
Box: Carbonate chemistry 

Dissolved carbon dioxide in the ocean occurs mainly in three inorganic forms: free aqueous 
carbon dioxide ( ), bicarbonate ion ( ), and carbonate ion ( ). A minor form is 

true carbonic acid ( ) whose concentration is less than 0.3% of [ ]. The sum of [

] and [ ] is denoted as [ ]. The majority of dissolved inorganic carbon in the 

modern ocean is in the form of  (>85%). In thermodynamic equilibrium, gaseous carbon 
dioxide ( ), and aqueous [ ] are related by Henry’s law: 
         (1) 

where  is the temperature and salinity dependent solubility coefficient of  in seawater 
(74). The concentration of dissolved  and the fugacity of gaseous , , then obey 
the equation , where the fugacity is virtually equal to the partial pressure, 

 (within ~1%). The dissolved carbonate species react with water, hydrogen and hydroxyl 
ions and are related by the equilibria: 

       (2) 

        (3) 

The  values (= ) of the stoichiometric dissociation constants of carbonic acid in 

seawater are  = 5.94 and  = 9.13 at temperature T=15°C, salinity S=35‰, and surface 
pressure P = 1 atm (75). At typical surface seawater pH of 8.2, the speciation among [ ], [

], and [ ] is 0.5%, 89%, and 10.5%, respectively, showing that most of the dissolved 
is in the form of  and not in the form of . The sum of the dissolved carbonate 

species is denoted as dissolved inorganic carbon ( ): 
       (4) 

This quantity is also denoted as TCO2 (total dissolved inorganic carbon) or  (sum of CO2). 
Another essential parameter to describe the carbonate system is the total alkalinity (TA), a 
measure of proton acceptors over proton donors in seawater: 
  (5) 

This definition of alkalinity is known as ‘titration alkalinity’, i.e. the concentration of proton 
acceptors over proton donors that can be neutralized by acidimetric titration. An alternative but 
equivalent expression of alkalinity (e.g. as used in Figure 3) can be written as the excess charge 
of conservative cations (Na+, Mg2+, Ca2+, etc.) over conservative anions (Cl-, SO4

2-, Br-, etc.) in 
seawater (plus a few other compounds). Aqueous solutions obey electroneutrality and the excess 
charge of conservative cations over anions is balanced by the anions of weak bases (HCO3

-, 
CO3

2-, B(OH)4
-, etc.; see Equation (5)) (76).  



DIC and TA are conservative quantities, i.e. their concentrations measured in gravimetric 
units (mol kg-1) are unaffected by changes in pressure or temperature, for instance, and they obey 
the linear mixing law. Therefore they are the preferred tracer variables in numerical models of 
the ocean’s carbon cycle. Of all the carbon species and carbonate system parameters described 
above, only , pH, , and TA are routinely determined analytically (77). However, if 
any two parameters and total dissolved boron are known, all parameters ( , [ ], [
], [ ], pH, , and TA) can be calculated for a given temperature, salinity and pressure 
(e.g., 78). 

The saturation state of seawater is expressed by Ω: 

        (6) 

where  and  are the concentrations of  and  in seawater and  is 

the solubility product of calcite or aragonite, the two major forms of , at the in situ 
conditions of temperature, salinity and pressure. Values of Ω>1 signify supersaturation and thus 
CaCO3 preservation, Ω<1 signifies undersaturation, which causes dissolution. Because  
increases with pressure (the temperature effect is small), there is a transition of the saturation 
state from Ω>1 (CaCO3-rich) to Ω<1 (CaCO3-depleted) sediments at depth.  

The water depth at which Ω=1 occurs in the ocean is termed the CaCO3 saturation horizon (a 
water column property). Although CaCO3 becomes thermodynamically unstable just below this, 
dissolution proceeds only slowly and depends in part on the rate of CaCO3 particles raining to 
the seafloor. Dissolution increases markedly at greater depth and the sediment depth range of 
greatest CaCO3 loss is termed the lysocline (a sediment property). In practice this is taken as the 
inflection point in the trend of sedimentary content vs. water depth. The depth at which 
the dissolution flux balances the rain flux of calcite to the sediments is known as the CaCO3 
compensation depth (CCD). The CCD is operationally defined, and variously taken as the depth 
at which the content is reduced to 2 or 10 wt%. 

See Zeebe and Wolf-Gladrow (78) and Ridgwell and Zeebe (9) for further discussion of 
carbonate chemistry and the role of  in the global carbon cycle, respectively. 

 


