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CO2 Concentration in Ice Core Samples and
Projections for  Next 100 Years
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Source: IPCC Third Assessment Report, WG1
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Global temperature 

will rise from 1.4-5.8˚C 

over this century 

unless greenhouse 

gas emissions are 

greatly reduced



Processes that affect the global carbon 

cycle

• Geophysical – Plate tectonics, volcanism and 

the configuration of the oceans and continents

• Atmosphere physics and chemistry

• The land ecosystem

• The oceans: Physics, chemistry and biology

• Feedback mechanisms and the effects of global 

change in the ocean
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MODIFIED MODEL OF THE GLOBAL CARBON 

CYCLE (2018)
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The emission of CO2 are higher than the 

accumulation in the Atmosphere

W. Knorr
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Bates et al 2013 Biogeosciences

BATS Bermuda Atlantic time series: 1984 - 2012



CO2(g)

KH

CO2(g)  CO2(aq)

H2CO3  HCO3
- +H+

HCO3
-
 CO3

-2 +  H+

k0

k1

k2

CO2(aq) +H2O  H2CO3

4 equations and 6 unknowns. Need to measure at 

least 2 parameters to solve the system
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we define a new variable CO2
* as follows

K1 = 10-6 

pK1 = 6

K2 = 10-9    

pK2 = 9
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DIC = CO2 = CT = Ci

DIC can be measured in a vacuum line where a 

known amount of seawater is acidified with strong 

acid (H3PO4) to very low pH.  All the DIC is 

converted into CO2 gas which is purified and 

measured with a digital manometer or an IRGA 

(Infra Red Gas Analyzer)

CO2=a0*CT,        HCO3
-=a1* CT,          CO3

2-=a2*CT



TT

TT

TT

C
KKHKH

KK
CCO

C
KKHKH

KH
CHCO

C
KKHKH

H
CCO


++


==


++


==


++

=

−

−

=

211
2

21
2

2
3

211
2

1
13

211
2

2

02

a

a

a



TT

TT

TT

C
KKHKH

KK
CCO

C
KKHKH

KH
CHCO

C
KKHKH

H
CCO


++


==


++


==


++

=

−

−

=

211
2

21
2

2
3

211
2

1
13

211
2

2

02

a

a

a
For pH=8  H2 = 10-16

H•K1= 10-14
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Normal seawater 

pH is 8 i.e. H= 10-8

K1= 10-6

K2=10-9

Therefore HCO3
-

is 100 times 

higher then CO2

and 10 times 

higher then CO3
2-



2

3
1

CO

HCOH
K


=

2

31

CO

HCO

H

K
=

1

2

3log pKpH
CO

HCO
−=

3

3
2

HCO

COH
K


=

3

32

HCO

CO

H

K
=

pHpK
CO

HCO
−= 2

3

3log

Note that when HCO3 = CO2

pH = pK1

Note that when HCO3 = CO3

pH = pK2



3 4 5 6 7 8 9 10 11 12
0

20

40

60

80

100

pH

%
 D

I
C

pK1 pK2

CO2(aq) HCO3
- CO3

-2

2

21 pKpK +

The bells shape diagram



3 4 5 6 7 8 9 10 11 12
0

20

40

60

80

100

pH

%
 D

I
C

CO2(aq) HCO3
- CO3

-2

SW

SW

The bells shape diagram



Alkalinity
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Charge balance in seawater using the major ions

This can be rearranged to  separate the anions of the weak acids:
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Hence the sum of the cations of the strong bases – the sum of 

the anions of the strong acids = the sum of the anions of the 

weak acids DEFINED AS THE TOTAL ALKALINITY



Note that Alk is measured in 

Equivalents which the 

Moles of a species 

multiplied by it charge. This 

is because we make a 

charge balance



Change in carbonate alkalinity with pH



What is hiding behind this strange 

definition of alkalinity?

• Imagine liter of distilled water (pH =7) to which we 
add 1 mmole of Na(OH). Now the alkalinity is 1 
mEq/L (very high pH).

• Now we take 1 mmole of HCl and add to the 
solution and the pH is again 7 (no alkalinity because 
Na=Cl and H=OH

• What we did is equal to taking 1 mmole of NaCl and 
adding it to distilled water

• Conclusion: seawater is made of NaCl, MgSO4, KCl, 
and CaCl2 MgCl2 with Alk =0

• Then the “inteligent designer” added little CaCO3
and NaB(OH)4 and created the TOTAL ALKALINITY

• So what is it good for?



Usefulness of Alkalinity

• Easy to measure with high precision and 
accuracy

• Does not change as samples are changing their 
pressure and temperature

• Conservative with salinity (major ions)

• Helps to calculate the carbonate chemistry

• Essential to calculate the oceanic carbon cycle 
and more…..

• Measure directly dissolution and precipitation of 
CaCO3

• Ca+2 + 2HCO3
-
 CaCO3 +H2O + CO2



Deffeyess diagrams
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pH as a function of Alk/DIC

neglecting borate alkalinity
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Calcification: Ca2+ + 2HCO3
-⇆ CaCO3 +  CO2 +H2O 

reduction of CaCO3 precipitation of in the ocean is a positive 

feedback to ocean acidification. To understand this we need to 

define Alkalinity

Equilibrium of the carbonate system in the ocean under 

acidification



Bates et al 2013 Biogeosciences

BATS Bermuda Atlantic time series: 1984 - 2012









Diatoms



To the atmosphere
Ocean calcification



Foraminifera precipitate CaCO3 by a complex 

genetically controlled biomineralization process. 

Symbiotic algae are often involved.
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The general circulation of the oceans



Broecker and Peng, 198244





SIO 21046

Surface distribution of nitrate



Rutgers ICMS Ocean Primary 

Productivity Study

47

Surface water productivity

1999





CALCITE COMPENSATION 

DEPTH

The CCD
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CO2 = [CO2] +  [HCO3
-] + [CO3

2-]





TCO2 = [CO2] +  [HCO3
-] + [CO3

2-]



Omega profiles in the ocean



Zeebe and 

Wolf-Gladrow, 2001
Ω = [Ca2+]× [CO3] / K’sp

Ω =1 Equilibrium







Peterson experiment

1996



R= k A (1-)n

n = 4.5
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End of third lecture


