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We know exactly how CO2 has varied in the atmosphere for the past 400,000 years…

…but we can’t explain it.



We don’t know how CO2 has varied in the atmosphere over the past 700 million years…

…but we can explain it.
Berner and Kothavala (2001)
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• 90 ppmV Glacial/Interglacial CO2 cycles:
basic considerations

• Total dissolved CO2, alkalinity, temperature, 
gas exchange: effect on pH and carbonate ion 
concentration.

• Well quantified effects
• Not-so-well quantified effects
• “Radioactive” glacial CO2 theories: the 

youngest and strongest



There are only four ways to change 
atmospheric CO2:

• Change the total dissolved carbon dioxide 
content of ocean surface water

• Change the alkalinity of ocean surface 
water

• Change the temperature of ocean surface 
water (salinity also, to a lesser magnitude).

• Alter gas exchange between the surface 
ocean and the atmosphere.



• Total dissolved CO2, alkalinity, temperature, 
gas exchange: effect on pH and carbonate 
ion concentration.



Outline

• Well quantified effects

• 90 ppmV Glacial/Interglacial CO2 cycles: 
basic considerations

1. Effect of lower sea surface temperature: –5°C low latitude, 
-2.5°C high latitude cooling LGM --> -30 ppmV
note: “abiotic Ocean GCM/box model crisis” averted by
Ito and Follows (2003, J. Mar. Res. 61:465) who point out that this problem was 
due to lack of ventilated thermocline in box models.

2. Effect of higher glacial sea surface salinity:
+3% salinity--> +7 ppmV

3. Effect of CO2 from continental biospheric shrinkage during 
glaciation: LGM --> +45 ppmV (+15 ppmV 10,000 years 
after CaCO3 compensation)

4. Sum of well-known effects: -8 ppmV (compensated) to +19 
ppmV (uncompensated).
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• Not-so-well quantified effects

• 90 ppmV Glacial/Interglacial CO2 cycles: 
basic considerations

Bottom line: few of these mechanisms could account for as much as half of 
G/IG CO2 change without violating something we know, most considerably 
less. Is there a single major factor or two (that we haven’t thought of yet), or a 
“swarm” of minor effects (and if the latter, how could we ever know which 
ones)?

1. Phosphorus mass balance and its effect on strength of biological pump.
2. High latitude pre-formed phosphate (and its iron companion).
3. Coral reef growth
4. Ocean-wide nutrient deepening
5. Organic/inorganic “rain ratio” and its effect on sedimentary CaCO3

dissolution.
6. Nitrogen cycle: higher  LGM NO3

- reservoir (due to higher N fixation 
and/or lower denitrification): the Redfield Ratio be damned

7. LGM Southern Ocean Gas Exchange limitations.
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• “Radioactive” glacial CO2 theories: the youngest and strongest
It seems as if theories for glacial/interglacial CO2 change are 
radioactive with a half life of about 2 years.

• 90 ppmV Glacial/Interglacial CO2 cycles: 
basic considerations

1. Southern Ocean Gas Exchange limitation due to change in mode of deep water 
formation from (relatively) equilibrated shelf water mode to unequilibrated deep 
water convection (Toggweiler, in preparation).

2. The Si-N hypothesis (Matsumoto et al., 2002, GBC 16:10.1029/2001GB001442,
Brzezinski et al., 2003, GRL 29, 1564). A constrained and chained potpourri of 
causative mechanisms:

a. Southern Ocean Fe fertilization (hence some pre-formed P effect)
b. Higher Fe causes lower Si:N in Southern Ocean phytoplankton – hence more

Si escapes into the thermocline of the low-latitude ocean.
c. Higher thermocline Si leads to higher low-latitude diatom productivity relative

to coccolithophorids: hence a rain-ratio effect.
d. Higher diatom productivity leads to deeper nutrient regeneration (because 

diatoms sink faster than other phytoplankton), hence nutrient deepening effect.
e. Total: about –60 ppmV.
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• Oceanic pH and carbonate ion monitors as constraints on ocean 

carbon cycle mechanisms for atmospheric CO2 changes
A. Coral reef calcification: is it controlled by carbonate ion 

saturation and is survival of corals in Bermuda (LGM T ~ 13°C) 
a proof of the role of [CO3

=] on coral calcification?

B. Effect of carbonate ion on foraminiferal calcification as a 
measure of surface water [CO3

=]

C. Is benthic foraminiferal Mg/Ca a tracer of T or [CO3
=]?

D. Boron Isotope paleo-pH indicator: status

E. Oops! : the kinetics of calcium carbonate dissolution, a need for a 
re-evaluation.



• Oceanic pH and carbonate ion monitors as constraints on 
ocean carbon cycle mechanisms for atmospheric CO2
changes 
• Coral reef calcification: is it controlled by 
carbonate ion saturation and is survival of corals 
in Bermuda (LGM T ~ 13°C) a proof of the role of 
[CO3

=] on coral calcification?





GEOSECS Global [CO3
=] - T data

[CO3
=] and T are correlated on a global scale…



For some time, the survival of reef-building corals on 
Bermuda at the last glacial maximum  was a bit of a puzzle:
• modern minimum winter temperatures are ~18°C, which

is thought to be near the minumum survivable 
temperature for reef corals

• LGM temperature estimates are about 13°C (both 
CLIMAP and alkenones agree)

On the other hand, if the carbonate ion concentration is 
more important than temperature, then the 40-60 µmol/kg 
rise in [CO3

=] during the LGM (associated with lower 
pCO2) may explain the survival of reef corals on Bermuda.



• Oceanic pH and carbonate ion monitors as constraints
on ocean carbon cycle mechanisms for atmospheric
CO2 changes 

• Effect of carbonate ion on foraminiferal
calcification as a measure of surface water CO3

=





Mg/Ca in Benthic Foraminifera (Cibicidoides): Core Sites









Oops! : the kinetics of calcium carbonate 
dissolution, a need for a re-evaluation of models

• Since Keir (1980, Geochim. Cosmochim. 
Acta 44:241), we have believed that the 
dissolution kinetics of calcite follow a 4.5-
power law:              R = k (1-)4.5

• Recently, Hales (2003, Paleoceanogr. 18, 
1099) has shown that the Keir law 
probably resulted from an incorrect 
estimation for equilibrium in the Keir 
experiments, and that most field data is 
consistent with a simple linear dissolution 
law.

• The Keir law leads to unreasonably abrupt 
behavior for carbonate dissolution.

• Almost all models for CaCO3 behavior in 
the past ocean have been assuming the 
Keir law, and need to be re-examined.
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Back into the distant past: mechanisms, 
models, and estimates of Cenozoic and 

Phanerozoic CO2

• We have four ways of estimating 
atmospheric CO2 before ice cores: (1) 
epsilon (organic-inorganic) 13C; (2) boron 
isotope paleo-pH, (3) leaf stomatal indices, 
and (4) pedogenic carbonate 13C

• We have one way (GEOCARB/BLAG) to 
explain past CO2 variations (and one 
dissenting vote: Edmond and Huh, 2003).



Pagani  et al. (1999) 
Paleoceanogr. 14:273







Berner and Kothavala (2001) Am. J. Sci. 301:182







Paleo-perspective on 
Ocean pH, Carbonate Ion and the Carbon 

Cycle

• Measurements and models of CO2 during glacial/interglacial 
cycles and the phanerozoic: comments

• 90 ppmV Glacial/Interglacial CO2 cycles: basic 
considerations

• Oceanic pH and carbonate ion monitors as constraints on 
ocean carbon cycle mechanisms for atmospheric CO2
changes

• Back into the distant past: mechanisms, models, and 
estimates of Cenozoic and Phanerozoic CO2


