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Snowball Earth




Energy balance model
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Ice-albedo feedback
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SUMMER RADIATION
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Problems: no 100 kyr cycle
no saw tooth
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Input:
not Milankovié
CO; driver

sawtooth => 3 variable
fast

A
Output: 1
sawtooth slow
post Eocene cooling < o
anthropogenic warming ow
snowball Earth

mid-Pleistocene transition



Energy balance

T = 1Qs(1—a) —oe™'T*

thus




A (t0o) simple model of ice ages
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enhanced melt rate during wastage!
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plus ‘D-O’ fluctuations

2

1 i ’ 1‘ rt, H % .
. ’t) | | | ’
Ll I u I !
']1 1“” | |\ L HHt n \I]I‘ ! ||”'{|‘|f | {'

O |IJ 'rU h,I"J’L ’.r\'k M | g |1,|w J
‘u'f ‘Iﬁ. rUvad IJ | f‘|'t| ll l\i'l\) | ||| I 1 |"|

\ . N | |
= 1 § " Il J'|‘.| ﬂ\‘ | N fIU,kI'\l‘uyL'l [ ,'U‘ \I\J'll urll‘l‘“.fl l‘-“
D .
2000 300 400 500 600 700 800



Antarctic 0D / %o

200 400
Age / EDC3 ka before present

600

800



post-Eocene cooling
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via slow background decrease in C
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Henry’s law

(CO,]
Ky

sea surface pPs =
Carbon buffering

[H,O] +CO, = HCO; +H*

HCO; = CO3 +H*



& H' & Ca¥ & (CaCOs;

€= Dbiota
Ca?t + HCO3; = CaCO3 + H*
rate-limited by P thermal activation
k3/
l:)B +P — 2PB

k_
Py N P  dissolution

C>P &= supersaturation, precipitation

Ca?t 4+ CO3~ = CaCOs



Reaction rates

carbon  F1 = Fki[COs] — k_[HCOz|[HT],
buffering  p, = k,[HCO3] — k_,[COZ™][H*].

biomass rs = k3 [PB][P] — k—3[PB] R3 — R7"3~

precipitation Ry = ky ([Ca2+][CO§_] — ch)n



Weathering

CaSiO3 + 2CO, + Hy0 — Ca** + 2HCO; + SiO,

Ca’*t + 2HCO; — CaCO; + CO; + HyO

overall ...

CaSiO3 + COy — CaCOg3 + SiOq

essentially:
C — HCO3 + 3Ca®t

k3

Ca?t + HCO3 . CaCOs + H*



Reactions

[COy) = —Ry+h(p—ps),
[CO*| = Ry— Ry,
[HCO;] = Ri— Ry — Ry + A*W,

[H+: = R+ Ry + Rs,
[Ca2t] = —Rs— R4+ AW,
[CaCOs] = Rs+ R4 — B[CaCOs4],
P] = —r3+pA*W,

Pg] = r3— B[P3),

Quasi-equilibrium, Ri = R2= ()



Atmospheric CO>

Agp
M,gmi.

p:U_A*W_h(p_ps)

Weathering




Non-dimensionalisation

PCo, ep = 1—Quw—A(p—ps),
HCOz]  nQ = 2A(p—ps) +Qu,
CO3™1 w8 = —Buy—u, — A —p,),
CaCOsl N = Bup+u,— N
P]. (P = —up+ nyTw,
Formation of CaCO3  up, = (k3P —1)Pg, Up = S — X
Ocean surface CO; Ps = i—;
Weathering w = pte’
Energy balance 0=Alnp — kl
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Post-Eocene cooling

via increasing weathering [India]
or decreased CO:z production

Global warming  va =70 vp

CO2 equilibrates p = 560 Pa, t~300y

CO3> | HCO3 1= CO2 1 (and HY) t~2000y
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Ice sheet model

ocean

Plastic flow (Weertman, Ghil)
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Simple ice sheet model
L*'Vi=max [H(Z){(1+a) [(1+42)"? - (1 +22)] + Z} — J*H,—aL*I]
Z =J"H+L*I




moisture
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I . .
Rapid melting —> lakes \@L = L[1 - 2{1 +a(L)}¢]
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OV
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==0.3

runoff discharge

ov = M*=(1, H)a(v) — r(v)




I,v model

—> oscillations=
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Milankovi¢ => rapid oscillations=
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Post-glacial rapid CO: rise:

Shelf exposure?
Carbonate erosion?

Ocean lowering?
Terrestrial biomass? Mixing layer?

Thermally activated bioproduction:

(P = — (Peb’9 _ 1) Ps + 'm;w,
Py — % (Peb’9 - 1) Ps,
v§ = -8 (Peb’9 _ 1) Ps—(1-3) -8+ Qqw.
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J | Ityvater runoff

Global warmm - short term response pco: 560 Pa: long term pcoz - |
ice sheets n 5 ky, sea level up 1 m/100 y, weather??

Biomass produ,v ion causes post-glacial pco: rise

Snowball Earthv":\ epochs may have been due to the absence of calcifiers.
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