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Carbonate Equilibrium
-Key Concepts-

• Major buffer system influencing pH                   
(master variable)

• Linked to geological, biological and 
climatological cycles

• Complex chemistry involving gaseous, 
dissolved, and solid phases

• Cycle undergoing significant anthropogenic 
perturbation mostly from fossil fuel burning

• Oceanic Carbonate System controls 
atmospheric CO2 on >1000 yr timescales (60 
times more ‘CO2’ in ocean) 
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Species of Importance

• CO2(aq)

• H2CO3 (+ CO2(aq) = H2CO3* or ‘CO2’)
• HCO3

-

• CO3
2-

• H+

• OH-
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Carbonate Equilibrium Reactions
CO2 (g)   ⇔ CO2 (aq) 

CO2(aq) + H2O ⇔ H2CO3

H2CO3 ⇔ H+ + HCO3
-

HCO3
- ⇔ H+ + CO3

2-

Ca2+ + CO3
2- ⇔ CaCO3(s) (calcite or aragonite)
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CONCEPT OF pH

H2O ⇔ H+ + OH-

Kw = (aH+aOH-)/aH2O = [H+][OH-] γH+ γOH -

Kw* = [H+][OH-] = 10-14

pKw (pure water) = 14.00
[H+] = [OH-] = 10-7

pH = - log [H+] = 7.0 in pure water
pOH = 14 - pH

pKw (seawater) =  13.19 [H+]Total = [H+]Free + [HF] + [HSO4
-]

85% of H+ is Free 34% of OH- is Free
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Equilibrium Equations
K0 (or KH) = [CO2]/fCO2  ~ [CO2]/pCO2

K1 = [H+] [HCO3
-]/[CO2]

K2 = [H+] [CO3
2-]/[HCO3

-]

Ksp = [Ca2+] [CO3
2-]

CT =ΤCO2=ΣCO2 = [CO2] + [HCO3
-]+[CO3

2-]
(for practical calculations K values are K’s and a function of T,S, & P)
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Note; for calculations using these pK values, if data is inputed
in units of atm and moles/kg, results are in moles/kg
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αH2CO3*  =  (1  + K1/[H+] + K1K2/[H+]2)-1

αHCO3 = (1 + [H+]/K1 + K2/[H+])-1

αCO3        =  (1 + [H+]/K2 + [H+]2/K1K2)-1

Ionization Fractions

(e.g. [H2CO3
*] = CT αH2CO3*)
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Parameters of the CO2 System in 
Seawater

• pH
• Total Alkalinity (AT)
• TCO2 (CT, ΣCO2)
• pCO2

• Any two of above parameters can define 
carbonate speciation
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METHODS OF ANALYSIS
pH Potentiometry ± 0.005

Spectrophotometry ± 0.002
AT Potentiometry ± 2 µM

Spectrophotometry ± 2 µM
TCO2 Potentiometry ± 3 µM

Coulometry ± 1 µM

pCO2 Gas Chromatography ± 0.5 µAtm
Infrared Spect. ± 0.5 µAtm
Batch Surface ± 2 µAtm
Batch Deep ± 2 µAtm



Carbonate System 1 #12

MAR 510 Chemical Oceanography

What’s Alkalinity?

Theoretical Definition:  the excess of bases 
(proton acceptors) over  acids (proton 
donors) in solution

Practical Definition :  Excess acid 
(eqivalents) needed to titrate solution to the 
carbonic acid endpoint
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Alkalinity’s Components

• Carbonate alkalinity (AC)
AC = [HCO3

-] + 2[CO3
2-]

• Carbonate & Borate alkalinity (AC&B)
AC&B = [HCO3

-] + 2[CO3
2-] + [B(OH)4

-] 
• Total alkalinity (AT)

AT = [HCO3
-] + 2[CO3

2-] + [B(OH)4
-] + [OH-]   

- [H+] + [SiO(OH)3-] + [HPO4
2-]  + 2[PO4

3-] + 
-[HSO4

-] – [HF] – [ H3 PO4]
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COMPONENTS OF TOTAL ALKALINITY

SPECIES % AT

HCO3
- 89.9 2067.7 µM

CO3
2- 6.7 154.1

B(OH)4
- 2.9 66.7

SiO(OH)3
- 0.2 4.6

OH- 0.2 4.6
HPO4

2- 0.1 2.3
2300.0 µM

ANOXIC WATERS
HS- and NH3 are Important
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Carbonate Species at Fixed AC & pH

[HCO3
-]  = AC [H+]/([H+] + 2K2) 

[CO3
2-]  = AC K2/([H+] + 2K2) 

[CO2]  = AC [H+]2/([H+]K1 + 2K1K2)

pCO2 = [CO2]/K0

CT = ΤCO2 = [CO2] + [HCO3
-]+[CO3

2-]
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Carbonate Species at Fixed pH and CT

CO2 = CT[H+]2      /[H+]2 + K1[H+] + K1K2

HCO3
- = CTK1[H+] /[H+]2 + K1[H+] +K1K2

CO3 
2 - = CTK1K2 /[H+]2 + K1[H+] + K1K2

pCO2 = [CO2]/K0

CT = ΤCO2 = [CO2] + [HCO3
-]+[CO3

2-]
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Carbonate Species at Fixed pCO2 & pH

[CO2] = K0 pCO2

[HCO3
-] = K1 K0 pCO2/[H+]

[CO3
2-] = K1K2K0pCO2/[H+]2
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CHANGES IN CO2 IN OCEAN WATERS
REMOVAL

1.) Photosynthesis CO2 → CH2O
2.) Formation of CaCO3 CO3

2- + Ca2+ → CaCO3

3.) Solar Heating CO2(aq) → CO2(g)

ADDITION
1.) Oxidation of Organic C
2.) Dissolution of CaCO3

3.) Surface Cooling and Adsorption of Atmospheric CO2
4.) Via #3, dissolution of CO2 from Atm from Fossil Fuel
Burning
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1160
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OM remin. + CaCO3 diss. CaCO3 dissolution only!

OM remin. wins!

CA =[HCO3
-]+ 2[CO3

=]
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