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Evidence for glaciation

From: Hoffman and Schrag [2002]From: Fairchild and Kennedy [2007]
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Hoffman et al. [1998] (Science 281)

‘snowball Earth’



The snowball Earth hypothesis
[Hoffman and Schrag, 2002] (Terra Nova 14, 129-155)
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Temperature Snow cover

positive “ice-albedo” feedback

‘Feedbacks’



Temperature Snow cover

= -1/2°C

‘Feedbacks’



TOTAL CHANGE = -1/2°C

‘Feedbacks’

Temperature Snow cover



Temperature

TOTAL CHANGE = -1/2°C - 1/4°C

‘Feedbacks’

Snow cover
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TOTAL CHANGE = -1/2°C - 1/4°C



Temperature Snow cover

TOTAL CHANGE = -1/2°C - 1/4°C - 1/8°C

‘Feedbacks’



Temperature Snow cover

‘Feedbacks’

TOTAL CHANGE = -1/2°C - 1/4°C - 1/8°C - 1/16°
               - .......



‘Feedbacks’ (’runaway’)

TOTAL CHANGE = -1°C - 2°C - 4°C - 8°C
               - .......

Temperature Snow cover



The snowball Earth hypothesis
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Terrestrial weathering can be (approximately equally) divided into 
carbonate (CaCO ) and calcium-silicate (’CaSiO ’) weathering:3 3

2+Ultimately, the (alkalinity: Ca ) weathering products must be removed 
through carbonate precipitation and burial in marine sediments:

It can be seen that in (2) + (3), that the CO  removed (from the 2

atmosphere) during weathering, is returned upon carbonate precipitation  
(and burial). In (1) + (3) (silicate weathering) CO  is permanently removed 2

to the geological reservoir. This CO  must be balanced by mantle 2

(/volcanic) out-gassing on the very long term.

2+ -(1)     2CO  + H O + CaSiO   ®  Ca  + 2HCO  + SiO   2(aq) 2 3 3 2

2+ -(2)       CO  + H O + CaCO    ® Ca  + 2HCO2(aq) 2 3 3

2+ -  (3)       Ca  + 2HCO  ® CO  + H O + CaCO3 2(aq) 2 3

Long-term controls on atmospheric pCO2
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The enigma of the ‘cap carbonates’
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From: Barker and Ridgwell [2012]
http://www.nature.com/scitable/knowledge/library/

ocean-acidification-25822734 
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2- -Aqueous carbonate equilibrium; H O + CO  + CO  «  2HCO2 2(aq) 3 3

2+ 2-Stability of CaCO  defined relative to saturation state; W=[Ca ]´[CO ]/k33

The enigma of the ‘cap carbonates’



0.01 1.0 10.0 100.0

Saturation state W(calcite)

‘Cap’ carbonate formation; W ~20 ???

Benthic foraminifera

Coral growth
(Gattuso et al. [1998];
Leclercq et al. [2000])

Tufas and carbonate encrustation
(Arp et al. [2001]; Merz-Preiss and Riding [1999])

Spontaneous (homogeneous) calcite nucleation
(Morse and He [1993])

Inorganic-physiochemical ‘whitings’
(Arp et al. [1999])

The enigma of the ‘cap carbonates’



0.01 1.0 10.0 100.0

Surface saturation state W(calcite)

‘Modern’ ocean

210

410

510

A
tm

o
sp

h
e
ri
c 

p
C

O
 (
m

a
tm

)
2

310

Late Neoproterozoic(?)

(2605,2378)

NOTE: ocean composition format;
-1[mean alkalinity, mean DIC] (mmol kg )

(9470,9357)

(2605,7969)

4.7 Myr @
 ´1 CO

2

(9470,14862) (18363,23710)

Potential evolution of ocean saturation during a ‘snowball’

7.3 M
yr @

 ´1 C
O

2

(C
aC

O
 ‘buffering’)

3

4.8 Myr @
 ´1 CO

 out-gassing flux

2

‘c
a

p
’ 

ta
rg

e
t;

 W
 =

 2
0



0.01 1.0 10.0 100.0

210

410

510

A
tm

o
sp

h
e
ri
c 

p
C

O
 (
m

a
tm

)
2

310

(53310,55660)33 kyr @ ´50 CaCO  weathering flux
3 (43510,45140)

30 kyr @ ´50 CaCO
3

(39270,39760)

The time required to reach W = 20 will 
be longer than ca. 30 kyr due to;

(i) decrease in weathering rates as 
pCO  falls,2

(ii) precipitation of CaCO  occurring 3

well before W = 20,

BUT will be aided by increased 
surface temperatures associated with 

2+deglaciation and changes in [Ca ].

‘c
a

p
’ 

ta
rg

e
t;

 W
 =

 2
0

Surface saturation state W(calcite)

30 kyr

NOTE: ocean composition format;
-1[mean alkalinity, mean DIC] (mmol kg )

Potential evolution of ocean saturation during a ‘snowball’



Evolution of the Biological Pump

Mesoproterozoic
Neoproterozoic

Phanerozoic

Cm

Era
Eon Proterozoic Archean

Paleoproterozoic

Phanerozoic

Cenozoic Mesozoic Paleozoic

KPgNg J T P C D OPeriod

200015001000500 2500 3000 35004003002001000
Time (Ma)



Mesoproterozoic
Neoproterozoic

Phanerozoic

Cm

Era
Eon Proterozoic Archean

Paleoproterozoic

Phanerozoic

Cenozoic Mesozoic Paleozoic

KPgNg J T P C D OPeriod

200015001000500 2500 3000 35004003002001000
Time (Ma)

deep
ocean

surface
ocean

CO  fixation2

C  oxidationorg

C  oxidationorg



Coccolithophorids Radiolaria

Dinoflagellates
Diatoms

Acritarchs

M
a

rt
in

 [
1

9
9

5
]

Major changes in plankton assembledge

Foraminifera

Mesoproterozoic
Neoproterozoic

Phanerozoic

Cm

Era
Eon Proterozoic Archean

Paleoproterozoic

Phanerozoic

Cenozoic Mesozoic Paleozoic

KPgNg J T P C D OPeriod

200015001000500 2500 3000 35004003002001000
Time (Ma)

deep
ocean

surface
ocean

CO  fixation2

C  oxidationorg

C  oxidationorg



deep
ocean

surface
ocean

RDOC [630 PgC]

RDOC
creation

scavengingT
e

rr
e

s
tr

ia
l 

D
O

C
 i

n
p

u
t 

(?
)

UV creation/destruction

SLDOC [6]

SRDOC [14]

60° S

Pacific Ocean

60° S

40° S

40° N

60° N

Atla
ntic

 Ocean

0

200

400

1,000

2,000

3,000

4,000

5,000

6,000

20° S

20° N

0°

40° S 20° S 0° 20° N 40° N 60° N

   20° N

IndianOcean

0

200

400

1,000
2,000
3,000
4,000
5,000
6,000

0

200

400

1,000

2,000

3,000

D
epth (m

)

4,000

5,000

6,000

0°

40 50 60 70 80
–1DOC (µmol kg )

Hansell [2012]
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Dissolved organic matter
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-dissolved species in the ocean after Cl .
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