.1)
G
owidw = —k7-U - Giov()o (6.3.2)
A =k U- 7‘/00 (6.3.3)
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6.4 Weathering of nutrients

Following COPSE, we calculate the weathering flux of phosphate by scaling to the other
weathering fluxes. This follows the assumption [Van Capellan and Ingall, 1994, 1996.] that
organically buried phosphorus is weathered with organic matter, calcium associated phospho-
rus is weathered with carbonates and iron-sorbed phosphorus is weathered with silicates.

2 silw 5 carbw 5 oxidw
/ k ( 2 2 ) 6.4.1
phosw = € "8\ 79 silwg 12 carbwg 12 oxidwyg ( )
P ocw =€ ks ( fCOs - vasc + —gC’Og vasc + i—
phosw 12 Gy
(6.4.2)

7 Subduction and degassing

Crustal deposits of organic and carbonate carbon are assumed to undergo subduction at a
rate proportional to the tectonic plate velocity, V. We assume all products are degassed.

7.1 Organic carbon degassing

CHQO +02 — CO2 +H20

We assume all of the degassed organic carbon reacts with oxygen in the atmosphere. This
is a sink of oxygen and organic carbon, and a source of carbon dioxide. The rate of degassing
is proportional to plate velocity, V', and the relative amount of organic carbon, G, in the
crust.

G

grngegass =—ko-V- EO (7.1.1)
G

:)rngegass =—ky-V- EO (712)
G

Ai)rngegass =ky-V- EO (713)

7.2 Carbonate carbon degassing
equation??
This reduces the amount of carbonate in the crust and increases carbon dioxide in the

atmosphere/ocean box. The rate of degassing is proportional to plate velocity, V', and the
relative amount of carbonate carbon, C, in the crust.

C
C/cardeegass TQ_klo V- 60 (721)



C
/cardeegass =+kio- V- 60 (722)

8 Methane oxidation
CH, + 209 — CO9 + 2H50

Methane and oxygen react togeather in the atmosphere. The effect of oxygen concentration
on rate of oxidation is complex (due to the formation of an ozone layer with sufficient oxygen)
and can be approximated from photochemical models, we follow Goldblatt et al (2006) and
use their approximation:

, 1

methor — _5‘11(0) ' M0.7 (803)

;nethox = _\I,(O) ’ MOY (804)
1

;nethoac = 5\11(0) : MO.’? (805)

where U (O) — 102 (log O)*+4-az(log O)3+a3(log O)%+a4(log O)+as

a1 = 0.003, aa = —0.1655, a3 = 3.2305, as = —25.8343 and a5 = 71.5398

Oxidation paramater, ¥

Oxygen (moles)

9 Hydrogen escape
CH4 + Oz + hv — CO2 + 4H(Tspace)

This process is a sink of oxygen and methane, and a source of carbon dioxide. We assume
hydrogen escape is diffusion limited, so can set a constant s = 3.7 x 10~° [Claire et al. 2006]

such that: 13



,erscape = —sM (906)
}I—escape =—-sM (907)
/H—escape =sM (908)

10 Full model equations

Summing sources and sinks for each reservoir we arrive at the equations representing the
whole system.

14
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Al

M/

C/

/
phosw + Pnutmentbumal

G /O
€-kg- < fCOs - vasc—i—igCOg vasc + 152(;0 O—())

ﬁ(hgpse)a-i- T) B k2(l€1£1 +)r:— T‘) :i (1 — anos(0,P))

/
Obw + Oozzdw + Oorngegass + Omethoz + Oerscape

kl(}i))(lg(o))(lﬂ)(kl(m) P —kr-U- ;\E

/ /
bio + Aszlw + Aomdw + Aorchegass + AcarbC’degass + Amethox + Aerscape

—kl(P)—r+(1—79(0))(1—5)(k1( ) ) — ks - fCOs - U - vase

C
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/
bzo + Mmetho:c + MH—escape

51— 201 = ) (- ) +7) = ¥(0)- M — M

+ G! + G

/
bio

oxidw orgCdegass
P G O G
k fy U | = — kg V- —
A 1(130) r) =k GoVo, ™ Go
szlw + CcarbC’degass
C
]{25 fCOQ U - vasc—klo V.=
Co

/ I
Qnutm’entburial + Qphosw

Bl (&) +7) . <l<:1 (&)+%

k3
—(1—- o,P
Cpsea k1410 ) + ky (1 = anoz(0,P))
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11 Proterozoic-phanerozoic transition

11.1 Steady state soutions at 750Ma

Steady state reservoir size (mol)

Steady state temp (DC)

Steady state reservoir size (mol)

Steady state temp (OC)

vasc=1
s Carbon dioxide S i
=" Oxyge
L
i W~, mwﬂi |
% o
’MMMV
0L ]
Phosphate
0L y i ]
= e ‘

30 10 10°
zf T .
=r M’"*. W b
T T, 1
°r "“'\\ 4
e ]

. e,

10% 10" ]

Biotic weathering enhancement, €
vasc=1/5

Carbon dioxide RS o
T - Oxygen —
10°L --“-~..,w“ w

i .

0k |

Phosphate

Steady state reservoir size (mol)

Steady state temp (DC)

Steady state reservoir size (mol)

o

vasc=1/3

Carbon dioxide

" oo '6;{,9%

Phosphate

o

. Methane

10 o'

Biotic weathering enhancement, €

vasc=1/7

Carbon dioxide

Ligr e Oxygen

.,

e M

Phosphate

107 U

m”‘% e ., MEthANE

10? 10"

Biotic weathering enhancement, €

Steady state temp ('C)

10* 10’

Biotic weathering enhancement, €

Figure 1: Steady state solutions at 750Ma for 1072 < € < 1. Pre-vascular weathering is set to
1,1/3, 1/5 and 1/7 x present day level respectively. The shaded areas (left on each) shows
transition to a low-oxygen solution with no ozone layer. We hold G and C at ~ 90 percent
of present day level in accordance with Hayes and Waldbauer [2006].

Decreasing the weathering of phosphate results in a stable state with lower oxygen con-
centrations and higher methane concentrations. Steady state carbon dioxide is only weakly
affected and acts to counter the loss of methane. In this model, stable oxygen concentrations
of around 0.01 PAL require at most a ten-fold reduction in weathering for nutrients compared
to the paleozoic. An increase in weathering of this size during the neoproterozoic could ex-
plain large phosphorus deposits (ref...etc). This model suggests that a low oxygen proterozoic
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(around 0.01 PAL) could face a collapse of oxygen due to a small decrease in nutrient supply.
The choice of vasc changes carbon dioxide concentration (and therefore surface temperature)
but does very little to the other reservoirs. Steady state temperature is up to 2 degrees warmer
with the allowed decrease in € (i.e. not so much as to lose the ozone layer).

(unfortunately it looks like 8 in the diagram due to a mistake with logs and logl0s which i
have just noticed! The temp was calculated after the runs from the sizes of A and M so other
results are ok but that one needs redoing!).

11.2 Time dependent solutions
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Figure 2: Time dependent solutions for a step change in € at 750Ma. Pre-vascular weathering
is set to 1, 1/3, 1/5 and 1/7 x present day level respectively.

Biotic weathering enhancement, ¢, is set to 0.15, changing to 1 at 750Ma. An increase in
weathering for nutrients causes phosphate and oxygen concentrations to rise sharply, carbon
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dioxide concentration falls quickley but is restored after around 10 Myr. Methane levels drop
and remain low after the transition.

Simultaneous drops in Methane and Carbon dioxide concentrations cause a maximum of
~ 4°C cooling in each case.

12 Archean-proterozoic transition

12.1 Steady state solutions at 2400Ma
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Figure 3: Steady state solutions at 2400Ma for 1 < % < 100. Pre-vascular weathering is set
to 1, 1/3,1/5 and 1/7 x present day level respectively and e is set to 0.15. The shaded area
(right) shows transition to a low-oxygen solution with no ozone layer. We hold G and C at
~ 40 percent of present day level [Hayes and Waldbauer, 2006].
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(In the case of vasc = 1 the high oxygen state cannot exist for our choces of r. Setting

vasc = 1 implies that vascular plants gave no enhancement to weathering so i’ll probaby do
vasc = 2 instead or just leave it out.)

Higher inorganic reductant input causes lower steady state oxygen concentration, sufficient

input causes the switch to the low oxygen solution. Input of reductants in the archean is likely
to have been higher than present day [refs... crust oxidation, serpentinization etc.]. Higher re-
ductant input gives higher methane concentrations and higher temperatures, although carbon
dioxide is reduced due to higher rates of anoxygenic photosynthesis.

resolution so i1l fix it in those ).

12.2 Time dependent solutions
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Figure 4: Time dependent solutions for a step change in r at 2400Ma
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Inorganic reductant input, r, is set to 7.5 x 10!, changing to 7.5 x 10'° at 2400Ma. The
step decrease in reductant causes oxygen concentration to increase steadily untill it reaches the
ozone layer threshold (~ 107°PAL). Positive feedback between ozone shielding and hydrogen
escape then rapidly increase oxygen untill the system stabilizes at the high oxygen state (with
ozone layer). Both methane concentration and temperature decrease as oxygen increases up
to the ozone formation threshold, they then increase during the positive feedback process.

A drop in methane due to rising oxygen levels prior to the oxygenation event causes ~ 2°C
cooling in each case.

I'm going to ditch the step increase/decrease during the next runs as they give stupid
spikes on the graphs. Some smoothish step thing will be better.
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