










FIGURE 93.-Small granules (calcospherites) in conchiolin shortly after its secretion by the mantle. Black and white
enlargement of a Kodachrome photograph taken with polarized light.

by later deposition of conchiolin, the secretion of
which continues during calcification. The details
of this prosess have not yet been described.

THEORIES OF CALCIFICATION

Studies of shell calcification fall into two major
categories. One type of work places the emphasis
on the identification of calcium-secreting cells or
organs; the other approaches the problem from
the biochemical point of view. It has been
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generally accepted that calcium carbonate, sepa­
rated from blood, is secreted as colloidal gel by
certain cells at the edge of the mantle and that
crystallization takes place outside the cells
(Crofts, 1929; Dakin, 1912; Kuyper, 1938) between
the conchiolin sheet and the mantle. Separation
of calcium is not, however, confined to the surface
cells of the mantle. The calcium-secreting cells
may be subepithelial, as in Patella (Davis and
Fleure, 1903). In the calcification of the epi-
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FIGURE 94.-Calcite crystals of new oyster shell about 24 to 36 hours after its formation.
of a Kodachrome photograph taken with polarized light.
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Black and white enlargement

phragm of Helix pomatia (Prenant, 1924, 1928),
the calcium is liberated by the leucocytes in the
connective tissue of the mantle. In the case of
pearl formation, Boutan (1923) has shown that
calcareous deposits are formed by amoeboid cells
which crawl through the mantle epithelium, while
the latter secretes the concentric layers of the
organic matrix (conchiolin).

De Waele (1929) approached the calcification
problem from the physiochemical point of view.

THE MANTLE

Working with Anodonta cygnea he has shown that
the extrapallial fluid between the mantle and the
shell is chemically identical with blood. Ex­
posure of this fluid to air causes the formation of a
precipitate, which consists of a suspension of
calcium spherules in protein solution. He there­
fore assumed the existence in the pallial fluid of a
hypothetical compound consisting of protein,
carbon dioxide, and calcium carbonate. The
escape of carbon dioxide would then cause the
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FIGURE 95.-Early stage of the formation of prismatic layer. Photographed with polarized light.

that calcification of
with the formation
tricalcium-ci tra te

precipitation of calcium carbonate. Dotterweich
and Elssner (1935) found, however, that calcium
carbonate crystals are formed in the extrapallial
fluid of Anodonta only in an atmosphere containing
less than 1.5 percent carbon. dioxide. In Helix,
regeneration of the shell will take place in an
atmosphere containing up to 15 percent of carbon
dioxide, according to Manigault (1933). Al­
though the latter accepted De Waele's theory, his
own results seem to prove its inadequacy; and
Robertson (1941) remarks that De Waele's hypo­
thetical protein compound is without a real
chemical basis. Furthermore there are other
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discrepancies in De Waele's results which invali­
date his theory. The calcospherites and the
protein precipitated from blood and from extra­
pallial fluid contained 50 percent organic matter,
whereas the new shell contained only 4 percent of
it. To reconcile these facts it would be necessary
to assume that a great proportion of the organic
matter in the new shell must be reabsorbed. The
entire process as outlined by De Waele appears to
be highly improbable.

Steinhardt (1946) assumed
the oyster shell is associated
of citrate, probably the
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FIGURE 96.-Photomicrograph of a piece of new shell of Crassostrea virginica taken 28 hours after the beginning of calcifi­
cation. Small caicite crystals are randomly distributed, and calcospherites scattered over the entire field of view
are in places densely packed between the larger crystals.

TABLE n.-Analyses to calcified materials according to
Steinhardt

[All figures are In percentages]

tion have been made. It had been generally
assumed that the small granules appearing on the
surface of the conchiolin consisted of calcium
carbonate, but Bevelander and Benzer found that
they are made of calcium phosphate. It is not at
all clear how the calcium phosphate of the granules
is converted into calcium carbonate, which is the
final product of calcification in the oyster shell.
It is doubtful that the conversion is accomplished
by direct reaction between the calcium phosphate
and the carbonate, because such a process would
require very high concentrations of carbonate.
The explanation proposed by Bevelander and
Benzer implies that calcium phosphate may be
dissolved by the action of organic ions which in
some manner bind calcium. Phosphatase may

Citric acid Phosphorus Calcium

(06H507hOa3+4H20. The observation that citric
acid is formed in connection with carbo­
hydrate metabolism, and that citrate is qualita­
tively precipitated from a solution which also
contains phosphate and calcium ions in a suitable
concentration (Kuyper, 1938, 1945a, 1945b),
forms the basis of his conclusion. The citrate in
the precipitate is found not as calcium citrate but
in a somewhat more complex form in which cal­
cium is combined with both phosphoric and citric
acids. This is verified by the results of the
analyses shown in table 11, in which the oyster
shell was presumably O. edulis. It is rather
difficult to arrive at a definite conclusion regarding
the role of citric acid in the calcification of oyster
shells, but Steinhardt's observations establish the
presence of calcium phosphate in the oyster shell,
which was supposed to consist primarily of car­
bonates; and an abundance of calcium phosphate
in the mantle was demonstrated by Biedermann
(1914).

During recent years (Bevelander, 1952; Bevel­
ander and Benzer, 1948; Bevelander and Martin,
1949; Hirata, 1953; Jodrey, 1953) considerable
advances in the study of the processes of calcifica-

Material

Concretions from crayfish stomach•••_ 1. 56
Chicken egg sheIL . 0.15
White coraL. 0.013-0.024
Oyster sheIL.________________________ 0.017

9.0
0.154
0.007
0.019

25.6
33.3
35.2
32.8
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