Engineering Experiment Station
Reprint No. 1142

http://www.gfredlee.com/SurfaceWQ/
Morton_Lee_CaCO3_Equilib_Oceans.pdf

[Reprinted from Journal of Chemical Education, Vol. 45, Page 513, August, 1968.]
Copyright, 1968, by Division of Chemical Education, American Chemical Society, and reprinted by permission of the copyright owner

Stephen D. Morton
and G. Fred Lee*

University of Wisconsin

Madison, 53706

Calcium Carbonate Equilibria in the
Oceans—lon Pair Formation

* G. Fred Lee & Associates, El Macero, CA ¢fredlee33@gmail.com www.gfredlee.com

The preceding paper (1) discussed
calcium carbonate saturation in fresh water lakes.
The question of calcium carbonate saturation in the
oceans is one of long controversy and is still not com-
pletely resolved. This paper, using calcium carbonate
as an example, will call attention to some chemical
problems of the marine environment.

Activity Coefficients and lon Pairs

The approximate concentrations of the major species
in surface sea water at pH 8.15 are given in Table 1 (2).
The pH of sea water does not fluctuate as much as in
many lakes, but like most lakes is somewhat lower at
depth. At depth, the carbonate, bicarbonate, and
calcium ion concentrations would be somewhat different
than at the surface. At the high ionic strength, 0.70, of
sea water, the Debye-Huckel Theory is not satisfactory
and mean salt methods are used to calculate activity
coefficients (2,3). Table 1 also gives the calculated and
experimentally determined activity coefficients, v, for
some of the ions. It can be seen that mass law calcu-
lations for sea water (about 0.6 M total concentration)
that ignore activity coefficients are meaningless.

Although some discrepancies exist in the literature
regarding the measurement, calculation, and inter-
pretation of activity coefficients for sea water, it is
nevertheless apparent that calculated values are con-

1 Some authors, including Bjerrum himself, look upon ion pair
formation as only a mathematical way of treating the low values
of activity coefficients, and feel that ion pairs do not actually exist
as such.

2 The reader should understand that these are not solubility
products for MgCO; and CaCO;.  The ion pair is not a precipi-
tate but exists in solution as a separate and distinct species.

3 If it is assumed that the percentages of Na*, K+ Ca?*, and
Mg?* in ion pairs are small, the solution is easy (2). Otherwise,
additional mass balance equations would have to be written for
each species and the problem solved on a computer.

siderably higher than experimental values for carbon-
ate, bicarbonate, and probably sulfate; somewhat
higher for magnesium and calcium; and about the
same for sodium, potassium, and chloride ions. Ion pair
formation (2, 3, 10-12) can explain the differences be-
tween the calculated and experimental values.! Some
examples of ion pairs found in sea water are CaCOs,
MgCO;, NaCO;—, CaHCO;+, MgHCO;+, CaS0,, and
MgSO,. The carbonate ion will be used as an illustra-
tive example in this paper. The dissociation constants
for NaCO;~, MgCO;, and CaCOj; as given by Garrels,
Thompson, and Siever (10) are listed below.?

(Na1+)(CO32~)/(NaCO;~) = 10~ 1.% )
(Mg2+)(CO527)/(MgCO;) = 10724 @)
(Ca2+)(COs27)/(CaCO;) = 10732 3)

The total carbonate concentration is given by

MGOg-(total) = MNaCOs T MMgCO; T
Mcaco, T MCOow (iree)  (4)

The total carbonate concentration is what is normally
determined by analytical procedures. If eqns. (1)-(4)
are solved,? it is found that about 679, of the total
carbonate is tied up as MgCO;, about 179, as NaCO;~,
about 79, as CaCO;, and about 99 is free carbonate

ion (2, 8). Table 2 gives the percentages of various
Table 1. Surface Sea Water at pH 8.15
Ton  Molality® YCald® YExptl
Na* 0.48 0.71,0.70 (4) 0.68-0.73 (5)
Mg?2+ 0.054 0.36 port
Cazt 0.010 0.28 .22 (6), 0.24 (7)
K+ 0.010 0.64 0.64 (2)
Cl- 0.56 0.64,0.70 (4,5) 0.68-0.73 (5)
S0~ 0.028 Uncertain (2, 3) 0.11 (J 8)
HCO;~ 0.0024 0.68 0.47,0.55 (6),0.36 (9)
CO;2~ 0.00027 0.20 0. 0‘)0 (6), 0.019 (9)

@ Total analytically determined concentrations inc luding 1hal
in ion pairs.

b These values are for the free, individual species as listed in the
first column.
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Table 2. Amounts of Various Species in Sea Water
From Garrels and Thompson (3)
Percentage
in Ton

Ton Pairs Ton Pair Species
Na+ i | NaSO,~
K+ 1 KSO,~
Ca2+* 9 8%, CaCQ;, 19, CaHCO;t, 0.29, CaCOs
Mg+ 13 119 MgSO,, 1% MgHCO;+, 0.39, MgCO;
CO;2~ 91 679% MgCOQ;, 179 NaCO;~, 7% CaCO;
HCO,~ 31 19% MgHCO,+, 8%, NaHCO,, 49, CaHCO,+
%?42‘ 46 229, MgS0y, 219%, NaSO,—, 3% CaS0;,

2 0

species complexed in sea water calculated by methods
similar to the above example (2, 3).

It can be seen that magnesium ion is the major ion
pair former in sea water. The percentage of Mg?*
complexed as ion pairs is low because the magnesium
ion concentration is high compared to the complexing
anions. Table 2 also shows why the calculated and ex-
perimental values for the activity coefficients deviate
more for carbonate, bicarbonate, and sulfate than for
caleium and magnesium and why they are about the
same for sodium, potassium, and chloride ions.

The difference in the carbonate ion activity coeffi-
cients can now be explained. If the activity coefficient
is for the total carbonate, including that in ion pairs,
its value is about 0.019; if it is for the free carbonate
ion species only, its value is 0.20. That is, using
the conventions in this paper and generally in the refer-
ences cited,

AC0- = MCOs2-(total) ¥ experimental
= MCOg2- (free) Y calculated

If ion pair formation is ignored, sea water appears to
be supersaturated at all depths with respect to calcium
carbonate; if ion pair formation is considered, sea
water is supersaturated at the surface and undersatu-
rated at depth (70). Kramer (13), using a similar
approach, and Berner (6), and Pytkowicz (14), using
somewhat different approaches, have also come to this
conclusion. Peterson (15) and Berger (16) suspended
samples of calcium carbonate at various depths in the
oceans and determined the weight gain or loss. They
also concluded that the oceans are supersaturated near
the surface and undersaturated at depth.

Pytkowicz (17) has shown that supersaturated
calcium carbonate solutions are stable for long periods
of time and has estimated that inorganic precipitation
of caleium carbonate in saturated sea water would take
100,000 years. Chave (78) has shown that calcium
carbonate particles in surface sea water may be pro-
tected by organic coatings. No satisfactory explana-
tion has been offered for the observed undersaturation.
As mentioned in the preceding paper (1), work in this
laboratory indicates that lack of sufficient mixing is a
very significant factor in the observed undersaturation
in fresh water lakes.

Other Problems in the Marine Environment

Another difficulty in systems of high ionic strength,
such as sea water, is the determination of pH (19, 20).
Reproducible values can very easily be determined by
conventional methods but the accuracy appears to be
poor as the theoretical foundations are not clear.
Spencer (20) has written a critical review and should be
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consulted for details. Pytkowicz (21) discusses the
roles of silicates and carbonates in controlling the pH
of the oceans and concludes that the carbonates are the
primary buffering agents.

The very high pressure developed at depth in the
seas is a factor which will be briefly discussed here.
The solubility product of caleium carbonate is pressure
dependent. Pytkowicz and Connors (22) and Berner
(6) estimate that it increases by a factor of about 1.6
for an increase in pressure of 400 atmospheres. This
corresponds to a depth of 13,600 ft, the approximate
average depth of the deep water oceans. Furthermore,
the pH of a water solution containing a given amount of
the carbonate system is dependent on the hydrostatic
pressure since the dissociation constants of carbonic
acid are pressure dependent (23). The reader is re-
ferred to papers by Berner (6) and Pytkowicz (24)
for more detailed discussions of the problem of cal-
culating the calcium carbonate solubility as a function
of pressure.

Current methods of obtaining deep-sea data present
many problems. The very high pressures make in
situ measurements difficult with existing equipment and
instrumentation. If samples are brought to the sur-
face and analyzed, the pressure will decrease and, in
addition, the water will begin to equilibrate with the
carbon dioxide in the atmosphere.

It might also be mentioned that the solubilities of
gases are only slightly dependent on the hydrostatic
pressure of the water as contrasted to the external
gaseous pressure in equilibrium with the water (25, 26).
Some confusion in the limnology and oceanography
literature exists on this point.

Summary

The oceans are a complex chemical, physical, and
biological system. A presumably simple problem,
such as the determination of calcium carbonate satura-
tion, is still not completely quantitatively resolved and
requires much additional research.
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