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THE GREAT BAHAMA BANK. 
II. CALCIUM CARBONATE PRECIPITATION 

C. L. SMITH 
Bahamas Sponge Fishery Investi gation Department 

I. PRECIPITATION OF CALCIUM CARBONATE 

The exact mechanism whereby calcium carbonate is precipitated 
from sea water in shallow tropical seas has attracted the attention 
of many workers but as yet has not been adequately explained. 

The matrix of events is very involved and to present the reader 
with a coherent account the sequence may be divided into four stages, 
each merging gradually into the other. 

1. It is well known that the surface water of the Atlantic Ocean is 
heavily supersaturated with calcium carbonate (Wattenberg, 1933). 
The free carbon dioxide at the surface of the ocean is in equilibrium 
with that of the atmosphere, and so the partial pressure of carbon 
dioxide is approximately equal to the atmospheric value. 

2. Some of this ocean water is continuously moving in over the 
shallow, calcareous banks to the West of Andros Island forming part 
of the extensive Great Bahama Bank (Pt. I). On this bank the 
water is considerably concentrated by evaporation and all constitu
ents of the water begin to increase proportionately to one another. 
The water is very shallow, however, and wind action stirs up the 
bottom mud which contains countless minute aragonite needles 
(Thorp, 1936). This suspension in the water provides suitable nu
clei for the precipitation of calcium carbonate from the heavily su
persaturated solution. 

The removal of carbonate and calcium ions from the system leads 
to an increased hydrogen ion concentration and the equilibria 

H 2O + CO2 ~ H+ + HCOa' . . . .... . ..... . . (1) 

HCO3' H+ + COa'' . . ......... .. . .. (2) 

are displaced to the left. In consequence of this shift the partial 
pressure of carbon dioxide rises and the pH exponent falls. That 
this is so may be seen by recasting the equations in the form 

( 171) 
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COa'' + CO2 + H2O 2HCOa'. . . . . . . . . . . . . . (3) 

and examining the respective equilibrium constants of all three; bear
ing in mind the expressions 

Carb. Alk. = CHcoa' + 2Ccoa" + CoH' - CH+ 

I:CO2 = Cco2 + CHcoa' + Ccoa"• 

3. Later this water reaches the shallow inshore area where con
ditions are most favorable for precipitation. H ere the partial pres
sure of carbon dioxide rises to nearly twice that required for equilib
rium with the atmosphere. At the same time the continued removal 
of calcium carbonate so far depresses the value of the ionic product 
Ca++ X CO3" that it attains a minimum value and precipitation di
minishes. The field data for the ionic product at this stage are con
sidered to provide an upper limit for the solubility product of calcium 
carbonate in sea water under natural conditions. 

4. In the previous stage the calcium carbonate in solution was ap
proaching equilibrium but the water was heavily supersaturated with 
carbon dioxide and the pH exponent was low. This water in accord
ance with the general circulation over the bank moves back towards 
the open ocean. The carbon dioxide tension begins to fall owing to 
evasion to the atmosphere. This causes a shift of the equilibria shown 
in equations (1), (2) & (3) to the right and the pH exponent and car
bonate ion content rise. Since the calcium content remains fairly 
constant the ionic product Ca++ X CO3" increases and the water once 
more becomes supersaturated with calcium carbonate. Some pre
cipitation of this excess undoubtedly occurs as the water moves off 
the bank, but as admixture with heavily supersaturated ocean water 
is beginning equilibrium can never be re-attained. Eventually this 
small water mass which has been followed on its journey across the 
bank is reabsorbed into the ocean. 

Observations which may be used for checking the accuracy of the 
above hypothesis were made in April, October and December, 1939, 
the station positions being shown in Figure 52. 

In the interests of simplicity the data for October will be presented 
in detail and the rest given en bloc as confirmatory evidence. 

It is necessary to recapitulate briefly the main water movements on 
the bank in late September and early October. The distribution of 
the_ isohalines (Fig. 48 Pt. I) shows a marked westerly drift of highly 
salm~ _water across the central part of the area with sharp salinity 
transition zones on the edge of the Florida Channel and at the north
ern end of Andros Island. The assumption that the greater part of 
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the fresh ocean water flowing in to replace the westerly drift comes 
from the northern part of the bank along the coast of the island has 
already been ex~lained_ (Pt. I , p. 163). Similarly that eddy currents 
may occur on ei~her side of the apex of the wedge of high salinity 
water was also discussed. With this in mind the stations worked in 
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Figure 52. Position of stations at which complet e analyses were made. F or dates see T ables 

I, II and III. 

October (Fig. 52) are able to show the main features of the whole 
cycle of changes taking place in the water while on the bank. 

The observed data for temperature, chlorinity, titration alkali, cal
cium content and pHw are shown in Table I, together with the values 
of the various quantities entering into the carbonic acid equilibrium 
(calculated from the tables of Buch et al (1932) and Buch (1933)). 

For convenient interpretation this table is divided into four sec
tions to correspond with the stages of the hypothesis previously out-
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TABLE I 

'THE CYCLE OF CHANGES ACCOMPANYING PRECIPITATION OF CALCIUM CARBONATE 
SAMPLES COLLECTED SEPTEMBER 29TH-OCTOBER 9TH, 1939 

· Titrat .* Garb.+ Peo,+ Ceo,+ 

'£emp.* Cl.* Alk. Alk. 10-• '1;CO,+ m.mol/l . Ceo, 11+ Cea++* Ca++ X COa'' t:.CO, 
Station ·c. : 

0 /oo m.eq. /1. m.eq. /l. -atmos. m.mol /l . X 10-2 m.mol/l. m.mol /l. X 10;, pH.,,* m.mols/l. 

I. Open Ocean Water 
111 30.0 20.17 2 .511 2 .36 2 .5 1.98 0.68 0 .38 11 .25 4.28 8 .28 

II. Water Moving on to the Bank 
101 29.4 · · 20.24 2.393 2.26 2.8 1.93 0 .66 0.33 11.20 3.70 8 .23 0.0 ::i::, 
110 29.6 20.43 2.386 2 .27 3 .0 1.94 · 0 .69 0 .33 no obs. 8 .21 -0.02 VJ 

88 31.0 21.85 1.940 1.88 5 .1 1. 72 1.19 0.16 11.70 1.87 7.99 0 .03 '>::I 
0 

90 30.5 21.88 1.792 . --1-.73- -- 4 .0 1.57 0 .91 0 :16 - 11. 7S- - 1 .88' . 8.07 0 .11 c:: 
III. Product of Ca++ X CO," Approaching a Minimum Value 0 

86 30.2 22.35 1.769 1. 72 4 .7 1.59 1.07 0.13 11 .97 1.55 8 .01 
::,... 

o.u 
97 30.4 22.05 1 .696 1. 66 4 .6 1.53 1.04 0 .13 11.85 1.54 8 .01 0 .11 0 

IV. (a) Water Losing CO, as it Leaves the Bank. Northern Section 
98 30.4 22.78 1 .663 1. 61 4 .2 1.47 0 .91 0.14 12.00 1.68 8 .04 0 .18 

103 29.2 22.37 1. 716 1.66 3 .0 1.47 0 .68 0 .19 11.97 2 .27 8 . 16 0 .20 
102 29.0 22.20 1.803 1. 72 2 .6 1. 50 0 .59 0.22 11 .85 2 .61 8 .22· 0 .20 

(b) Southern Section 

95 30.2 21.16 1.866 1.82 4.7 1.65 1.09 0.17 11 .35 1.93 8.02 0.05 
94 30.2 21.27 1.934 1.86 4 .0 1.67 0.95 0.19 11.55 2 .20 8 .08 0.06 

* Direct observation ,:::; 
+ Calculated from tables of Buch et al (1932) and Buch (1933). >-< _ .... 

ts:> 
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lined. Each of these sections may be briefly examined to see how 
far the hypothesis is borne out in practice. 

I. The open ocean water has a low partial pressure of carbon di
oxide, which is probably a lit t le lower than that of the atmosphere 
owing to loss by photosynthetic processes. The water is also heavily 
supersaturated with calcium carbonate. It may be noted that these 
observations for ocean water agree closely with those obtained at 
"Atlantis" and "Meteor" stations in adjacent waters (Rakestraw and 
H. P. Smith, 1937, Wattenberg 1933). 

II . In this section the stations are arranged in order of distance 
from the ocean. The pH exponent, the product Ca++ X CO3", total 
carbon dioxide and titration alkalinity are all decreasing owing to the 
precipitation of calcium carbonate. At the same time the partial 
pressure of carbon dioxide is rising rapidly. These changes are all 
clearly shown despite the increasing concentration of all constituents 
by evaporation. 

III. This section contains two stations where the down grade 
processes of Section II are approaching equilibrium. The value of 
the product Ca++ X CO3" has attained the minimal value found dur
ing the cycle and represents a maximal value for the solubility product 
of calcium carbonate. The water has now become heavily super
saturated with carbon dioxide, so that in the shallow water (2 to 3 
metres) evasion to the atmosphere must be proceeding rapidly; equi
librium between carbon dioxide evasion and calcium carbonate pre
cipitation is approached, the product Ca++ X CO3" remaining more 
or less constant. 

IV. When the water moves westward out of the relatively stag
nant inshore area the conditions for calcium carbonate precipitation 
become less favorable. Loss of carbon dioxide to the air now be
comes the dominant process. Stations 98, 103 and 102 illustrate this 
clearly for the chlorinity shows that only slight tidal admixture with 
ocean water has taken place up to this point. The partial pressure 
of carbon dioxide falls to that of the open ocean water, and the con
sequent displacement of the equilibrium has increased the carbonate 
ion content so that the water is again supersaturated with calcium 
carbonate. Precipitation of calcium carbonate must be still going on 
at this stage, but it is too slow to keep the ionic product constant. 
Stations 95 and 94 show the same process in action but owing to eddy 
currents in this locality they are not comparable in point of distance 
from the land with the more northerly stations. 

The water moving westward toward the edge of the bank even in 
the northern section is being mixed by tidal action with some ocean 
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water of low salinity and high titration alkalinity. This may lead 
to a rising value of titration alkalinity at these stations. An ap
proximate correction may be applied to the observed titration alka
linity results to compensate for this mixing. For example between 
stations 98 and 102 the chlorinity shows that the water has been mixed 
with 22% of ocean water (see Appendix). This should give a titra
tion alkalinity value for the mixed water of 1.849 m. eq./ 1. whereas 
the observed value was 1.803 m. eq./ litre, so that calcium carbonate 
is still being precipitated as the water moves away from the shore. 
The amount of deposition shown by applying this correction is prob
ably too low as no account has been taken of concentration by evapo
ration which must still be going on to some extent. 

The column headed llCO2 in Table I provides indirect confirmation 
of the process of carbon dioxide evasion to the atmosphere accompany
ing the above reactions. It is derived by calculating the titration 
alkalini ty (* A') which would be found if open ocean water were con
centrated to the observed salinity of the sample by evaporation only. 
The difference between this quantity (A') and the titration alkalinity 
found by direct analysis (A) is a measure of the calcium removed 
from the water as calcium carbonate. This process has removed an 
equivalent quantity of carbonate ion, and reduced the total carbon 
dioxide content by a corresponding amount. In millimoles per litre 

A' A this becomes----. 
2 

The total carbon dioxide which would be present if evaporation 
were the only process, };CO2', is now calculated. However, some of 

the carbon dioxide ( A' ; A) has been removed by precipitation of 

solid calcium carbonate. If these were the only processes occurring, 
the total carbon dioxide remaining would be given by };CO2'-

( A'; A) . Its value would be identical with the total carbon di

oxide content, };CO2 net, deduced directly from the observed titration 
alkalinity and pH exponent. 

But, during the cycle it has been shown already that the pH ex
ponent falls and the partial pressure of carbon dioxide, Pcoo, rises 
above the atmospheric value. The resulting loss of carbon dioxide 
(tiCO2) by evasion from the water is thus superimposed on the loss 
as precipitated calcium carbonate. The total carbon dioxide remain-

*Primed quantities such as A' refer to changes brought about by evaporation 
only. 
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ing, ~CO2 net, ~ft~r calcium carbonate has been precipitated and 
gaseous carbon d10x1de has been evaded is therefore 

}:C02net= [}: C02'-(A'; A)J-~co2 

A'- A 
At station 97, 2 = 0.52 m. mols. CO2/l., ~CO2' would have 

been 2.16 m. mols/ 1. and ~CO2 net 'is 1.53 m. mols/ 1. In consequence 
the carbon dioxide evaded, LlCO2 , amounts to 0.11 m. mols/1. 

The tabulated results show that there is no significant evasion of 
carbon dioxide (LlCO2) until the water has been on the bank some 
time, but, once a high partial pressure of carbon dioxide has been 
built up, the process of evasion to the atmosphere goes on apace. The 
maximum amount lost is found in Section IV where carbon dioxide 
evasion to the atmosphere has already been found to be the dominant 
process. 

The above detailed description shows that in October 1939 the full 
observations made at twelve stations on the bank do not conflict with 
the general cycle outlined in the original hypothesis. The essential 
part of the data has now been presented and the remainder of this 
section will be devoted to a discussion of the confirmatory results. 

Table II contains the data for a number of stations worked in April 
1939, these unfortunately being the only ones for which complete 
analyses are available. 

These observations when considered in conjunction with the known 
water movements at the time of sampling (Pt. I, Fig. 47) again con
firm the applicability of the general theory. Observations have also 
been made during the winter months (Table III). 

At this time the water movements are liable to rapid fluctuations 
in strength and direction owing to the variable winds. Therefore al
though the water movements may be known at the time of sampling, 
the previous history of the water cannot be inferred with the same 
certainty as in the summer season when the winds remain easterly 
over long periods. For example on December 15, 1939 the residual 
current was towards E.S.E. at Station 125 and on January 17, 1940 
towards S.W. at the same place. In addition owip.g to the lower 
temperature and unsettled weather conditions the magnitude of all 
changes in the carbonic acid equilibrium is greatly reduced. Despite 
these adverse factors the data obtained fit into the general scheme 
with surprising consistency. All the stations (except No. 145) for 
which complete data are available show the carbonate equilibrium 
to be in that phase which the water movements would lead one to 



TABLE II 

THE CYCLE oF CHANGES Accm,rPANYING CALCIUM CARBONATE PRECIPITATION 
SAMPLES COLLECTED APRIL 18TH-22ND, 1939 

Titrat .* Garb.+ Peo2+ 
Stati on Cl .* Alk. Alk. 10-4 T-CO2+ Ceo,"+ Cea++* Ca++ X CO," !:1C02 

No. T ° C.* 0 {oo m.eq./1. m.eq./l. atmos. m.mol/l. m.mol/l. m.mol/l. X 10, pH.,,* m.mol/l. 
::i:, 

I. Stage I. Ocean Water v.i 

79 25.0 20.05 2 .455 2.32 2.4 1.96 0.36 11 .47 4 .12 8 .29 "':I a 
II. Water Moving on to the Bank 

c::: 

42 25.8 20.08 2.440 2 .31 2 .4 1. 95 0.36 11 .17 4 .02 8 .29 0 .0 ti 
:i:,.. 

50 25.7 22.00 2 .045 1. 96 3 .2 1.74 0 .22 12.07 2 .66 8 .11 0 .09 "'3 ...., 
III . Product Ca++ X CO!' Approaching a Minimum Value 

a 

71 25.7 23.98 1 .945 1.87 4.2 1. 72 0 .15 13.07 1.95 8 .05 0.13 

IV . Water Losing CO2 as it Leaves the Bank 

59 25.6 23.45 1. 915 1.84 3 .7 1. 66 0 .18 12.77 2 .30 8.09 0.15 
56 26.3 21 .86 2.130 2 .04 2 .4 1. 77 0 .27 12 .17 3.29 8 .23 0 .10 



-'° TABLE III 
II>-
£ 

THE CYCLE OF CHANGES ACCOMPANYING PRECIPITATION OF CALCIUM CARBONATE 
STATIONS MARKED t JANUARY 17TH-19TH, 1940, OTHERS DECEMBER 4TH-14TH, 1939. VALUES OF ACO2 TOO SMALL TO BE 

SIGNIFICANT. t AN ANOMALOUS VALUE. MAY BE DUE TO AN ERROR IN TITRATION ALKALI NITY 

Titrat .* Garb.+ Pco2+ 

Station Cl.* Alk. Alk. 10-• "T.C02+ Cco3
11+ Cea++* Ca++ X COa'' 

No. T °C.* 0 /oo m.eq./l. m.eq./l. a/mos. m.mol/l. m.mol/l. m.mol/l. X 10-5 pH,.* '-.., 
a 

I. Open Ocean Water 
112 25.0 20.33 2 .469 2 .34 2.3 1.96 0 .38 11. 25 4 .28 8 .31 ;i... 

II. Water Moving on to the Bank 
t, 

a 
116 21.4 20.58 2.445 2.31 2 .2 1.98 0 .33 no obs. 8.30 "':l 

118 21.4 20.37 2 .401 2 .27 2.4 1. 96 0 .31 no obs. 8 28 
119 21.0 20.46 2.440 2.31 2 .3 1.99 0 .32 no obs. 8 .29 ;i... 

125 21.3 20.77 2 .330 2 .23 3.0 1.98 0 .25 11 .50 2.88 8.18 ...... 

126 22.1 20.78 2 .254 2.17 3 .6 1. 95 0 .22 11 .47 2 .52 8.14 t."'J 
t140 23.9 23.41 2 .582 2.44 2.5 2.11 0 .33 13.12 4.32 8 .28 
t141 20.4 21.75 2.531 2.44 4.3 2 .21 0.23 12.20 2.81 8 08 

III. Product Ca++x CO3 Approaching a Minimum Value t."'J 
;i... 

t137 20.9 20.92 2.236 2.18 4.6 2 .00 0 .18 11.60 2.08 8.03 
t143 20.2 21 .30 2.170 2 .11 4 .6 1.94 0.17 11 . 75 2 .00 8.02 @ 

IV. Water Losing CO2 as it Leaves the Bank 

t145 22.0 20.16 1.896 1.84 4.0 1. 70 0 .14 11.27 l .58t 8 .05 
t146 22.2 20.45 2 .114 2 .04 3 .5 1.86 0 .18 no obs. 8.11 
127 21.4 21.17 2.252 2.17 3.6 1 95 0 .22 11.60 2.56 8.12 
129 21.7 20.10 2 .019 1. 95 3 .3 1. 76 0 .19 10.80 2 .06 8 .14 
130 22.0 18.41 1 .978 1. 91 3.3 1. 74 0 .17 10.12 1. 72 8.12 ..... 

-;i 
eo 
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expect. Station 145 is anomalous in that the product _Ca++ 0 C<?a" 
is very low (1.58 x 10-6 ) but an error of 0.04 m. eq./1. m the ti~rat10n 
alkalinity determination would be sufficient to cause such a discrep
ancy. The minimum ionic product for the winter stations is of the 
order of 2.00 x 10-6 at 21 ° C. and 21.3 %0 Cl (Stations 137, 143). 
The observations at stations where evasion of carbon dioxide is domi
nant, following the nearest approach to equilibrium (Stage IV) , are 
complicated to some extent by dilution with land drainage, but the 
partial pressure of carbon dioxide does fall and there is a tendency 
for the product Ca++ X COa'' to increase again. 

The role of the many creeks and shallow lakes on the West coast 
of Andros as a factor in the concentration of the water has already 
been described. Stations 140, 141, were taken in a creek (Deep 
Creek) and a shallow lake respectively. It is interesting that they 
show the characteristic symptoms of water from which calcium car
bonate is just beginning to be deposited (Stage II ), despite their very 
high salinity. 

In general the summer season is the most satisfactory period for 
making observations on the carbonate equilibria on the bank. The 
history of the water can be ascertained more accurately and there 
is more justification for regarding the circulation as a continuous 
system. It is intended to collect further and more extensive data 
to check against this theory of calcium carbonate deposition, when 
observations will be made on a more comprehensive scale with sta
tions more evenly distributed. It will be evident that for clarity, 
the presentation of this theory and the data supporting it has had 
to be oversimplified. It is realized that-the stages arbitrarily defined 
in this paper are all part of one continuous system and merge imper
ceptibly one into the other. Also when discussing the carbon dioxide 
deficiency shown at certain stations it is realized that removal of 
carbon dioxide by photosynthesis may enter into the value of this 
quantity, but this should not significantly affect the variation shown 
from station to station. Let it be accepted that such considerations 
have not passed unheeded, and whatever path we may choose to trace 
through the chain of events the essential picture remains unchanged 
and self consistent. 

II. SEASONAL VARIATION IN CALCIUM CARBONATE 
PRECIPITATION 

In Part I of this paper it was shown that the maximum annual 
vari~tion of te°;perature of the water on these shallow banks is ap
proximately 10 C. Such a temperature change will appreciably 
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change the solubility product for calcium carbonate in sea water. It 
js therefore to be expected that there will be a seasonal difference in 
the amount of calcium carbonate deposited by any given body of 
water while over these shallow banks. 

TABLE IV 

MAXIMUM CALCIUM CARBONATE PRECIPITATION FOUND ON VARIOUS CRUISES BASED 

ON TITRATION ALKALINITY 

Decrease in CaCO, 
T emp. Excess Base Deposited 

Date Station No. oc. m. eq. /litr e mgs. CaCO,/li tre 
22: 4: 39 71 25.7 0.992 49.6 
4: 10: 39 98 30.4 1.182 59.1 
13: 12: 39 129 21. 7 0.442 22.1 
19: 1: 40 143 20.2 0.433 21. 6 

In Table IV the titration alkalinity observed has been subtracted 
from that which should have been present if evaporation only had 
taken place, at those stations on each cruise where the maximal de
crease in titration alkalinity had occurred. This quantity is regarded 
as equivalent to the amount of calcium carbonate precipitated. The 
seasonal variation is very marked, the deposition being 59 mgs. of 
CaC03/ litre at 30° C. and 41.2 %0 salinity and only 22 mgs./ litre at 
22° C. and 36.4 %0 salinity. Without more detailed information as 
to the actual volume of water which flows on and off the bank at 
various times of the year it is not possible to compute the actual de
position of calcium carbonate on the bottom over a given period. The 
amount of total precipitation in the summer months is, however, quite 
probably double that taking place in the winter. Thorp (1936) has 
observed that the oolites from the bottom deposits on this bank show 
many laminae, which suggest frequent interruptions in their growth 
cycles. This accords rather closely with the idea that the amount 
of precipitation is greatly diminished every winter. 

III. DISCUSSION 

Full reviews of the theoretical considerations underlying the buffer 
mechanism of sea water and the solubility of calcium carbonate are 
to be found in Wattenberg (1933), Buch et al (1932) and Moberg et 
al (1934) and no further description is necessary here. 

It is or' interest , though, to consider the minimal values of the ionic 
product Ca++ X C03'' recorded on the Great Bahama Bank. To 
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render them comparable with other values of the solubility product 
they may be corrected to a salinity of 36 %0 by the coefficient found 
by Wattenberg (1933); for every increase of 1 %0 salinity pKeaeo3 

changes by - 0.038. Thus at 30° C. and 36 %0 salinity the ionic 
product is 1.27 X 10-6 (average of Stations 86 and 97). At 20° C. 
and 36 %o S. it is 1.77 X 10-6 (Station 143). This rate of change with 
temperature shows a value of - 0.014 for the logarithm of the tem
perature coefficient of K' eaeo3 (log cp K' eaeo3), whereas Wattenberg 
derived a value of - 0.010 between 20° C. and 30° C. 

To compare these values of the ionic product with the figures ob
tained by Wattenberg et al (1936) and Revelle and Fleming (1933) 
it is necessary to correct them all to standard salinity and tempera
ture. This was effected by using the temperature and salinity co
efficients found by Wattenberg, and the various values computed at 
36 %0 salinity are shown in Table V at the experimental temperatures. 

TABLE V 

VALUES OF l{'CaC0
3 

RECORDED IN THE LITERATURE AND USED I N TABLE VI. 

COMPUTED TO 36°/oo S. 

Authority 

Wattenberg and Timmermann 1936 ... 

Revelle and Fleming 1933 . ..... . . . . . 

This paper . . ...... -.. . 

Temp. 
oc . 

(20 
i 25 
(30 

30 

{
20 
30 

Value of K'caCO, 
at 36°/oo S. 
0 .74 X 10--tl 
0 . 62 X 10--tl 
0. 52 X 10--tl 

2 .4 X 10--tl 
1. 77 X 10-s 
1. 27 X 10--tl 

The application of these diff erent sets of values to observed data 
is shown in Table VI, where the quantities Cea++ and Ceo " at 
Atlantic stations worked by the "Atlantis," the "Meteor," and the 
author are listed for the surface water. The "Atlantis" stations are 
located in the western Sargasso Sea, the "Meteor" stations in the 
western Central Atlantic, and the Providence Channel stations in a 
deep ocean channel between the Bahama Islands (Fig. 52) . 

The percentage saturation with calcium carbonate varies from 
roughly 100% to 800%, depending on which value of K' eaeo3 is used 
and the temperature of the water. 

The fact that the ionic product Ca++ X COa'' has been shown to 
d~~rease to 1.27 X 10-6 (at 30° C. and 36 %o S.) under natural con
d1t10ns shows that Revelle and Fleming's figure of 2.4 X 10-6 cannot 
represent the natural equilibrium. At least th.e true solubility product 



TABLE VI 

CALCULATED SATURATION VALUES OF CALCIUM CARBONATE, FROM RECORDED VALUES OF K'caC03, AT VARIOUS 

liYDROGRAPHIC STATIONS 

% Saturation CaC03 using values of .... 
K' CaCO, from a 

Temp. Ca++ COa" Wattenberg, etc. Revell e, etc. This 
Source of Analytical Data oc. m.mols/l. m.mols/l. (1936) (1933) paper '.<: 

"Atlantis" Sta. No. 1465** 
::,,.. 
t, 

Rakestraw & H. P. Smith (1937) 20.0 10.99* 0 .31 460 113 192 a 
"Atlantis" Sta. No. 1467** "tJ 

Ibid. (1937) 20.7 10.95* 0 .29 429 106 179 
"Meteor" Sta. No. 287 (14° N., 46° W.) 

::,,.. 

Wattenberg (1933) 25.0 10.64* 0 .32 533 122 222 '.<: 
"Meteor" Sta. No. 291 (8° N., 52° W.) t>j 

I bid. (1933) 26.8 10.64* 0 .30 541 123 228 
Providence Channel No. 111 ?;] 

This paper 30.0 11.25 0 .38 823 178 337 l:tj 
::,,.. 

Providence Channel No. 133 
Ibid. 23.7 11 .50 0.33 619 136 245 Q 

:::i::: 

Carb. Alk. 
* Ca++ values calculated from the relation Cea++= 2 + 0 .477 Cl 0 /oo (m. mols). Wattenberg (1933). 

** Data re-computed to correct for the influence of borate. 
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should be equal to, or lower than 1.27 X 10-c under such conditions, 
but the data is insufficient to show whether it can fall as low as Wat
tenberg's value of 0.52 X 10-6• Such a solubility product wo~ld 
mean, however, that there is a tremendous degree of supersaturat10n 
with calcium carbonate in the tropical oceans in summer. On the 
same basis the minimum values so far recorded on the Bahama Bank 
represent approximately 250% saturation. 

In the present year it is intended to extend the scope of this work 
in the Bahamas with the hope of securing more evidence as to the 
value of the true solubility product of calcium carbonate. 

Drew (1914) made a study of the calcareous deposits on the West 
coast of Andros Island. From the evidence obtained he suggested 
that bacterial action on soluble calcium salts in the sea water was 
effecting the precipitation of calcium carbonate. This work was 
extended by Kellerman and Smith (1914) and Bavendamm (1932). 
They concluded that ammonifying bacteria were more active in cal.
cium precipitation than Drew's Bacterium calcis. In addition Baven
damm failed to find large numbers of bacteria except in the mangrove 
swamps inland, and in consequence concluded these were the main 
areas of precipitation. Black (1933) came to a similar conclusion, 
although he pointed out that concentration by evaporation would 
cause some deposition over the central part of the bank. Lipman 
(1924) failed to find definite evidence for bacterial precipitation and 
concluded that such action could never be more than an accessory 
process accompanying physico-chemical precipitation. 

The observations on the calcium carbonate equilibrium presented 
in this paper do not show any support for the bacterial precipitation 
theory. In the first place the bacterial hypothesis requires an initial 
increase in the pH exponent of the water due to the formation of 
ammonia. The actual, data, however, show a marked decrease in 
the pH exponent as a dominant feature of Stage I in the cycle. The 
water does not become more alkaline until the main phase of calcium 
carbonate precipitation is over (Stage IV) . 

The data for stations 140 & 141 (Table III) are directly opposed 
to Bavendamm's and Black's suggestion that the inland swamps are 
the main areas of precipitation. These samples were taken about 
three miles inland in shallow lakes at low water, and show that very 
little calcium carbonate has been deposited. They do show, however, 
that rapid concentration by evaporation is taking place and very 
high salinities are attained even in the winter. 

The fact that ocean sea water is supersaturated with calcium car
bonate when it flows onto the bank renders the whole cycle of pre-
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cipitation readily explicable on a physico-chemical basis. The physi
cal features of the area and the semi-stagnant water conditions are 
all conducive to the deposition of the excess calcium carbonate. It 
is, of course, quite possible that some bacterial precipitation may be 
going on in mangrove swamps very rich in organic matter. This 
deposition, however, is believed to be very small compared with that 
produced by chemical precipitation over the hundreds of square miles 
of the Great Bahama Bank. 

IV . METHODS 

For a description of methods of sampling, temperature measure
ment, salinity and oxygen estimation see Part I. 

Hydrogen ion concentration. The pH of the water was estimated 
colorimetrically using cresol red as indicator. The pH was estimated 
on board ship within a few hours of sampling, the sample bottle being 
kept tightly closed in the interim to prevent changes in the carbon di
oxide content of the water. Palitzsch boric acid-borate buffers were 
used for making up the standard indicator tubes, which covered the 
range at pH 0.02 intervals. The following corrections were applied 
to the observed reading to obtain the pH in situ (pHw) (Cooper 1933). 

(I). Correction for difference in temperature between the water 
when collected and during the pH estimation 

pHw=PHb+ (a+~) (tb-tw), 

(II). The negative correction for the salt error of cresol red at the 
salinity of the sample. 

(III). The W album correction for the difference in the tempera
ture at which the buffers were used and that at which they were cali
brated. As the buffers were calibrated at 18° C. and used in the 
summer at temperatures as high as 30° C. this correction was con
siderable on such cruises (- 0.07 pH for ocean water). 

The correction for difference in temperature between the buffers 
and the sea water did not apply as they had both attained the same 
temperature. All values of constants and factors for making these 
corrections have been taken from Buch (1937). 

Titration Alkalinity, was determined by Wattenberg's (1930) 
method. All estimations were made in duplicate and those for refer
ence stations in triplicate. From the average of a number of dupli
cate estimations the standard error is + 0.003 m. eq./litre for any one 
observation. 

Calcium. Gripenberg's method (1937) was used for estimating 
the calcium content of the water, 10 ml. of sea water filtered through 
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a Whatman No. 42 filter paper being taken for each estimation. The 
excess sodium oxalate was estimated by titration against standard 
potassium permanganate. The accuracy of the method was checked 
by multiple analyses on sea water alone and on_ sea water plus a 
known volume of standard calcium carbonate solut10n. The standard 
calcium solution was prepared by dissolving a known weight of pure 
calcium carbonate in pure concentrated hydrochloric acid. Table 
VII shows the calcium contents recorded by analysis compared with 
the theoretical amounts present. 

TABLE VII 

ANALYSES OF SEA WATER AND STANDARD CALCIUM SOLUTION. STANDARD 

DEVIATION FROM THE MEAN = ± 1. 9 MGS. CA/ LITRE 

Sea Water + 30 Standard Calcium Solution 
Sea Water alone mgs. Ca./litre (diluted 50 times) 

Ca mgs./litr e Ca mgs./litr e Ca mgs./litr e 

446 478 By weight By Analysis 
442 474 600 602 
442 474 

476 

On one occasion when 46 analyses of 14 samples of sea water were 
made the standard deviation from the mean was found to be + 4 mgs. 
Ca/ litr e for all observations. The calcium content of all samples 
was determined in duplicate and it is considered that the average 
results are subject to a maximum error of ± 3 mgs. Ca/ litre. 

Total carbon dioxide (~CO2), Ceo/', PCO2 have been computed 
from the titration alkalinity, pHw, and temperature with the aid of 
the tables of Buch et al (1932) and Buch (1933). The influence of 
boric acid on the buffer mechanism of sea water has been corrected for . 
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VI. SUMMARY 
A hypothesis based on theoretical considerations is advanced show

ing the chemical changes which might be expected to accompany the 
precipitation of solid calcium carbonate from sea water. This hy
pothesis can be divided into four main stages: 

1. Open ocean water is supersaturated with calcium carbonate be
fore it flows on to the bank. 

2. On the bank concentration by evaporation takes place and wind 
action causes seeding of the solution with aragonite needles from the 
bottom deposits. Calcium carbonate is precipitated and owing to 
a shift in the carbonic acid equilibria the carbon dioxide tension rises 
and the pH exponent falls. 

3. In the shallow inshore water precipitation is more rapid and the 
ionic product Ca++ X COa'' reaches a minimal value. This value is 
regarded as a maximal value for the solubility product constant of 
calcium carbonate in sea water. 

4. As the water moves off the bank again precipitation diminishes 
and owing to evasion of carbon dioxide to the atmosphere the water 
once more becomes supersaturated with respect to calcium carbonate. 

Observations of temperature, chlorinity, titration alkalinity, cal
cium content and pH made on the Bahama Bank during 1939 confirm 
this hypothesis very closely. 

The maximal value of the solubility product of CaCO3 observed 
under natural conditions is compared with experimental values re
corded in the literature. 

The observations presented in this paper show no support for the 
theory of calcium carbonate precipitation by bacterial agency, but 
suggest that the main deposition is effected by purely physico-chemical 
processes. 
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APPENDIX 

189 

I am indebted to Dr. L. H. N. Cooper for the following formula for 
determining the percentage admixture of ocean water as the high 
salinity water moves westward off the bank. 

Let x = %age of water having a salinity a%0 

y = %age of water having a salinity b%o 

Then as x + y = 100, the following equation may be derived: 

x.a (100 - x)b lO0c 
----+-----=----
1000 - a 1000 - b 1000 - c 

(where c represents the salinity of the mixed water). 
As a, b and c are observed quantities, x and y may be found by 

substitution. 


