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The conditions which determine the poly-

morphic crystallization of calcium carbonate 

have been discussed by many researchers1-9); 

however, many questions still remain unsolved. 

The temperature of the mother solution should 

be considered as one of the most important 

factors controlling the polymorphic formation. 

It has been reported that aragonite was formed 

easily from a solution at a temperature above 

50•Ž, but this conclusion is not always reliable 3). 

In the following discussion of the conditions 

of the polymorphic formation of calcium 

carbonate, the combined effect of the temper-

ature and of the materials in the mother 

solution is examined. The author has attempt-

ed to show this combined effect on the 

formation of the various crystal forms of 

calcium carbonate in the thermal springs of 

Japan, such springs being typical areas of 

calcium carbonate deposition.

Crystal Forms of Calcium Carbonate De-

posited in Thermal Springs of Japan.-Table I 
shows the chemical constituents of the thermal 
spring waters in Japan from which calcium 
carbonate deposits have been formed and the 
crystal forms of this calcium carbonate. Related 
articles have showen that the presence of sodium 
chloride, magnesium chloride and carbon 
dioxide in the mother solution greatly affects 
the polymorphic crystallization of calcium 
carbonate10,11). On the basis of their sodium, 
magnesium and chloride ion content, the spring 
waters are classified in two typical groups, A 
and B, as is shown in Table I. 

Experimental and Results 

When thermal waters come to the surface of the 
earth, they are subjected to a sudden environmental 
change, exposure to the air at an atmospheric 
pressure. Then, on the one hand, carbon dioxide 
gas escapes from the water to precipitate calcium 
carbonate, and on the other, some of the ferrouss 
and manganous ions begin to be oxidized by the 
air. 

Calcium carbonate is formed in thermal springss 
according to the following reaction : Ca2++2HCO3-
→CaCO3+CO2+H2O.  Therefore, the effect of

temperature upon the polymorphic formation of 
calcium carbonate formed from a calcium bicarbonate 
solution has been studied in the laboratory. For 
the preparation of the calcium bicarbonate solution,
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carbon dioxide gas was bubbled into a suspension 

of 40 g. of calcium carbonate in 201. of distilled 

water for 48 hr. at room temperature and filtered 

(Whatman No. 3 filter paper) ; and then carbon 

dioxide gas was bubbled again into the filtrate for 

2 hr. The calcium content was 300 mg. per liter. The 

bicarbonate solution prepared at room temperature 

was used throughout the present experiments. 

When the solution was left to stand at various 

temperatures, carbon dioxide gas escaped from the 

solution and calcium carbonate crystals appeared ; 

even when carbon dioxide gas was passed 

continuously through the bicarbonate solution at 

high temperatures, calcium carbonate was precipi-

tated because of the decrease in the solubilities of 

carbon dioxide and calcium carbonate with the 

increase in the temperature of the solution. 

Experiment A.-Calcium carbonate was precipi-

tated from the calcium bicarbonate solution in 

order to examine the effect of temperature change. 

1) A 300 ml. portion of the bicarbonate solution 

was allowed to stand (20 min. to 3 weeks) at varying 

temperatures, with occasional stirring so that carbon 

dioxide gas escaped from the solution and calcium 

carbonate crystals appeared. The crystals were 

filtered off and washed several times with distilled 

water. After the crystals had been dried in an air 

bath and ground in an agate mortar, their crystal 

forms were identified by the use of an X-ray 

diffractometer (Fig. 1). At temperatures below 

25•Ž, only calcite was formed. At around 30•Ž, 

both calcite and aragonite were formed, but no 

vaterite was. Between 40 and 60•Ž, all three 

forms were formed, but the proportion of calcite 

was small. At around 40•Ž the proportion of 

vaterite was large. With a rise in the temperature, 

the proportion of aragonite increased, and at around 

60•Ž aragonite predominated. Between 70 and 90•Ž, 

only aragonite was formed. At the boiling point, 

aragonite predominated, but a small amount of 

vaterite was formed. 

2) Calcium carbonate was formed from 300 ml. 

of the calcium bicarbonate solution through which 

carbon dioxide gas was bubbled continuously 

at high temperatures. The carbon dioxide content 

controls the pH value of the solution, and the

Fig. 1. Polymorphic composition of calcium 
carbonate formed from calcium bicarbonate 
solution at various temperatures.

pH value is an important factor in determining the 

crystal form of the resulting calcium carbonate. 

The experiments were conducted at various 

temperatures above 70•Ž because at lower tempera-

tures the formation of calcium carbonate was

difficult from the solution bubbled with carbon 

dioxide gas. When calcium carbonate was formed, 

from the solution bubbled with carbon dioxide gas, 

even at a high temperature, calcite and vaterite

were formed with aragonite, as is shown in Fig. 2. 

With a rise in the temperature, the formation of 

aragonite increased.

Fig. 2. Polymorphic composition of calcium 

carbonate formed from calcium bicarbonate 
solution bubbled with carbon dioxide gas at 
various temperatures.

Experiment B.-Calcium carbonate was precipi-
tated from 300 ml. of the calcium bicarbonate 
solution containing sodium chloride and/or 
magnesium chloride, in order to investigate the 
effect of these salts on the polymorphic formation 
of calcium carbonate. 

1) Sodium Chloride.-a) Calcium carbonate was 
formed as in Experiment A-1 from the calcium 
bicarbonate solution containing various amounts of 
sodium chloride (Table II). With an increase in 
the temperature and in the concentration of sodium 
chloride in the solution, the proportion of vaterite 
increased. At the boiling point, vaterite predomi-
nated. From Fig. 1 and Table II, it can be 
concluded that the presence of sodium chloride 
favors the formation of vaterite at a high tempera-
ture, while it favors calcite formation at a low 
temperature10). b) When calcium carbonate was 
formed from the solution containing sodium 
chloride and bubbled with carbon dioxide gas, only 
calcite was formed (Table II). 

2) Magnesium Chloride.-a) Calcium carbonate 
was formed from the calcium bicarbonate solution 
containing various amounts of magnesium chloride 
according to the same procedure as in Experiment 
A-1 (Table III) . Table III and Fig. I indicate 
that the presence of magnesium chloride in the-
solution favored aragonite formation and hindered 
vaterite formation. b) When calcium carbonate 
was formed from the solution containing magnesium 
chloride and bubbled with carbon dioxide gas con-
tinuously, only calcite was formed (Table III).
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TABLE II. CRYSTAL FORMS OF CALCIUM CARBONATE 

FORMED FROM THE CALCIUM BICARBONATE 
SOLUTION CONTAINING SODIUM CHLORIDE

Fig. 3. Polymorphic composition of calcium 
carbonate formed from calcium bicarbonate 
solution containing sodium chloride (5 g./l.) 
and magnesium chloride (0.7g./l.).

3) Sodium Chloride and Magnesium Chloride.-

A) When calcium carbonate was formed from the 

calcium bicarbonate solution containing both sodium 

chloride (5 g./l.) and magnesium chloride (0.7 

g./l.) (group A in Table I), vaterite was not formed 

at a lower temperature than the boiling point 

(Fig. 3). At a temperature above 50•Ž, aragonite 

predominated. This indicates that the magnesium 

chloride in the solution had a greater effect than 

the sodium chloride, so that the composition of

TABLE III. CRYSTAL FORMS OF CALCIUM CARBONATE 
FORMED FROM THE CALCIUM BICARBONATE 

SOLUTION CONTAINING MAGNESIUM CHLORIDE

* A small amount of magnesium carbonate 

was precipitated with calcium carbonate. 
(The details are ; Y. Kitano, K. Park and 
D. W. Hood, " Pure Aragonite Synthesis," 
J. Geophys. Research, in press).

Fig. 4. Polymorphic composition of calcium 
carbonate formed from calcium bicarbonate 
solution containing sodium chloride (5 g./l.) 
and magnesium chloride (0.07g./l.).

the crystal forms was dependent upon the magnesium 
chloride content (Fig. 3, Tables II and III). When 
calcium carbonate was formed from the calcium 
bicarbonate solution containing both sodium 
chloride (5 g./l.) and magnesium chloride (0.07 
g./l.) (group B in Table I), vaterite was always
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TABLE IV. CRYSTAL FORMS OF CALCIUM CARBONATE IN FUTAMATA THERMAL SPRINGS

formed (Fig. 4). At a temperature above 50•Ž the 

proportion of calcite was very small, at below 70•Ž 

aragonite predominated, and at above 70•Ž vaterite 

predominated and its proportion increased with a 

rise in the temperature. Apparently the magnesium 

chloride content in the solution was too small to 

affect the polymorphic formation of calcium 

carbonate, so that the composition of the crystal 

forms of calcium carbonate was dependent upon the 

sodium chloride content (Fig. 4, Tables II and III). 

b) When calcium carbonate was formed from the 

calcium bicarbonate solution containing sodium 

chloride and magnesium chloride and bubbled with 

carbon dioxide gas continuously during the forma-

tion of the calcium carbonate, only calcite was 

formed, even at a high temperature. 

Discussion 

Calcium carbonate formed in the laboratory 

from the calcium bicarbonate solution bubbled 

with carbon dioxide gas continuously during 

the formation of calcium carbonate is 

comparable to calcium carbonate deposited in 

the original orifice of thermal spring waters 

where carbon dioxide gas gushes forth, while 

calcium carbonate formed from the solution 

without aeration of carbon dioxide gas is 

comparable to calcium carbonate deposited 

with the escape of carbon dioxide gas from 

spring waters during the flow. 

The following facts were observed in thermal 

springs : 

1) When the temperature of thermal spring 

waters was very high, aragonite was usually 

formed (Table I). Futamata spring waters 

were made to flow through an open wooden 

conduit from the orifice to a bath12,13). As 

carbon dioxide gas escaped from the waters, 

calcium carbonate was deposited. The crystals 

of calcium carbonate formed at various 

locations in the flow were sampled and their 

crystal forms were identified (Table IV). The 

data indicate that calcite was formed readily 

at the original location of thermal springs 

despite a high temperature, where carbon 

dioxide gas was supplied to the water. 

Aragonite was formed at a location where 

carbon dioxide gas was not supplied, despite a

low temperature. These observations were 

supported by the experimental results in the 

laboratory (Fig. 2, Tables II and III, Experiment 

B-3-b). The content of carbon dioxide controls 

the pH value of the solution. The solution 

bubbled with carbon dioxide gas is acid. It 

can be said that even at a high temperature 

calcite was formed from the solution containing 

carbon dioxide, sodium chloride and/or 

magnesium chloride, in other words, from an 

acid solution. This appears to be attributable 

to the facts that the solubility of calcium 

carbonate is very large in the acidic solution 

containing carbon dioxide, sodium chloride 

and/or magnesium chloride14) and that the 

rate of the calcium carbonate formation is very 

small, because calcite (a stable crystal) is 

formed easily when the rate of calcium 

carbonate formation is very small. It can also 

be said that, even at a low temperature, 

aragonite is formed from the basic solution 

which does not contain a large amount of 

carbon dioxide. 

2) Calcite was formed from Futamata spring 

waters running still, while aragonite was 

formed when the same waters struck a rock 

so strongly that carbon dioxide gas escaped 

rapidly ; calcium carbonate was also formed 

rapidly. In the laboratory, calcite was formed 

from Futamata water which was kept still so 

that carbon dioxide gas could gradually escape 

from the water with a slow separation of 

calcium carbonate crystals, at 30 and 35•Ž; 

a mixture of calcite and aragonite was formed 

from the same Futamata water which was 

repeatedly stirred, whereby the escape of the 

carbon dioxide gas and calcium carbonate 

formation were accelerated, at the same 

temperatures, 30 and 35•Ž. The result makes 

it possible to conclude that, in waters with 

the same chemical constituents, pH value, and 

temperature, with an increase in the rate of 

carbon dioxide gas escape from the waters and 

in the rate of calcium carbonate formation, 

the proportion of aragonite (an unstable 

crystal) increases and that of calcite (a stable 

crystal) decreases. 

3) Vaterite has not been found in thermal

12) Y. Uzumasa and Y. Kitano, J. Chem. Soc. Japan, 
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14) Y. Seidell, " Solubilities of Inorganic and Metal 
Organic Compounds", Van Nostrand, New York (1940), 
pp. 273-275.



December, 1962] Polymorphic Formation of Calcium Carbonate in Thermal Springs 1985

springs. On the basis of the laboratory results, 

possible explanations for this are : a) The 

spring waters contain a rather large amount 

of magnesium chloride (Tables II and III, Fig. 

3), or calcium carbonate is formed near the 

orifice where carbon dioxide gas is supplied 

(Fig. 2, Tables II and III, Experiment B-3-b). 

b) When vaterite is formed, it changes to 

calcite or aragonite because of its high 

instability in a solution. It seems probable, 

however, that vaterite can be found in thermal 

springs when calcium carbonate is formed at a 

high temperature from the waters of group B 

in Table I (NaCl 5 g./1., MgCl2 0.07 g./1.), 

at a location where carbon dioxide gas is not 

supplied to the waters (Fig. 4). 

4) The mechanical and physical conditions 

and the minor elements in the waters have an 

influence on the polymorphic formation of 

calcium carbonate in thermal springs. Aragonite 

was found in precipitates which were floating 

on the surface of the waters, but it was not 

found in precipitates deposited on the wall or 

on the bottom in the same waters3). In 

addition, strontium ions7,10,15) and barium 

ions10) are minor elements affecting the poly-

morphic formation. The presence of strontium 

ions favored aragonite formation and that of 

barium ions favored calcite formation, but the 

effects of these factors are less significant than 

those of carbon dioxide (pH), sodium ions, 

magnesium ions, and chloride ions and the 

temperature of the mother solution. 

Summary 

1) When calcium carbonate was formed in 

the laboratory from the calcium bicarbonate 

solution through which carbon dioxide gas 

had not been bubbled during the process of 

the calcium carbonate formation : a) Only 

calcite was formed at a temperature below 

25•Ž; aragonite was formed above 25•Ž, and 

vaterite was formed above 40•Ž. Between 40 

and 60•Ž a large amount of vaterite was 

formed. With a rise in the temperature of 

the mother solution, the proportion of calcite 

decreased. b) Vaterite was easily formed from 

the calcium bicarbonate solution containing 

sodium chloride at a high temperature. With 

an increase in the temperature and in sodium 

chloride concentration, the proportion of 

vaterite increased. c) With an increase in 

both temperature and magnesium chloride 

concentration, the proportion of aragonite 

increased but that of calcite decreased. The 

presence of magnesium chloride in the mother 

solution hindered the formation of vaterite.

2) When calcium carbonate was formed in 
the laboratory from the calcium bicarbonate 
solution containing sodium chloride (or 
magnesium chloride) and bubbled with carbon 
dioxide gas continuously during the calcium 
carbonate formation, only calcite was formed 
despite a high temperature. 

3) When calcium carbonate was deposited 
in thermal spring waters of a high temperature, 
aragonite was formed. However, from the 
waters into which carbon dioxide gas was 
supplied, in other words, from the acidic 
solution, calcite was formed despite a high 
temperature, and aragonite was formed from 
the waters to which carbon dioxide was not 
supplied, in other words, from the basic waters, 
despite a low temperature. 

4) Up to the present time, vaterite has not 
been found in the deposits of thermal springs 
because : a) Calcium carbonate deposits of 
thermal springs were either formed at a location 
where carbon dioxide gas was supplied to the 
mother waters or where the concentration of 
magnesium ions in the waters was rather high, 
or b) even if vaterite had been formed, it 
would have changed to calcite or aragonite 
very quickly because of its low stability in 
solution. 

5) In spring waters with the same chemical 
constituents, pH value, and temperature, the 
proportion of aragonite increased and that of 
calcite decreased with an increase in the rate 
of carbon dioxide gas escape from the waters 
and in the rate of calcium carbonate formation. 

6) Aragonite was readily found in calcium 
carbonate precipitates formed floating on the 
surface of thermal spring waters, but it was 
not likely to be found in the precipitates 
deposited on the wall or bottom in the same 
waters. 

The polymorphic formation of calcium car-
bonate formed in thermal springs depends 
mainly on the temperature, the concentrations 
of sodium ions, magnesium ions and carbon 
dioxide (pH) in the waters, and on the rate 
of calcium carbonate formation when calcium 
carbonate is formed from a similar water. 
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