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Preface

From ancient times, the shell structure of molluscs has been studied by many
workers from each viewpoints such as the evolution of species, the mechanism of
calcification etc., which were very interesting problems to biologists, to geologists,
to dentists, and to biochemists. In 1923, excellent work on the structure of shells
has been done by Schmidt. Tsutsumi (1928) has first investigated the crystalline
structure of the shell of a marine molluscan species, Atrina japonica, by taking the
Laue photographs.

Shells of marine and fresh-water mussels are complex system, more than
809, of which consists of inorganic salts, mainly calcium carbonate, and less
than 209, organic materials, commonly termed “‘conchiolin”.  Calcium carbonate
crystals forming molluscan shells are divided into three following polymorphs;
calcite, aragonite, varterite. At present, the organic material is thought to be a
kind of the albuminoid, and to be closely related to calcification. The roles of
alkaline phosphatase, carbonic anhydrase, sulphatase, and mucopolysaccharide
m shell formation have also been reported in the last few years (Freeman et al. 1948,
Kado 1953, 1954).

Recently, the problem of shell formation has been pursued by the techniques
of the radioisotope, and the separation of organic and inorganic substances from
the solution transported to the inner shell surface through the mantle tissue has
been under discussion (Bevelander 1952, Jodrey 1953, Tanaka 1956). Crystal
growth of shells has been investigated under the electron microscope, and a great
deal of attention has been paid to the role of the shell-forming tissue and the organic
matrix in the mineralization of shells (Wada 1958, 1960, Watabe 1959).

As above mentioned, each worker has studied only in his part, and as vet,
the most of the studies on the crystal growth of shells was discussed only from crystal-
lographic viewpoint. Therefore, strictly speaking, we are not given suflicient
fundamental knowledge of the crystal growth of shells. The author has paid
special attention to the growth and the dissolution phenomena of shell salts under
the variable physiological conditions and the changes of environments throughout
its development. Since the crystal growth of shells occurs only on the basis of
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complex biological and biochemical factors, it is uneasy to control experimentally
the conditions of the mother fluid surrounding growing crystals. However,
the above mentioned attempts of the author must be carried out for resolving
the problem of the shell formation even if some erroneous results are drawn out
from the initial experiments.
This manuscript is composed of six chapters as follows:
Chapter 1 On the Characteristics of the Ground of Crystal Growth
Chapter II  Mineral Constituents and Structure of Shell
Chapter III The Organic Matrix of Shell
Chapter IV Electron Diffraction and Electron Microscopic Investi-
gations of the Calcification of Shell
Chapter V  Crystal Growth of Shell
Chapter VI The Mechanism of Formation of the Spiral Growth Steps
These chapters will be divided into two sections. The first is concerned with
the liquid and the solid phases around growing crystals; the grounds of crystal
growth (chapters I~III), and the second is crystal growth itself of shells (chapters
IV~VI).
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Chapter 1

On~ Tue CaarAcTERISTICS OF THE GROUND OF Crystal GrRoOwTH

1 Introduction

For the studies of shell growth, it had very early been attempted to represent
the change in the weight or size of shells with the age as the growth of molluscan
shells could be expressed quantitatively. And it has been evidently established
that the growth in the weight or size of shells follows a S-shaped curve as the growth
of an animal and plant usually exhibits. The general growth of shells in the
weight or size throughout a year may also show a change in that fashion. The
seasonal changes of shell growth appear to be caused by a great variety of
biological systems, but the growth data examined in connection with these various
biological conditions are almost absent. Until recent year, the studies on shell
formation had shown a tendency to be carried out independently in the respective
fields of workers by biologists and biochemists.

Histological and histochemical works on the shell-forming tissue, “‘mantle”,
have been done in regard to Ca metabolism in molluscs. The epithelium on the
different areas of the mantle secretes characteristic layer of shells and is different
in histological features from each other {OQjima 1952, Owen, Trueman and Yonge
1953, and Beedham 1958). But the shape of the epithelium is rather unstable
under special conditions, and the variation of histological features is correlated
with the secretion of various shell substances (Nakahara 1958). According to
Kawakami’s aspects (1952) on the regeneration of the grafted mantle tissue, the
epithelium on the outer surface of the mantle rearranges through multiplication
and develops into the epithelium of pearl-sac, whereas the epithelium on the inner
surface of the mantle diminishes and disappears. The distribution of alkaline
phosphatase and carbonic anhydrase in the mantle was examined histochemically
by Greenberg (1947), Freeman and Wilbur (1948), Bevelander (1952), Kado
{1954), and Kawai (1955). Wilbur and Jodrey (1955) have noticed that calcium
deposition in the shell was spoiled by the effect of carbonic anhydrase inhibitors.
These results have suggested that these enzymes play important roles in Ca me-
tabolism of molluscs; the transportation of calcium in organic systems, the absorption
of calcium from sea water, and the supply of shell carbonate. The distribution
of the calcium granules in the mantle has been observed by microincineration
and histochemical methods, and was discussed in relation to the activity of alkaline
phosphatase or carbonic anhydrase (Bevelander 1952, Ojima 1952, Kado 1954,
1960 and Tsujii 1959, 1960).

On the other hand, the deposition of shell lime salts has also been studied
particularly from physiological and biochemical viewpoints in applying isotope
methods (Wilbur and Jodrey 1952, Jodrey 1953, Tanaka and Hatano 1957), and
ecological, physiological and chemical works were made independently in each
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special fields (Kokubo 1929, Mori 1948, Kobayashi and Tohata 1949, Ashikaga
1951 and Suzuki 1957). The author has usually taken into account the biological
and physiological factors in the investigation of the mechanism of the growth and
arrangement of inorganic crystals in the shell.

In the field of biocrystallography it is necessary to investigate synthetically
the mutual relations among the secretive activity of the mantle, and the liquid
and the solid phases surrounding growing crystals. The peculiarity of the ground
of crystal growth in molluses will be studied systematically in this chapter.

2 On the relationships between the ground of mineralization

and the surrounding tissue

The materials used were the shells of 1 aged Pinctada martensii and Mpytilus edulis
which were collected from Ago Bay in 1958, and were fixed in neutral formalin.
Being completely decalcified in 10%, aqueous solution of ethylenediaminetetra-
acetic acid disodium salt at pH 7.5~ 8.0, the materials were embedded in
paraffin, and cut at 10y, The sections were stained with Ehrlich’s haematoxylin-
eosin, or with Mallory’s triple-stain. On the other hand, the fragments of the
mantle removed from the pearl oyster taking up per a month during July 1958 to
June 1959, were fixed with 959, alcohol, and were cut by the usual paraflin method.
The sections were placed in the electric furnace at the controlled temperature of
550 ~ 600 °C for about one hour. Then the distribution of inorganic constituents
in the mantle through the year was investigated under the dark field of the phase
contrast microscope.

Since the ground of mineralization in Lamellibrachia is perfectly surrounded
by the mantle, valves and organic matter, and is separated from its environment,
as seen 1 figure 1, sea water does not go directly in and out of that ground
under normal conditions. In living animals, the mantle spreads in contact with
the inner shell surface, and the large space seen in figure 1 appears to be absent,
though the mantle is free from the shell. In other words, the epithelial cells
of the mantle do not join closely to unit prism or crystal of shell, and the mother
fluid exists between both systems. Shell substances are crystatlized out from the
mother fluid which is introduced into the ground through the mantle, and are
characterized by the different areas of the mantle.

General anatomy of the mantle in Pinctada mariensii is illustrated in figure 2.
The marginal region of the mantle is divided into three folds, and is covered by an
epithelial layer. Mucous cells are found here and there among the epithelium or
in the subepithelial connective tissue, and longitudinal and transverse muscular
bundles run in the connective tissue, the latter running at direction tangent to
the former. Organic matter secreted by the epithelium of the middle fold is con-
nected with the periphery of the shell, and develops into the periostracum cover-
ing the outside of the shell. The outer layer, commonly termed as “prismatic
layer”, is formed by the epithelium on the outer surface of the shell fold, and
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shows columnar structure. On the contrary, the inner layer (i.e., nacreous layer)
is secreted by the epithelium on the outer surface of the mantle, and reveals
laminary structure. Figures 3 and 4 are micrographs showing the distribution of
inorganic components in the mantle. As was pointed out by Ojima (1952) and
Tsujii (1959, 1960), calcium granules are smaller and more abundant in the epi-
thelium on the outer surface than in that on the inner surface. Throughout the
year, on the pallial zone the amount of the granules is usually more abundant
in the epithelium of the outer surface than in that of the inner surface, and there
is no change in the distribution of inorganic components. But seasonal change
in the amount of calcium in the mantle is not quantitatively acertained from
the results obtained by the microincineration method. Crystal growth and the
ratio of calcium deposition are very different in various seasons (see chapter V),
although the distribution of inorganic components in the mantle is constant,
and the shape of the epithelial cells on the outer surface is similar throughout
the year.

Outline of the inner shell surface in Pinctada martensii is shown in figure 5.
The amount of calcium carbonate deposition in each local area of the same shell
appears to be not uniformed in various developmental stages of a species and in
various species. The mother fluid in shell formation is prepared by the secretive
activity of the mantle, which varies with the change of the physiological condi-
tions of animals. That amount is controlled by the above mentioned factors, but
it is a common result that the amount is larger in marginal area than central one
of shells in oyster and pearl oyster (Wilbur et al. 1952, Nakahara 1961). And the
velocity and the mode of crystal growth will be characterized by the different
calcium carbonate concentration and physicochemical conditions in the mother
fluid as described following part.

3 Relations in the pearl oyster among calcium deposition,

mother fluid, and physiology

For the understanding of the daily or seasonal variations of the metabolic
activity in the bivalves, the pH value of the body fluid was determined by the
pH meter. Adsorbed sea water on the body surface being removed with filter
paper, two glass electrodes were inserted directly into the body, and thus pH value
was measured. Ca ions in the mother fluid were determined in ten specimens
which were taken up from sea water at 9 a.m. of each experimental days during
the period from July 1959 to June 1960. The solution which was presented be-
tween shell and mantle was collected in beakers, and was treated as the mother fluid
of shell salts. The concentration of Ca ions in | cc of that fluid was determined
by the direct titration method of Holtz and Seekles for the quantitative analysis of
calcium in blood serum. The sample was kept in more alkaline condition than
pH 13. The titration was carried out with a 0.005 molar solution of ethylene-
diaminetetra-acetic acid disodium salt. The dye 2-hydroxy-1-(2-hydroxy-4-sulfo-1-
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naphthylazo)-3-naphthoic acid (dotite 2N) was used instead of the dye mulexid as
a calcium indicator.

Seasonal and daily variations of pH of the body fluid are examined from 1958
to 1959, and are plotted in text-figures 1 and 2. The pH curve in figure 1 rises
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Table I Daily variation of Ca ions in the mother fluid of P. martensii (measured in 1959).

No. of experiment

1 | 2 f 3
Concen- " "Concen- | o ‘Concen-
. , trati . trati - trati
Time pH (I;? éo; - 1 Time pH g? éoar} Time pH g? é(;r} .
I ey —_— ie | ¥/ed)
VI1/9 | VII/24 VI11/27
1355  7.85 390 ‘ 09.00 791 400 09.10  8.04 340
1715 771 450 | 1125 7.82 370 1235  7.68 360
20.30  7.79 440 1445 790 390 14.55  7.71 350
2320  7.96 410 | 1750 8.00 400 1715  7.98 330
VII/10 ; 2055  7.81 400 2025 797 340
0210 801 390  VII/25 2340 801 320
0510  7.79 400 00.00  7.88 390 VIII/28
08.05  7.93 390 0310  7.89 400 0330  7.99 320
11.20  7.81 390 ! 06.00  7.68 430 | 0730 798 320
1435  7.80 390 0855  7.78 390 1050 8.09 330
‘ 11.00  7.80 330 1420 823 310

gradually after hibernation (i.e., from late of January to early of May in Ago Bay)
and reaches the maximum value of 7.4 during the period from June to July. There-
after the minimum pH value of 6.5 is shown in July to August, the maximum
value of 7.3 in October to November, and again the pH 6.7 when sea water tem-
perature falls below 10°C. It is obvious, however, that the scason from June to
August coincides with the spawning period of the animal. The pH curve begins
to fall after spawning, and thereafter it shows again the minimum value in hiber-
nation. Although spawning and hibernation have the same effect on the seasonal
pH value of the body fluid, daily variation of the pH curve is entirely different in



Wada, K. Crystal Growth of Molluscan Shells 711

both periods as seen in text-figure 2. These results suggest that daily rhythmic
activity is found in the pearl oyster in the spawning period, whereas its metabolic
activities fall markedly and rhythmic changes are not found in hibernation. The
pH curve of the body fluid is parallel to that of the mother fluid except for some

Table 11 Seasonal changes of CaCOj deposition, concentration of
Ca ions and pH in the mother fluid of P. martensii.

Date of measurement pH Conceir}tr?tion of éggofnnin(éf ﬁr?ngsadr;%(:tl};
Ca™ (y/co) . previous to measurement
1959, VII/18 798 390 ‘ _
vir/2s 7.69 390 ; 11.1
VI /6 7.90 410 —
VIII / 28 8.04 340 19.98
I1X/9 8.19 360
IX /26 _ — 21.32
X /28 7.99 370 17.49
X1/25 7.95 420 1051
XI1/ 24 7.75 f 450 : 5.52
1960, 1/26 7.50 450 ‘ —
11/18 7.19 480 | —
111/ 30 7.79 480 -
VI/9 7.98 400 10.80
VIIL/ 12 - 380 f —
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Text-fig. 4 General curve of CaCOgy deposition (1959~1960).
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Text-fig. 5 General change of CaCOjy deposition during a year.

time after spawning (Text-fig. 1). That is, opposite relations between the pH
curves of the body and mother fluids are noted in spawning, while these curves
run parallel with each other in hibernation. In hibernation, calcium deposition
stops perfectly in almost all specimens, and general dissolution phenomena are
frequently seen. In the spawning period, very smuch increase in calcium deposi-
tion 1is recognized irrespective of the dissolution of shell salts often occurring in
that period. The increase and decrease of Ca ions in the mother fluid appear
to be accompanied by pH changes, as shown in tables I and II, and text-figures
3 and 4. The observed concentration of Ca ions in the mother fluid is in inverse
proportion to the pH value in daily and seasonal changes of calcium metabolism.
Above mentioned Ca ions decrease in correlation with an increase of calcium
deposition, and are somewhat more concentrated than those in the surrounding
sea water (300~400 v/cc in Ago Bay throughout the year). Calcium deposition
throughout a year, on the other hand, is represented in S-shaped curve, rising
sharply during the period from summer to early autumn (Text-figs. 4 and 5).
From text-figure 4, the mother fluid is thought to be in a similar conditions when
same amount of calcium is deposited; namely, the pH value, the concentration
of Ca ions, and the amount of calcium deposition in the shell are similar between
By and By, or Cy and C; {Text-fig. 4). However, somewhat different rhythmic
curve is obtained in accordance with the change in various ages, environments,
and years.

4 Discussion

It is considered that calcium and carbonate in shell constituents are transported
into the ground of crystal growth by different pathways in the shell formation, and
some enzymes will play important roles in calcium metabolism (Robertson 1941).
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Carbonic anhydrase is one of these enzymes (Freeman and Wilbur 1948, Kawai
1954). According to Kawai’s aspects (1955) with Pinctada martensii, the ratio of
shell growth was affected by the carbonic anhydrase activity which was low in
winter and reached the maximum during summer to autumn. He has stated
furthermore that the enzyme activity decreases with an increase of age, weakening
or spawning of the pearl oyster. The relationships between calcium deposition
and sea water temperature were investigated by Watabe (1952). The present
author has pointed out that crystal growth of shell reduces or stops in weakening
oysters. However, carbonic anhydrase may be in close relation with calcium
deposition, and similar growth of shell salts seems to occur under the same degrees
of the enzyme activity which is influenced by the internal and external factors of
the organism. This idea has been confirmed by the interesting experiments of
Wilbur and Jodrey (1955), who have found in Crassostrea virginica, that the activity
of calcium metabolism is greatly spoiled by carbonic anhydrase inhibitors. On
the other hand, organic substances and alkaline phosphatase may be possible to
play important roles in the calcium transportation through the mantle from its
habitat to the ground of crystal growth, and the deposition of shell lime salts has
been thought to occur by dissociation of calcium bicarbonate. It was reported by
Kado (1960) that alkaline phosphatase may not be concerned with the percu-
taneous uptake of calcium from the surroundings, but may probably be a part of
a system of enzymes involved in the secretion of the shell protein. Horiguchi
(1960) has done the serial of the biochemical studies on the effects of organic acids
on the calcium and phosphorus metabolism in regard to the calcium carbonate
deposition, and attempted to read the mechanism of the selective excretion of
calcium carbonate from the mantle. And he stated that the ionic concentration
of Ca™", HCOs™ in blood and tissue fluids of shell-fishes was closely related to the
calcium carbonate deposition. The mother fluid thus produced differs from that
in inanimate objects by the presence of organic substances which are synthesized
within the mucous cells, and varies with different physiological conditions of the
organism during a year and its development. In the shell formation, the organic
substance is first formed, and it seems to affect directly the deposition of mineral
components. The shell substances are thought to be crystallized out after passing
through the amorphous state when the solid phase separates from the liquid
phases. That is, the shell mineralization in Pelecypoda and Gastropoda is assum-
ed to pass through the following three processes: (1) The formation of organic
matrix as the basis of shell material, (2) Fixation of calcium in this organic matrix,
and (3) The deposition of calcium carbonate crystal. In these processes, a definite
current occurring in the mother fluid by the movement of the mantle tissue must
play the important factor in the crystal growth of molluscan shells. The nature
of the mother fluid must be more or less different among the species with calcite
or aragonite shell.

Since physical and chemical conditions of the mother fluid are varied with the
differences in the secretive function of the mantle, as have already been mentioned,
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crystallites of shells show different growth during the development of organisms
and among different species (see chapters V and VI). The rate of crystallization
is, general speaking, in proportion to the concentration of the solvent in a mother
fluid. But the present result indicates that the observed concentration of Ca ions
in the mother fluid decreases with the increased calcium deposition, suggesting
two cases of crystal growth in shell-fishes. That is, in one case, the crystal growth
occurring in unsuitable environments or in abnormal state of animals is assumed
to be in the same condition as that in the closed system since the activity of calcinm
metabolism is low or stops in that case, and in other case, when the animals are
in good condition, the crystal growth is considered to be in the opened system
since the secretive activity of the mantle is high and the shell substances are
constantly supplied into the mother fluid. Consequently, we meet with such an
inconsistent result that the decrease in the amount of Ca ions is correlated with the
increase of calcium carbonate deposition. The pH value of the mother fluid also
affects the crystal growth and calcium deposition. It may be thought that
biological factors play the important roles when calcium is supplied into the mother
fluid by the mantle and mineral components are separated from the liquid phase.
In particular, the crystallization of shells is carried out in the presence of organic
substance and enzyme.

5 Summary

1) The ground of crystal growth in the shells of Lamellibranchia is perfectly separated from the
surrounding sea water.

2) No change in the distribution of inorganic granules is found in the mantle during the year.

3) The mother fluid introduced throughout the mantle is characterized by the presence of organic
substance.

4) The calcium deposition similarly increases and decreases in amount under the same conditions
of the mother fluid in different seasons.
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Chapter II

MiNErRAL CONSTITUENTS AND STRUGTURE OF SHELL

1 Introduction

The purpose in this chapter is to describe the nature of the solid phase as the
ground of crystal growth. It will be confirmed from the interesting experiment
for the cultivation of the mantle tissue that the crystalline structure of the nacre
is affected by the movement and the tension of the shell-forming tissue. Of course,
it is needless to say that mineral constituents of the solid substance in the ground
of crystal growth may depend upon the nature of the liquid phase and the bio-
chemical reaction in Ca metabolism, and that the shell structure is influenced by
the deposition of organic and mineral substances, which is varied by physico-
chemical conditions of the mother fluid. The shell growth of Pelecypoda is divided
into the two directions which are vertical and horizontal to its inner surface. A
shell increases in thickness in the former and in size in the latter. In Pinctada
martensit, the shells thus formed consist of three elements, which are periostracum,
prismatic and nacreous layers in the order from external to internal side of the
shell, and a hypostracum lies in the nacre in addition to these elements separating
the inner and outer nacreous layer. It has already been known that the peri-
ostracum is made only of organic substance, so-called conchiolin, without any
crystal, and that the prismatic layer and hypostracum indicate polygonal prismatic
structure with calcite in the former and aragonite in the latter, and moreover that
the nacreous layer has laminary structure being constructed with alternately
accumulated thin conchiolin membrane and aragonite crystals. But the shell
consists of only porcellanous layer of aragonite in Veneracea, Lucinacea, etc., and
calcitostracum and prismatic layer of calcite in Ostreacea. Further, vaterite was
detected in some Gastropoda by Mayer (1931), Mayer and Weineck (1932), and
Stolkowski (1950).

The crystalline structure of shells has been studied crystallographically by
using the polarizing microscope and the X-.ray techniques, and several numbers
of papers concerning the above mentioned studies have been published until now.
These results showed that the ¢-axis of crystallites of lime salts in molluscan shells
was arranged in the direction perpendicular to the inner shell surface. According
to the author’s recent works, it has been obvious that the shell-forming tissue af-
fects the elongation of crystallites of aragonite during growth,

2 X-ray powder diffraction analysis of shell materials

X-ray powder diffraction data is obtained by using X-ray diffractometer
under such experimental conditions as copper Kg radiation, 35KV, 15mA, scan-
ning speed 2°/min., scale factor 8, multiplier 1, time constant 4 seconds, slit system
1o - 1° - 04"
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Table 111 Data for mineral constitutents of shell salt in different species.
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Amphineura

Peleeypoda

Scaphopoda
Gastropoda

Cephalopoda

Liolophura japonica (Lisckke)
Acanthochiton defilippi (Tapparone et Canefri)

Species

calcite

aragonite

Anadara subcrenata {Lisckke)
Volsella nipponica Oyama
Septifer bilocularis pilosus (Reeve)
Pteria penguin (Roding)

P. panasesae (Jameson)

P. margaritifera Réding

P. maxima (Jameson)

Pinna attenuata Reeve

Chlamys nobilis (Reeve)

Notovola albicans (Schroter)
Ostrea gigas (Thunberg)

Unio margaritifera (1inné)
Hyriopsts schlegeli (v. Martens)
Corbicula japonica Prime
Saxidomus purpuratus (Sowerky)
Meretrix meretrix lusoria Roding
Tapes variegata Sowerky

Paphia undulata (Born)

Irus mitis (Deshayes)

Chion semigranosum (Dunker)
Macoma incongrua (v. Martens)
Fabulina nitidula (Dunker)

Solen gouldi Conrad

Ensciculus philippianus (Dunker)
Solidicorbule ervthrodon (Lamerck)
Dentalium octangulatum Donovan
Haliotis discus Reeve

Patelloida saccharinaianx (Reeve)
Pliosabia pilosa (Deshayes)
Nerita albicilla Linné

Crepidula gravispinosa Kuroda et Habe
Hydatina physis (Linné)

Tonna luteostoma (Kiister)
Nassarius linescens (Phillippi)
Tritia festivus (Fowys)

Columbella versicolor Sowerby
Semisulcospia libertina (Gould)
Batilleria multiformis (Lischke)
Lietorivaga brevicula (Phillippi)
Monodonta labio (Linné)
Neverita didyma (Roding)
Umbonium costalum (Kiener)
Ewenaria japonica (Schilder)
Sepia kobiensis Hoyle
Argonauta argo {(Linné)
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Table 11T is X-ray powder data for several Pelecypoda, Gastropoda and other
groups showing on the base of mineral constituents that the molluscan shells are
possibly 'divided into three types as follows; Merelrix shell consisting of only
aragonite, Ostrea shell of only calcite, and Pinctada shell consisting of both of these
minerals, In addition to aragonite and calcite, calcium carbonate is crystallized out as
the form of unstable vaterite in some species of Gastropoda (Mayer and Stolkowski).
However, since histochemical reactions for the mantle are characteristic among
various species, physicochemical and biochemical conditions in the mother fluid
of each species are assumed to be different from one another and to be concerned
with the polymorphism of calcium carbonate in each species. The mineral com-
ponents of Pinctada type are different in local area of the same shell, as seen in
table IV; for instance the shell salt of Piunctada martensii is calcite in the prismatic

Table IV  Mineral consituents in different regions of the same shell
in several species.

Species Region i calcite aragonite

outer layer -+
Pinctada martensii (Dunker) inner layer | +

ligament : 2

outer layer +
Pinctada maxima (Jameson) inner layer -+

ligament -+

shell ; +

Chlamys nobilis (Reeve) ligament : .

outer laver -+
Ostrea gigas Thunberg I inner layer +

ligament +

shell +

Patinopecten yessoensis Jay . .
P 4 Jay ligament I -+

outer layer ‘ +
Hyriopsis schlegeli (v. Martens) inner layer : +

ligament | f

layer and aragonite in the nacreous layer, respectively, although the cause of
polymorphism of calcium carbonate crystal in living organisms is not elucidated.
More interesting fact is that the ligament salt of the shells of all species given in
that table is composed of aragonite alone irrespective of the shell valve salt is either
aragonite or calcite. The ligament, prismatic and nacreous layers are secreted
respectively by different areas of the mantle, the epithelium of which exhibits
the variation in histological structure. Such polymorphism in organisms is pre-
sumed to depend upon biological factors as is demonstrated by means of grafting
as follows: If the piece of epithelium from different regions of the mantle of the
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pearl oyster is grafted into the gonad of another, the original functional difference
of the epithelial cells is almost maintained through the multiplication of the graft
even if the adjacent tissues somewhat influence it; for instance, the regenerated
epithelium derived from the grafts of mantle edge will secrete generally prismatic
substances. But the difference in the adjacent tissues in the grafting is expected
to have various effect on regeneration of grafts. In text-figure 6, S-1, S-2 and
S-3 are the reflexion patterns for the specimens from the different areas of the
valve in Pinctada martensti and the ligament of Pinctada maxima. These patterns
have a broad reflexion peak between 10 ~ 30° in 26 besides the diffraction pattern
of aragonite or calcite, as is marked by an arrow in text-figure 6. Here, the peak
in the last S-3 is recognized obviously to consist of two broad ones. These peaks
appear to be due to the organic substance in shell materials, and to enlarge with
an increase in quantity (see chapter III).

S-i

« f

k
L —

T T T —— v T 7
w 0 30 40 50 80 o

{280

Text-fig. 6 X-ray powder diffraction of the shell substances.
S—1 prismatic substance of P. martensii
S—2 nacreous substance of P. martensii
S--3  ligament of P. maxima
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In all cases, judging from the shape and the intensity of the reflexion patterns,
the aragonite and calcite of the shell do not differ in their crystalline state from
these of inanimate objects (Text-fig. 6), nevertheless the degree of calcification in
various portions of the prismatic layer seems to be different from each other in
its histochemical tests. Furthermore, it can be said that any other mineral is never
contained in more amount than 109, except calcium carbonate.

3 Differential thermal analysis of shell materials

The differential thermal analysis curves for the shell materials of Pinctada
martensii are recorded in text-figure 7 at the mean heating rate of approximately

Wffesemizi semperature

i B 1000

Tocreting eMPETare FC! st

Text-fig. 7 Differential thermal analysis curves for molluscan shell substances
and CaCOj.

N—1 CaCOg4
N—2 prismatic substance of P. martensii
N—3 nacreous substance of P. martensii

-4 ligament of P. martensii

5 prismatic substance treated with HyO2
—6  nacreous substance treated with HoOg

10°C per minute until the heating temperature rises up to 1000°C. The first two
and three curves N-2, N-3 are produced by the materials of the prismatic and nacre-
ous layers, respectively, and show a broad double exothermic peak between 250°C
and 550°C and a sharp endothermic break at about 920°C. The results are es-
sentially identical between both materials, though calcium carbonate crystal is
calcite in the former, and aragonite in the latter. However, since lime salts in
inanimate objects have not any distinct exothermic peak at 250~550°C as seen
in the curve N-1, the exothermic peak which begins at 250~260°C is believed
to arise through the combustion of the organic substance in the shell. The curve
N-4 is that for the ligament of Pinctada martensii, and suggests that the larger the
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amount of contained organic substance, the greater the exothermic peak develops.
Hence, if the organic substance can not be removed from the giving sample, it is
obviously impossible to observe the small endothermic break, at near 450°C,
which can be seen for aragonite. Curves N-3 and N-6 are those for the materials
of the prismatic and nacreous layers treated with HyO,.  In comparing the curves
N-2 and N-3 with these just described curves, we will notice that the exothermic
peaks disappear perfectly, and on the contrary, the new endothermic break takes
place at 430°C in the curve for the nacre. This endothermic break occurs when
aragonite is transformed into calcite.

Besides, a broad endothermic curve between 50°C and 200°C seems to be due
to the loss of adsorbed water in the giving samples, and a sharp endothermic break
at about 850~950°C takes place by the loss of carbon dioxide in calcium carbon-
ate to the atmosphere. The thermal analysis of carbonate minerals has already
been done by Kézu and Kami (1934), Faust (1950), and Beck (1950), so for details
the reader must be referred to their original papers. The results obtained from
the differential thermal analysis are in good accordance with the those of X-ray
powder analysis.

4 Chemical components of the shell substance

Materials used in this study were as follows:

class species location
Amphineura Linlophura japonica Enoshima
Pelecypoda Pinctada marlensii Ago Bay
Pinctada maxima Arafura Sea
Chlamys nobilis Ago Bay
Patinopecten yessoensis Hokkaido
Ostrea gigas Ago Bay
Hyriopsis schlegelt Lake Biwa
Corbicula japonica River Tama
Meretrix meretrix lusoria Tokyo Bay
Venerupts philippinarum Tokyo Bay
Scaphopoda Dentalium octangulatum Sagami Bay
Gastropoda Haliotis discus Shima
Cephalopoda Sepia kobiensis Chiba
Agronauta argo Arafura Sea

It was hardly possible to carry out chemical analysis with many members of
each class, so sixteen materials were selected taking into account the taxonomical,
ecological, and mineralogical factors as follows: (1) Materials belong to various
classes. (2) Mineral constituents of their shells are only aragonite, only calcite,
or both minerals. (3) They are in fresh water or in marine. These materials
were washed with fresh water and dried at room temperature, and then, were
powdered by an agate mortor. After the material was separated into inner and
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outer layers in the shells which consisted of both minerals of aragonite and calcite,
it was grained by the same way. The samples were dissolved by about 20 ml of
6 N HCI1 with 80% HyO,, and dried up on a water bath. Then the inorganic
elements of the shell substance were separated by means of ion exchange resins
(Amberite IR-120 and Dowex IX-8). The procedure for fractionation is shown
in text-figure 8. The elements separated by these resins were determined as

Sample
<—6NHCE+ 30 % Ha02
Column A —xB
-X
( P&&Eximnvesh)
f 1 |
105 NHCL 50~70mi 6 NHCL 70~80m¢ 0.5NHC 100ml
[Effinent ] [Efinent L]
Na, K, Ca, Mg, AL(P) P, S, Mn Fe

ColumnB ColumnC
(Amberitte1R-120 100~150mesh) l (Amberlite [R-120 100~160mesh)
Distilled water30ml 4NHCZ 200m{ Distilled water 30m¢ 5% H2504 80m¢

Effinentll’ Mn

P, S

Fer} |

T =

< NH4OH P S

Al20s . l

Ca Mg

Text-fig. 8§ Fractionation of inorganic elements from a shell.

follows: Calcium as CaO, magnesium as MgQO, manganese as MnOs, iron as FesOs,
aluminum as Al3Os, sulfate as SO4, and phosphate as PyOs, respectively. The
amount of HyO" was measured according to Penfield’s method. The amount
of the organic substance in the shells was not decided chemically, but with differ-
ential thermal analysis the endothermal peak of the organic one was made on 0.25 gr
of several samples.

The chemical data on inorganic components of the shell substances are indicated
in table V. It can be seen that the amount of calcium contents is nearly same in all
species, though is somewhat low in the Cephalopod shells. On the contrary, that
of the magnesium content in the Cephalopod shells shows to be higher than other
classes. The mineral component of Corbicular shell is aragonite although it contains
the larger amount of magnesium than other Pelecypod shells. Trace of manganese
is found in nearly all species examined, but it is contained in the relatively large
amount in Hyriopsis shell only. Iron is found about 0.2~0.39, in these shells,
and aluminum is recognized too. Phosphate and sulfate are contained in only
minute amounts in these shells as compared with those in the mineralized tissues
of Vertebrata.

The chemical components of the shell substance seem to be characterized
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Table V. The chemical components of several shells.

. Mineral  H,O" H,O* MgO MnO Fe;O3 P ‘
Species Part Component () () (3 B (B 5 B (@
Liolophura japonica shell aragonite = — — 4985 040 trace 014 0.01 074
prismatic calcite — - 5236 122 trace 015 0.01 102
Pinctada martensii Jayer .
uacreous aragonite 0.68 — 5338 020 trace 011 001 055
laver
prismatic calcite 0.82 — 51.83 140 trace 026 001 114
Pinctada maxima layer .
nacreous aragonite (.66 — 5270 034 trace 029 001 076
layer
Chlamys nobilis shell calcite 029 218 5438 052 trace 0.09 003 197
Patinopecten yessoensis  shell calcite 2.08 54,71 0.26 trace 012 004 197
Nt
Ostrea gigas shell calcite 052 136 5216 028 trace 018 003 156
Hyriopsis schlegeli inner layer aragonite 0.60 —- 5350 045 004 013 002 1.63
Corbicula japonica shell aragonite 040 165 5347 126 trace 018 0.01 154
Meretrix meretrix lusoria shell aragonite 0.70 1.29 5450 012 trace 019 001 210
Venerupis philippinarum  shell aragonite 0.70 213 51.32 013 trace 011 0.03 189
Dentalium octangulatum shell aragonite = — — 5410 060 trace 015 0.02 116
Haliotis discus inner layer aragonite — ~- 5380 040 trace 027 001 083
Sepia kobiensis shell aragonite 175 223 49.09 120 trace 016 003 240
Argonauta argo shell calcite 1.70 288 4815 200 trace 0.15 003 128

by various species even though they are under a similar environment. The amount
of the divalent cations, in particular magnesium, considers to be related with the
structure of calcium carbonate in molluscs. Generally speaking, magnesium content
in calcite of the prismatic layer is larger than that in aragonite of the nacreous
layer. But that relation between the magnesiim content and mineral components
is not always common in all molluscan shells, The relationships between the
amount of MgCQOs;, and mineral constituents of the mineralized tissues, or water
temperature of the environment were investigated with several marine organisms by
Chore (1954). He reported that the magnesium content in the mineralized tis-
sues was controlled by mineralogical factor and varied in correlation with the
water temperature of the environment. Of course, the content was different among
various species. Similarly, the present results show that the chemical components
of molluscan shells depend upon the taxonomical, the ecological, and the minera-
logical factors. It has already been known that such divalent cations as magnesium,
manganese, and iron, determin the structure of the anhydrous carbonate. In
mollusca, those cations may also easily enter into the lattice of calcite rather than
into that of aragonite, but they may not be the most important determining factor
on the structure of the shell lime salt. Text-figure 9 is the differential thermal
analysis curves on the shell substances. Since the area of the endothermal peak
is larger in proportion to the increase of the amount of the organic substance,
the amount can be discussed by the comparison of the relative area of the peak
among the curves. The amount of the organic substance is not different between
the aragonite and the calcite shells, and rather is different among various species.
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Text-fig. 9 Differential thermal analysis curves of several molluscan shells.
N— 7 Liolophura japonica
N— 8 Chlamys nobilis
N-—-- 9  Patinopecten yessoensis
N-—10 Ostrea gigas
N-—11  Corbicula japonica
N-~12  Meretrix meretrix lusoria
N—13  Venerupis philippinarum
N—14 Argonauta argo
N—15 Sepia kobiensis

The result suggests that the amount of the organic substance is independent of
the structure of the shell lime salt.  Besides, the Cephalopod shells seem to contain

large amounts of crude fats with conchiolin.
5 QObservations of shell structure with electron microscope

For electron microscopic observations, methylmethacryl-alminum replica
method was used in this experiment. Replicas were prepared with the pre-poly-
meride of methylmethacrylate. The plastic was droped on the specimen surfaces,
such as natural surface, fracture surface or polished surface etched with 0.19
HCI, and was polymerized in an incubator at controlled temperature 30~35°C.
After the surface of replicas teared off from the specimens was shadowed with
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chromium or germanium at approximately 26° angle from the definite orientation
for increasing the contrast of the electron image, aluminum as backing film was
evaporated vertically on the surface. The all evaporation was done in vacuum
at about 5 X 10-mm Hg. The aluminum films were grided into 1 X lmm
squares and the plastics were dissolved in aceton. Then the fragments of the
film in aceton were scooped with a mesh of copper. The electron microscopes
used were the HS-2 and HU-10 types of Hitachi.

i) Prismatic layer

Generally speaking, the surface of the prismatic layers shows under optical
microscopes a honeycomb pattern consisting of chambers, which are 54 to 100
in diameter, though the pattern is more or less different from one portion to another
in the layer. Figure 6 is an electron micrograph of the periphery of a growth
process on the inner surface of the layer, showing that rounded crystals which
are of all sizes grow in or on the thick organic membrane. The crystals of shell
salts which are 0.01 y to 4 in size, are deposited almost parallel in a definite
orientation. The edges of the underlying prismatic chambers are seen as groove
on the membrane, which reveals fibrous appearance. Insome region of a growth pro-
cess, main stems of growth of crystals run along the boundary between underlying
prismatic chambers, and the deposited crystalline substances exhibit irregular forms
(Fig. 7). On the edge of scaly lamellae (i.e., growth process) or on the prismatic
surface at an early stage in the formation of the layer oolitic and rosette-shaped
prisms were found to grow loosely fusing with one another, as shown in figures 8,
9, and 10. Each prism gradually increasing in size, comes to be closely compacted
together and develops into a prismatic layer. Moreover, the prism itself 15 also
divided, in general, into micro-chambers, thus exhibiting a polygonal prismatic
chamber with micro-chambers, 2 ~ 20 y, as in figure 11. Prismatic chambers are
separated from each other by conchiolin walls.

During growth of the layer, prismatic lamellae become to cover the surface
of the lower lamella, already stopped its growth. And each prism on the marginal
parts of the upper lamina grows in the directions vertical and horizontal to its
surface. Its surface is curved and the growing point is the highest, as seen in
figure 11. Occasionally, if the horizontal growth of the prism is in similar rates
around the growing points, each prism exhibits a round shape, whereas, if a prism
grows at unequal rate in different directions of the horizontal growth, it develops
into various rosette-forms. A prismatic region near the nacre is shown in figures
12 and 14. The outline of crystal areas is round and the width of the conchiolin
walls sandwiched between each chamber increases up to 6~ 17 u, being far wider
than that in figure 16. In these parts, at the end of growth of the chambers, con-
chiolin walls forming shallow grooves climb up the crystal areas, which are finally
covered perfectly with the thick organic membrane (Fig. 15). Almost all parts
of the prismatic regions, except above mentioned areas, generally show networks
of polygons. The boundaries of these networks are made of the conchiclin walls
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running as grooves between the crystal portions (Fig. 16). Very fine calcite
erystals, about 0.1 4 to 1 g in size, grow inside the chamber, and aggregate in
parallel or irregular. They exhibit rarely concentric and spiral patterns.

Figure 13 shows the regenerated prismatic layer of Pinna aflenuala treated
by von Kossa’s silver method. Although the reaction is different from portion to
portion of the layer, conchiolin wall is stained considerably and the center of each
prismatic chamber is more deeply, in general. Decalcified specimens indicate
negative reaction. The similar results are obtained in Pinctada matrensii. From
these facts, it appears that mineral components react positively with this test and
deposit in the organic matters, and mineralization of the prismatic layer may be
different in each element and portion of the layer. Whole area of the chamber
is seen to extinct at the same time or not in the horizontal section under crossed
nicols. In the former, directions image of uniaxial crystals is indicated (Fig. 19),
in the latter, windmill, flamboyant, or partial irregular extinction is revealed in
general (Figs. 17 and 18).

In the vertical section, the prismatic layer indicates a columnar structure
separated by thick conchiolin walls running roughly parpendicularly to the inner
shell surface. Such portions of the walls exposed on the inner surface of the layer
correspond to the ones intervening between the polygonal chambers, and they are
about 1 g to 8 g in width as measured on several preparations. In addition, we
could recognize that the chambers are divided into following sub-chambers and
micro-chambers by thinner conchiolin walls; sub-chambers are canie-shape and
are 5>~30 y in width and composed of micro-chambers, 4~12 y in width (Figs.
20 and 21). The width of these sub- and micro-chambers is in good agreement
with the diameter of extinction blocks in a chamber. However, the micro-cham-
bers show oblique extinction to the vertical walls of conchiolin which extincts
always, as in figure 22. Thin organic matrix is deposited alternately with calcite
crystals, and therefore, the layer shows a laminary structure, although the columnar
structure is predominant. An elemental mineral lamina in the layer is approximatly
0.7 4 to 7.0 g4 in thickness, while the conchiolin sheet running between them is
about 0.04 u to 0.5 g in thickness. As seen in figure 21, an elemental mineral
lamella is probably composed of the accumulated several thinner ones which are
0.2~0.4 4 in average thickness.

Very thick organic matrix lies at the boundary between the nacreous and
prismatic layers with small round crystals very often scattered in 1it, in Pinctada
martensi (Fig. 23). The thickness and feature of the organic layers vary in different
portions or individual shells. This layer corresponds to the thick organic membrane

deposited over the surfaces of the prismatic regions near the nacre.

ii) Nacreous layer

The nacreous layers show laminary structure, which is varied with the differ-
ence in size and mode of aggregation of crystals in the layer. Therefore, the size
and mode of aggregation of crystals on the nacreous surface are governed directly
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by variatign of calcium carbonate concentration in the mother fluid transported
throughout the mantle epithelium, as has been described in chapter L

The nacre is usually divided into the marginal and central parts g“‘y an
adductor and several pallial muscle scars, and the horizontal growth direction of
the layer is recognized as the radial pattern running from the umbo toward the
whole shell border. The shape and arrangement of the crystals in these two
areas are very different from each other; the crystals, ranging 1 g to 3 4 in size,
are round and the parallel step pattern is observed in the ventral marginal regions
during the period from summer to early autumn (Fig. 24). While in the central
regions, as seen in figure 102 and table IX, the crystals in parallel growth exhibit
well developed hexagonal tabular shape and they are approximately 3 4 to 8 in
size, and are 2~3 times as large as those in marginal regions. And their ag-
gregation shows a spiral pattern (Fig. 26). Aragonite crystals scattered on the
nacreous surface increase in size, and come to contact with one another finally
developing a thin crystal lamella. An organic membrane is, in general, sand-
wiched between them when one crystal joins with adjacent ones, and is found as
groove on the inner nacreous surface (Figs. 25 and 122). Organic matrix on
crystal surfaces often exhibits a reticular or finely granular membrane, as in figure
110 and 122, and corresponds to a membrane running between neighbouring crystal
lamellae. The edges of the growing lamellae emerged on the inner surfaces show
a step-like pattern similar to the geometrical patterns seen on crystal faces. In
other words, the step remains in actively growing surfaces of the layer, and reveals
various growth patterns by the changes of growth rate and mode of crystals.

As above mentioned, the superficial structure of the nacre in local areas is
different from each other, and moreover, is varied widely with the difference of
physiological conditions of animals and seasonal changes of their environments.
Figures 27~ 31 present an example for successive variation of the nacreous surface
in Pinctada martensii, under abnormal condition in summer. They show superficial
structures entirely similar to those of animals in such unsuitable environments
as sea water temperature falls below 13°C in winter, though the factors which have
an effect on Ca metabolism seem to be different generally in these two cases. In
both cases, the nacre lose its luster, or is covered by white veil of the shell salts and
its superficial structures can be divided into following two types under electron
microscope: (1) The surface shows the etching figure, and there no new crystals
grow (Fig. 29). (2) Very fine crystals are deposited irregularly, and, in general,
exhibits an irregular or imperfect form with etching figures (Figs. 30 and 129). More-
over, in winter, whole mineral surface is covered by thick organic matter indicating
a homogeneous structure and of course, there is no new deposit of mineral sub-
stances (Fig. 110). Figures 32, 33, 35, 36, and 37 are vertical sections of shells
in some species of Lamellibranch, and laminary structure in Gastropoda is illust-
rated in figures 34 and 38. Adjacent crystal lamellae are cemented with thin
organic matrix which is found to be membraneous. The inner layer in these
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shells is not fundamentally structurally different, although the thickness of the
elemental mineral lamella and organic membrane is varied with different species;
for example, the average thickness of crystal lamella being 0.3~0.6 4 in Pinctada
martensit, 0.5~0.8 u in P. margaritifera, 0.5~ 1.1 y in Unio margaritifera, 0.6~1.2 y
in Hyriopsis schlegeli, 1.2~2.3 u in Quadrula undata, 0.4~0.8 n in Haliotis discus,
and 0.4~0.6 y in Turbo cornutus. Generally speaking, the mineral lamella is thicker
in fresh water mussels than in marine mussels. The organic matrix sandwiched
between each lamella is more thinner in thickness than the mineral lamella, and
is less than 0.02 y in these mussels except Quadrula undata that of whicn is about
0.04 u in thickness. But the thick membrane, being about 0.1 u, has rarely been
found in P. marlensii and is appeared to be formed immediately after hibernation
{(Watabe 1955, Wada 1957).

The organic membrane sandwiched between adjacent crystals in a lamella is
never continuous to that of the other neighbouring lamellae since new crystal seeds
are deposited at first on edges and corners of crystals in the underlying lamella and
increase larger and larger. Consequently, the nacreous layer has not the columnar
structure as usually seen in the prismatic layer. Under crossed nicols, horizontal
thin slices show flamboyant or radial extinction running from shell center toward
its margin, and under conoscopes they show a directions image of biaxial crystals
(Fig.40). In longitudinal sections of the shell, the general nacre consists of
several zonal extinction blocks which are 0.3~0.8 mm in width, as seen in figure
41, The width of these blocks is equal to the thickness of the layer produced in one
year.

6 Crystalline structure of shell

1)  Amphineura

The Chitonidae is in the lowest systematic position of molluscs.  The soft part
of Liolophura japonia is protected by the segmented shell which is built up of eight
saddle-shaped plates overlapping as seen in text-figure 13.  The mineral component
of the shell is aragonite, and each plate consists of the ordinaly aggregation of
crystallites. That is, c-axis orientation is nearly perpendicular to the inner sur-
face of the plate, and their orthorhombic b-axes are oriented from posterior to an-
terior edge of each plate (Text-fig. 10). From the observations on the laminary
structure and the external pattern of the shell, it appears that each plate enlarges
toward anterior from posterior edge with the formation of new lamella on its inner
surface.

The above results suggest that the crystalline structure of the shell plates de-
pends upon the growth of the segmented shell.

ii) Pelecypoda (Prismatic and Nacreous layers)

Materials used in this work were right and left valves of 5 aged Pinciada mar-
tensii and Pinna attenuata obtained from Ago Bay in September 1957, and P. mar-
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Text-fig. 10 Diagrams illustrating the crystalline structure of several molluscan shells. The
longer straight line of each cross indicates the orthorhombic b-axis of micro-
crystals in the aragonite shells, and the line indicates calcite a-axis in Ostrea shell.

garitifera and P. maxima from Kagoshima Bay and Arafura Sea, respectively. Besides,
Pteria prenguin and Meretrix meretrix {usoria were used.

For X-ray diffraction analysis, vertical and parallel thin sections of known
orientation in the shells were prepared in the following conditions. The shell frag-
ments 10 X 5 mm were removed from various portions of valves, and were polished
up to thin sections of about 0.2 mm in thickness for the investigation of two dimen-
sional structure, and of such various thickness as 0.2 mm, 0.5 mm, and 1.0 mm for
three dimensional structure. After Laue photographs were taken for all prepara-
tions, the relationships between the arrangement of crystallites and growth of the
shell were examined by the rotating crystal method. The preparation was set per-
pendicular to a narrow monochromatic X-ray beam emitted from a copper target
in Coolidge tube, and was rotated around a certain fiber axis being exposured to the
incident X-ray beam. The reflexion pattern was recorded on a cylindrical film
surrounding the preparation. The radius of the camera was 35.4 mm, and the dia-
meter of the second slit used was 0.2 mm or 0.5 mm. The time of exposure was
adjusted from 1.5 to 4 hours to different thickness of the preparation. Three direc-
tions chosen as rotation axes ran parallel; and at right angles, with the horizontal
growth direction of the shell, and vertical to the inner shell surface, respectively.

Figure 42 is the diffraction pattern for a parallel section of the prismatic layer
of Pinna attenuata, set perpendicular to the incident X-ray beam showing that the
layer is built up of relatively coarse particle of micro-crystals which are oriented at
random. From this fact and those obtained from polarizing and electron micro-
scopical studies, it is assumed as follows : (1) The prismatic chambers develop in-
dependently from each other. (2) Since the layer consists of irregular aggregations
of the chambers, 5~ 100y in diameter, it has a scattering effect for X-ray beam as
coarse crystallites oriented at random. Although crystallites of calcite grow regular-
ly in each chamber, Debye-Scherrer ring seems to occur in the general prismatic
layer by the reason of the above mentioned crystalline structure. Accordingly, for
the studies of crystalline structure of the prismatic layer, the diameter of the second
slit must be smaller, or else the layer usually indicates Debye-Scherrer ring con-
sisting of many fine grains, as in figure 42. The X-ray diagram shown in figure 43
is an example given by the parallel thin sections of the nacre of Pinciada martensii
under the same experimental conditions. The position and the intensity of Laue
spots occur symmetrically around the axis which runs parallel; or at right angles,
with a horizontal growth direction of the layer, and they are diffused to the crescent-
shape. It is possible to say from these results that some crystallographic axis of the
crystallites of aragonite is roughly parallel with the horizontal growth direction of the
nacre in the second dimension of space. X-ray diffraction photographs produced
by rotating the different fiber axes in thin sections which are set perpendicular to the
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incident X-ray beam are shown in figures 44, 45 and 46, In these photographs,
figures 44 and 45 are given by the different fiber axes in a horizontal thin slice, the
former being obtained with the direction parallel to the growth direction of a shell
and the latter with the direction at right angles to the rotation axis of the former.
The diffraction spots occur symmetrically on a series of straight horizontal lines above
and below the equator, which is the horizontal line passing through the central spot.
Here, the direction chosen as rotation axis can easily be determined by reading off
the £ values for all the layer line on Bernal’s chart for the reason of that the spacing
of the layer lines indicates directly the length of the edge of unit cell parallel to the
rotation axis. Then, the spacing measured for figure 44 is about 7.9 A and agrees
well with the length of the orthorhombic b-axis of aragonite, that for figure 45 is
about 4.9 A and coincides with the length of the orthorhombic a-axis, while that
for figure 46 equals to the orthorhombic ¢c-axis, being 5.7 A in length. In these dia-
grams, each diffraction spot having the form of a short arc must mean that micro-
crystals in the layer incline each other in a small angle to the certain fiber axis which
is in good agreement with the growth direction of shells. Furthermore the fragments
from various portions of the layer are more or less different in the reflexion spot, as
seen in figures 45 and 50, and the degree of its diffusion becomes larger and larger as
the preparation increases in width (Figs. 47 and 48).  The symmetry in the position
of reflexion spots will suggest that as a whole, their orthorhombic ¢- and b~ axes are
arranged parallel or nearly parallel along the directions of vertical and horizontal
growth of the nacre, respectively.

The arrangement of crystallographic axes of aragonite in the inner layer of the
nacre is investigated for Pinctada martensii, Pleria penguin and Pinna attenuata by the
techniques of X-ray diffraction and conoscope, and is shown schematically in text-
figure 10. It is obvious from this diagram that in the marginal regions, the arrange-
ment of the orthorhombic b-axis of crystallites correspondes with the horizontal
growth direction of the layer, in the central region but its arrangement is complicat-
ed. For the understanding of the relationships between crystal arrangement and
shell growth, the author has attempted to represent the horizontal growth of the
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Text-fig. 11 Repersentation by the vectors for the horizontal growth of the nacre.
(A) : marginal regions of the layer, (B): central regions of the layer.
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layer in vectors. The horizontal growth seems to be able to represent the vector
OQ which is the sum of the vectors A and UsB in the marginal regions, as in text-
figure 11 (A). In other words, the horizontal growth of shell is shown as a compo-
sition of the two vectors UA and Up which are represented by magnitude and direc-
tion of lines normal and parallel to hinge line, respectively.

OC = OA + OB

The composited vector OU varies in magnitude and direction with portion to
portion of the layer, since the magnitude of the lines OA and OB will vary re-
latively between different portions, and the line OB in anterior and posterior areas
of the shell has opposite sign in its direction. That is, the magnitude of the vector
OB is larger and larger than that of the vector UA as we approach from ventral
part to anterior and posterior parts. But, in the central region (Text- -fig. 11(B)),
the horizontal growth may be represented by the vector OC which is the composi-
tion of the vectors Oa and GU’, and can be expressed by the following equations.

OC = Ub + Oc OC = Oa + O

where, the vectors Ua, Ob and Uc are magnitude and direction of lines which are
parallel to the direction of the translocation of adductor and pallial muscle scars
and normal to the dorsal margin, respectively. The direction of the line OC is
governed strongly by a vector which is the most predominant of them. The vectors
Ua is more dominant than the other near an adductor muscle scars. And the vector
OUC appears to be the sum of only two vectors of them in such definite areas as
that any one of these vectors can be neglected in comparison with others. The
horizontal growth direction of the layer is in good agreement with the orthorhombic
b-axis of crystallites, although that direction is complicated in the central region,
as shown in text-figure 10.

Figures 49 and 50 are interesting reflexion photographs for the nacre of Pinctada
martensit, which are taken in different thickness of the same part of a preparation,
figure 49 being obtained with 1~0.5 mm thickness and figure 50 with about 0.2 mm
thickness. There are found double spots in figure 49, and the position and intensity
of these spots are rather asymmetrical in comparison with those in figure 50. This
fact suggests that a particular plane is sandwiched in hetween 0.8 mm and 0.5 mm
distance from the boundary of the nacreous and prismatic layers, and that the partis
composed of the accumulation of two different layers which develop in more or less
different direcctions. The thickness of these layers coincides with that of the zonal
extinction blocks seen under crossed nicols, the latter being-about 0.3 ~ 0.8 mm.

An example of the crystalline structure in the order Eulamellibranchia is
carried out with the shell of Aeretrix meretrix lusoria and is illustrated schematically
in text-figure 10, showing that the orthorhombic ¢~ and b-axes of aragonite in its
inner layer are elongated in the directions vertical and horizontal to the inner shell
surface, respectively. The idea of the author’s vector representation, developed
in Pinctada martensii and the other species of Anisomyaria, can be applied to the
orientation of aragonite b-axes in the inner layer of Meretrix shell, and perhaps to
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that of more members of Pelecypoda.

ii1) Pelecypoda (Calcitostracum)

The calcitostracum build up the inner layer of Ostrea, Notovola, and Chlamys
shells is calcite, the ¢-axis of which is perpendicular to the inner shell surface when
the crystals are deposited on that surface. In Ostrea gigas, calcite ¢-axis in the chalky
deposits runs also nearly vertical to the inner surface. While the orientation of calcite
a-axis or [1010] in the prismatic layer and the calcitostracum of various species is
different considerably from each other. By incident X-ray paralleled to the cal-
cite ¢-axis, the calcitostracum of Ostrea gigas generally produces the diffraction pat-
tern as in figure 51. Similarly, that of Notovola lagueatus indicates the Laue spot in every
portions. The symmetrical pattern in figure 52 is obtained for that layer of O.
gigas by rotating around a definite direction in the horizontal section, and the
rotating axis is the principal axis of calcite. The nterlattice spacing calculated
from this photodiagram is approximately 6.6 A, which is equal to the length of
a-axis in the unit cell of calcite. The g-axis orientation thus obtained on several
portions of the same material is illustrated in text-figure 10.  That g-axis orientation
is comparatively regular, and appears to be endorsed by the electron microscopic
observations in chapter V. The diffusion of the diffraction spots seen in the figure
may be due to small inclination of a-axis among crystals themselves, to the curvature
of the shell, and to the characteristics of the slices. The point A, the central part
of the shell, shows the diffraction pattern consisting of some arc-like spots in X-ray
analysis, as seen in figure 53, suggesting that the ¢-axis arrangement in that potion
is distorted. As mentioned above, the calcite shells also consist of regularly
aggregated crystallites. That is, the orientation of calcite g-axis in the calcitos-
tracum and the prismatic layer is dependent of the growth of each layer.

While, the ¢-axis orientation of calcium carbonate crystals in the ligament of
Patinopecten yessoensis is illustrated in text-figure 13, which indicates that the arrange-
ment of crystallites is controlled through biological factors.

iv) Scaphopoda

Dentalium octangulatum has an octagonal horn-like shell, which completely en-
velops its soft part. Scaphopod shells do not indicate the spiral twist as seen in
Gastropod ones, and elongate bending in one plane just like an ivory. Shell
substances are attached to the base of the cone with the growth of the animal, and
thus the shell grows. Asthe other groups of mollusca, the shells consist of the mosaic
aggregation of aragonite crystals, the b-axis of which arranges nearly parallel to a
definite direction of the shell. The direction correspondes with the shell length;
namely, the growth direction horizontal to the inner shell surface (Text-fig. 10).
While, ¢-axis orientation is nearly perpendicular to the inner surface of the shell.
In the single crystal methods of X-ray analysis, the parallel sections of Scaphopod
shell, in general, reveal the Laue spots diffused arc-like. The thin slices show char-
acteristic directions image of optically biaxial crystal under conescope.
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v) Gastropoda

The apparent results of X-ray analysis on the nacres of Twrbo and Haliotis
shells do not always agree with the optical characters of the layer. The mineral
component of the layer is aragonite which belongs to optically biaxial crystal, but
under conoscope the aragonite of those shells is characteristic of optically uniaxial
crystal as that of calcite in the greater part of the layer. The directions image at
the certain parts of the microscope stage is distorted in a definite orientation. In
several portions of the same preparation, the image exhibits the characteristic of
aragonite, though the apparent optical angle is very small as compared with that
of aragonite. k

Figure 54 is X-ray diffraction diagram given by the thin slice of Haliotis shell
cut almost perpendicular to aragonite c-axis of the layer, suggesting that aragonite
crystals in the layer arrange in regular manner. But, the degree of perfection of
the arrangement differs considerably from portion to portion of the nacre, and
aragonite b-axis arrangement dose not see in some portions. Moreover, X-ray
reflection pattern is varied with the difference in the thickness of the section. There-
fore, it may be considered that the slip of mineral lamellae, in which aragonite b-
axis runs nearly parallel with a definite direction, occurs in the process of the ac-
cumulation of the lamellae. The vector of the slip is controlled by the elongation
and the movement of the mantle. The greater the curvature and the twist of shells,
the larger the direction of the vector inclines. This conclusion is verified from the
result that the slip of the lamellae in Haliotis shell is less than that in Turbo shell.

The above mentioned abnormality of directions image of the layer may he
induced 1n the following five cases:

1) Disorder of crystal arrangement in one lamella.

2)  Slip of the mineral lamellae in the third dimension of space.

3) Sections are cut obliquely to aragonite c-axis.

4) Twinning of aragonite crystals in the lamella.

}  Isomorphous minerals of aragonite type.

The first three are very often found in Gastropada and the other groups of mol-
Iusca. Such disorder and slip appear to regularly occur through the biological
factors. And in oblique sections the apparent optical angle is always larger. The
last one depends chiefly upon the chemical components and crystal structure,
however, it may be impossible from the results of X-ray and chemical analysis.

The crystalline structure of the nacres in Haliotis discus and Turbo cornutus is
shown in text-figure 10, which indicates that the nacres consist of the mosaic arrange-
ment of micro-crystals all having their orthorhombic ¢- and b-axes parallel or nearly
parallel to the vertical and horizontal growth directions of the layer as that of
Pelecypod shells.  Generally speaking, Gastropoda has a spirally coiled shell

1

]
emitting from an umbo through the general equation r =f(p)e#@ s (Fukutomi
1953). The size of the shells increases by the growth at the margin of their aper-
tures; namely, their elongation in the direction of the coiling may be induced by the
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horizontal growth of the nacres in Gastropod shells. Therefore, the orientation
of aragonite b-axis in the layer coincides well with the horizontal growth of the
shell, and will also possibly be determined by the vector analysis which is attempted
in Pelecipoda. The ¢-axis orientation in Gastropod shells is somewhat complex
as compared with that in Pelecypod shells because the degree of the curvature
of the former is larger than that in the latter. Calcium deposition in Turbo shell
may not be carried out in whole inner surface of the shell but only in the limited
area near its aperture. In Haliotis shell, the orthorhombic ¢-axis of aragonite in the
inner layer elongates inclining a little to the inner surface (Fig.55). Moreover,
¢c-axis orientation in more sharply curved areas of the shell changes more or less
between upper and lower layers in the same portion, as seen in text-figure 14, B. To
understand ¢-axis orientation in molluscan shells, we need to observe the condition
of contact between the mantle and shell, and to investigate the effect of changes in
the curvature of the inner shell surface during the increase in thickness of the shell.
The condition of contact is different among various species, and the changes of the
curvature of the inner shell surface is due to the twist of the visceral mass and to
local variation of calcium deposition in the development of animals. That is, ¢c-axis
orientation is correlated with the changes in the curvature of shell, which are under
the control of the biological and physicochemicalfactors, as explained in text-figure
13.  The results may suggest that c-axis orientation is almost perpendicular to the
boundary face of the mantle and shell.

vi) Cephalopoda

Cephalopoda is the most highly developed animals in invertebrates, and the
several members in this group have a calcareous shell, but the others have only a
horny vestige or no shell.  Argonauta argo belonging to the order Nautiloidea has a
large external spiral shell protecting its soft part. While Sepia kobiensis has a vessel-
shaped shell embeded in the mantle. The mineral component of the former is
calcite, and that of the latter aragonite. The comparative studies on the crystalline
structure between external and internal calcalious shells will give us an excellent
proof to elucidate the factor playing a directing role on crystal arrangement in the
mineralized tissue.

In Argonauta shell, it is found by X-ray analysis that calcite ¢-axis is nearly per-
pendicular to inner surface. The a-axis or other crystallographic element of calcite
in the shell appears to depond upon the growth of the shell in each lamella of every
portions. The shell shows the optical characteristic of aragonite but not of calcite.
That optical abnormality may probably be caused by the slip of mineral lamellae
through the twist of the shell, as seen in Gastropod shell. That is, the slip of
lamellae in the spiral coiling shells is not essentially different from the slip cccurring
in discontinuous layers of Pelecypod shells. The spiral coiling shell is corsicered
to consist of the accumulation of each lamella slightly slipping in a definite direc-
tion through the twist of the shell. Such slip seems to cccur, of course, in more sharp-
ly curved portions of Pelecypod shells. The longitudinal section of Sepia shell
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is shown in figure 13. The shell consists of many chambers which are appended on
the ventral side being surrounded by the anterior and posterior walls of siphuncle.
Two elements are found in the formation of the chamber; the one is so-called “‘sep-
ta’” which is thin mineral lamella. The other is “trabecula’, which is thin mineral
wall joinning adjacent septa, and is almost perpendicular to the septa. Now, if we
make the thin slice cut vertically to the septa and take the trabecula as rotation
axis, X-ray diffraction pattern is produced by the preparation as in figure 57. But,
by incident X-ray which is vertical to the septa, the shellreveals the Debye-Scherrer
ring in reflection pattern (Fig.56). The interlattice spacing calculated from the
pattern in figure 57 completely accords with the length of ¢-axis in the unit cell
of aragonite. That is, aragonite c-axis in the shell is nearly perpendicular to the
septa; in other word, ¢-axis orientation is parallel to the trabeculae intersecting ob-
liquely the posterior wall of the siphuncle since the septa slop downwards to that
wall. While the orthorhombic b-axis of aragonite in the septa does not indicate
such a parallel occurrence as seen in the other groups of mollusca with aragonite
shell, and reveals rather irregular aggregation in X-ray analysis. The ¢-axis orien-
tation in the posterior wall was not determined in the present investigation.

7 The relationships between crystal arrangement and mantle tissue

For the investigation of the factor which influences the arrangement of crystal-
lites in the nacre, mantle transplantation was carried out with Pinctada martensii by
the modified method of operation in pear! culture industry during the period from
June to August in 1959. Namely, a piece of the mantle tissue, about 1 x 2mmin
dimension, was placed between two pieces of cover glass about 2 X 3 mm in size,
and then was inserted into adductor muscle of another pearl oyster. For 10 days after
operation, the cover glass was taken out from the adductor muscle at the interval
of 2 days, and the living epithelium of the grafted mantle tissue was observed direct-
ly under the optical microscope. On the other hand, after cultivation for 1 or 2
months, the fragments of the inserted glass were collected, and the nacreous alyer
formed was removed from the glass surface. Then the nacre was polished up to
thin slices parallel to its surface, and these preparations were investigated for the
arrangement of the crystallographic axis under the conoscope. The epithelial cells
of the grafted mantle tissue were rearranged entirely in a few days after transplanta-
tion in summer asfollows: The epithelial cells, at first, were elongated out from thedef-
inite cut surfaces of grafts, moved actively away from grafts, and then separated from
one another. Secretion was introduced successively thronghout the regenerated
epithelium. Meanwhile the epithelial cells themselves were rearranged over the
foreign substance and no longer wandered about. Therefore, it appears that the
elongation and the movement of the epithelium during multiplication are never at
random. Figures 58 and 59 show the transformed mantle piece investigated 4 days
after the operation. The fibrous cells elongate out considerably from the def-
inite cut surface of grafts, which crosses the major axis of the longitudinal muscular
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bundle in the introduced mantle tissue. The direction of the elongation of the
fibrous cells is very often in good agreement with the major axis of the longitudinal
muscular fibres, and it appears that the epithelial cells of the transplanted mantle
tissue have the tendency to largely elongate parallel to certain direction. Such
phenomenon is thought to be due to the original polarity of these cells. But the
elongation of the epithelium is considered to be varied slightly with the condition
of cut surfaces of the grafted mantle piece and with the condition of the contact
between grafts and foreign matters in the observation of several transplanted man-
tle.

The crystalline structure is investigated on the nacre formed by the secretive
activity of the rearranged epithelium which is originated from the grafted mantle,
and an example of it is illustrated schematically in figure 60. In the figure, it is
assumed that the point O is the adhered part of the graft, since the prismatic sub-
stances are deposited in the dotted area, and, as have already been described in the
author’s separate paper, the size of the prismatic substances is smaller at the point
nearer O, and the remarkable adhesion of organic matters s recognized in that
point O. Aragonite crystals in the nacre develop by parallel growth, and their
orthorhombic b-axes run nearly parallel from the point O toward the opposite side.
And, in most case, they do not exhibit the radial arrangement emitting from the
point O.

From the above mentioned experiments, it will be possible to be clear the
relationships between crystal arrangement and the clongation of mantle as
follows: The orthorhombic b-axis of crystallites of aragonite in the nacre is alike
in parallel to the horizontal growth direction of the layer, in which, in general, the
epithelial cells of the transplanted mantle piece are elongated powerfully through
cell division. The elongation and the state of the mantle tissue may therefore be
thought to be a main element which governs the arrangement of crystallites, and this
theoritical idea is not contradictory to the crystalline structures resnlted in the
life of these shell-fishes. What is the determing factor on c-axis orientation? In
the Japanese pearl culture, if a foreign substance is laid between the valve and the
mantle, ¢-axis orientation of the mineral lamellae formed on the surface of the

C
___f\__,% Text-fig. 12 Aragonite c-axis orientation in the

nacreous Jayer formed on the surface of a
foreign substance which is laid between the
—— e valve and the mantle.

foreign substance is nearly perpendicular to the growing surface at that time when
the lamellae are mineralized, as shown in text-figure 12. The c-axis orientation, in
other words, elongats perpendicularlly to the boundary face of the mineral lamella
and the shell-forming tissue.
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8 Discussion

It may be interesting to geologists and biologists that the shells crystallized
out from the mother fluid which is produced by Ca metabolism in a life are character-
ized in mineral components and crystalline structure, as have been observed in this
chapter. In particular, special attentions will be paid undoubtedly to (a) poly-
morphism of calcium carbonate, (b) the mosaic aggregations of crystallites and (c)
structural difference between thenacreous and prismatic layers. The most impor-
tant characteristic is that biological and biochemical factors affect usually all
processes of shell mineralization.

Aragonite is a common mineral of inanimate objects irrespective of that mineral
is metastable under ordinary conditions, and is optically biaxial negative in the
orthorhombic system. Calcite belonging to the hexagonal system is a stable form
of CaCOs3 and shows optically uniaxial negative. They show a typical example of
polymorphism. In inanimate occurrences, the anhydrous carbonates are crys-
tallized cut either aragonite type or calcite type under the definite conditions of
the mother fluid. That is, Magnesite, MgCOs, Siderite, FeCOs, Rhodochrosite,
MnCQOs, etc. belong to calcite group, and Bromlite, (Ca,Ba)COs, Strontianite,
SrCOj3, Cerussite, PbCOs, belong to aragonite group. These minerals in each
group exhibit isomorphism. Untill now, a large number of literatures about the
polymorphism of calcium carbonate of inanimate objects or experimental prepara-
tions was made by Oesterr (1915), Saylor (1928), Bragg (1937), Takubo (1952},
and Togari et al. (1955). They have reported that the formation of aragonite is
promoted rather than calcite when carbon dioxide, alkali carbonate, or urea is in-
cluded excessively in their mother fluid, and that the development of metastable
forms is fosterred as temperature increases under the presence of divalent cations.
The formation of aragonite is found in a high pH region of hot springs. It was point-
ed out by Saylor that organic anions in shell-fishes have a same effect as urea and
alkali carbonate, and inhibit the development of crystal nucleus of calcite. Ac-
cording to his report, organic anions are adsorbed on calcite and prevent its growth,
favoring the development of aragonite. Bragg (1937) stated that the divalent cat-
ions which are smaller in the ionic radii than calcium build carbonate of the calcite
type, while those which are larger than calcium build carbonates of the aragonite
type, suggesting that the ionic size of the divalent cations is the limiting factor on
the structure of the carbonates. It was elucidated by Takubo et al. (1952) that
the variation of the dielectric constants of such polymorphus minerals as aragonite
and calcite depends chiefly on the chemical components and is in close relation
with crystal structures, We shall pay a great attention to that the carbonic an-
hydrase is found in the shell-fishes with aragonite valve, whereas it is absent
from the ones with calcite (Stolkowski 1951). Aragonite in molluscan shells is
considerably different from that of inorganic occurrence by the presence of organic
substances and the mother fluid prepared through the complex biochemical re-
actions. However, the high pH value and the high temperature can never hap-
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pen in living organisms under normal physiological conditions, and some artificially
added factors in the laboratory experiment are lacking in the shell mineralization
under natural conditions. After all we must lead to the conclusion that the organic
substance introduced through the mantle epithelium, carbonic anhydrase itself or
HCOs™ occurred in the reaction CQO:z + HoO=H,COs, H:CO3;=HCO;3; +H",
and such divalent cations as Mg, Mn, Ph, or Sr, closely relate with the production
of polymorph of shell calcium carbonate. But the amount of the divalent cations
contained in the shells is more different among various species and different habitats
rather than the difference between calcite and aragonite shells. For instance, the
amount of magnesium in the Cephalopod shell is the largest of all molluscan shells,
and the inorganic constituents in the aragonite shells are very different according
to various species, physiological characteristics, and ecological factors. If the re-
lative ratio of the divalent cations in shell lime salts is in proportion to that of the
divalent cations in the mother fluid and specializes among various species, anyone
will not be able to aflirm that in molluscs, the divalent cations of the mother fluid
are the determining factor on the structure of carbonate.

Even if carbonic anhydrase which catalizes the above chemical reaction is
thought to be related to the polymorphism of shells, the enzyme itself may not direct-
ly determine the structure of calcium:carbonate, but associates with the supply of
HCO;™ and HCO™, excess of which favors the formation of aragonite. This
consideration comes from the following reasons. (1) The presence of carbonic an-
hydrase does not always coincided with the aragonite formation. (2) The enzyme
is absent in the ground of shell mineralization, in the mother fluid, even though it
exists in the mantle tissue (Kawai 1959, Personal communication). (3} Therefore,
if the enzyme has a directing influence on shell mineralization, calcium carbonate
must already be crystallized in a form of either aragonite or calcite within the
mantle tissue.

As mentioned above, “enzyme theory” has some unsuitable facts. The author
has described that a quality of some organic substances, in particular of con-
chiolin, is the most important determining factor on that polymorphism since the
ratio of organic substance to mineral substance is not related to the formation of
aragonite or calcite in calcification. The author will notice to the connection be-
tween atom or molecure in the organic material and calcium in the lattice of arago-
nite or calcite to clear up the mechanism of deposition and structure of calcium
carbonate in the shell mineralization. According to Grégoire’s (1955, 1958) and
Tanaka’s (1960) aspects on conchiolin, it is evident that the protein is somewhat
different in structure and in amino acid components between aragonite and calcite
shell materials. Harada et al. (1957) have reported that the dielectric constants of
the mother fluid may be closely related to the crystal structure of calcium carbonate.
In all cases, the investigations on the polymorphism of calcium carbonate in living
organisms meet with various difficulties.

Shells are complex systems of organic matter and lime salt, and are crystalline
substance separated from the mother fluid prepared through the mantle epithelium.
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The prismatic layer is mostly composed of a honeycomb-like aggregations of poly-
gonal prismatic chambers about 5~100x in diameter, in which calcite crysals
are piled up alternately with organic matter. The crystals exhibit, in general, spin-
dle or tabular shape, and are less than 2x in size. However, since organic
matter sandwiched between adjacent chambers elongates as thick perpendicular
wall from the outer side of the layer toward the inner side, the layer is predominant
in columnar structure rather than laminary structure. Various stages of calci-
fication are found in different parts of the same prismatic layer and crystalline
material is also revealed in organic substance. In contrast with the prismatic layer,
the nacreous layer shows the laminary structure and has no thick wall of organic
matter, though thin organic membrane exists between individual crystals. The
crystals are generally a hexagonal tabular, and the amount of the organic sub-
stance between crystals or lamellae is less than that in the prismatic layer. That
is, structural characteristics of the prismatic and nacreous layers are caused by the
difference of the spatial relationships between crystallites and organic matrix, and
seem to result from the proper mode of crystal growth in each layer. It is therefore
considered that the organic matter in shells is concerned directly with crystal growth
and mineralization of the layers, and that the kind and structure of the organic
matter play important roles in the process of calcification. The prismatic layer is
not a single crystal as not the nacre, and consists of irregular aggregations of
polygonal prismatic chambers. The development of the chamber is independent
of each other and has no connection with the elongation of the mantle tissue. But
crystallites of calcite grow independently by certain rules in each chamber, which
very often shows the extinction as a single crystal or spherulite under crossed nicols.
While calcite a-axis or [1010] of Ostrea shell may run parallel with the horizontal
growth of a lamella. Calcite in the calcitostracum seems to grow in close relation
to the elongation of the mantle and the organic matrix. The nacres are somewhat
different in crystalline structure from the prismatic layers, and consist of the
mosaic arrangement of minute aragonite crystals all having the orthorhombic
b- and c-axis parallel to the fiber axes, which run along the growth direction hori-
zontal and vertical to the inner shell surface, respectively. Therefore, the b-axis
arrangement of growing crystals on the nacreous surface is considered to be affected
directly or indirectly by the elongation and the tension of the shell-forming tissue,
which are in good agreement with the horizontal growth. But the orientation of
aragonite b-axis in Sepia shell is at random having no relation to the shell growth,
and differes from that of other groups. This shell is characteristically embedded
in the mantle. Is that at random arrangement of the b-axis derived from such
special mode of the shell formation? In the spherical pearl formation, a pearl is
similarly completely enveloped by the epithelial tissue of the pearl-sac, which means
that pearls are internal production in the epithelium derived from the grafted mantle
piece. Nevertheless, aragonite b-axis of the nacre of the pearls is regularly oriented
in close connection with the growth of the layer. This fact seems to suggest that the
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difference in crystallographic axis arrangement is not due to the property of miner-
alization between internal and external shells but rather to the tension of the shell-
forming tissue.

Crystals in inanimate objects very often grow with their ¢-axes parallel to a de-
finite orientation. The property of c-axis orientation of crystals in the organisms
will be described below. The relationships between the shell-forming tissue and
c-axis orientation of shells are schematically shown in text-figure 13, which indicates

Amphineura

Gastropoda

- Pelecypoda

C@Pi\alopoda

Seaphipoda

Text-fig. 13 The relationships between c-axis orientation in shells and the surrounding
tissue indicate diagramatically in various groups.

that c-axis orientation is nearly perpendicular to the boundary face of the mantle and
the shell in all groups. For instance, ¢-axis orientation is perpendicular to or inclines
at small angles to the growing surface in_the segmented shell of Chiton, in the coil-
ing shells of Gastropoda and Cephalopoda, in the prismatic and nacreous layers of
Pelecypoda, in the internal shell of Sepia, etc.. These results seem to mean that the
vector of the growth of the mineralized tissue plays the role as the controlling factor
on ¢-axis orientation in the organisms. If the vector of the shell growth is different
in every species and various stages of the development of animals, ¢-axis orientation
may be somewhat different in each shell and in each layer formed in various ages.
Hynd (1954) and Ota (1956) have suggested with the genus Pinctada that the growth
ratio in the weight or the size of the shells is varied clearly with age and environ-
ment. They stated that the obliquity of the shells decreases with age. And we
have already known that a resting zone or plane is formed when the growth of shell
lime salts stops perfectly under abnormal conditions and unsuitable environment; for
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instance, in winter when sea water temperature falls below 13° C. It has also been
pointed out by the author that the layers above and below a resting zone are differ-
ent in laminary structure, and that in most case, the horizontal growth direction of
the upper layer is inclined at small angle to that of the lower layer. Hence, the

rientation of orthorhombic b-axis of the crystallites is more or less different between
two discontinuous layers accurnulated successively. The three dimensional rela-
tionships between the arrangement of crystallites and the development of the nacre
in the increasing age can be understood readily in text-figure 14, and can also be
explained by the representation of the vector. The characteristic reflexion pattern
of the nacres is due to the difference of the superficial and internal structures as men-
tioned ahove, and the position, shape, and intensity of the reflexion spots appear
to be characterized by how crystallites arrange on the growing surface and in the
internal part of the layer. Similarly, the optical abnormality of aragonite building
up the shells, must be caused by the slip of mineral lamellae in third dimension of
space, and by the disorder of crystal arrangement in second dimension of space
during the growth of the shells.

As mentioned above, the shell structure is somewhat different in every species,
but the crystalline structure is not different essentially among various species and is
dependent on the dynamic forces in the mantle and the elongation of the organic
matrix. The shell structure indicates the most profound varieties by the difference
of spatial relationships between organic and inorganic components rather than by
the structure of calcium carbonate. If the author must take notice of the structure
of crystal, he shall point out variant crystalline structures seen among prismatic
layer and calcite shells.

Although the present study on the crystalline structure of molluscan shells is
limited only to the accumulation of the experimental data, the author should be
propose the following idea from these data.

“Crystallographic axis arrangement of the mineralized tissues in organisms is
controlled directly or indirectly by the elongation and the tension of the shell-forming
tissue during the growth of animals. In the mineralization processes of the shells,
a definite current is seen to be produced in the mother fluid by that dynamic forces
in the mantle and then the current affects the crystal growth. As the most impor-
tant role, those such forces must have the influence on the directing formation of
organic matrix which is first formed in the shell mineralization. Then, the fibrous
structure seen in the shells is assumed to be the result of epitaxial growth of the
organic matrix and calcium carbonate crystals. However, since the elongation
and the tension in the shell-forming tissue may be changed with such biological
properties as ontogenical, ecological, and biochemical differences in every species,
¢c-axis orientation of micro-crystals within a layer is not always perpendicular to the
inner surface. And aragonite ¢- and b-axes show the disorder in one plane, there
occurs slip of mineral lamellae in the accumulation of layers through the biological
rules.”  This idea would be developed not only in all molluscan shells, but also in
mineralized tissues of other organisms. Moreover, the general relation must be
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Three dimensional representation of the relationships between the arrange-
ment of aragonite crystal and the accumulation of the nacreous layer during
shell growth. A : Pelecypod shell, B : Gastropod shell.

Text-fig. 14
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found between the mineralization mode and the crystalline structure of the cal-
carious tissues (Bourne 1956, Raup 1959, 1960).

9 Summary

Mineral component and structure of mollusean shells were examined by differential thermal
analysis, X-ray diffraction, and electron microscope, and the results were discussed from the view-
point of hiocrystallography.

The nacres exhibited the laminary structure regularly accumulated with organic membrane and
aragonite crystal, and consisted of the double fiber structure which was mosaic arrangements
of crystallites, the ortherhombic &~ and s-axes of which all ran in parallel or nearly parallel with
the horizontal and vertical growth directions of thé layer. It appeared that growing crystals on
the inner surface were governed directly or indirectly by the elongation and the tension of the
shell-forming tissue.

The prismatic layer in Pinctada martensii consisted of irregular aggregations of polygonal prisma-
tic chambers, 5~100 u in diameter, each of which is composed of canine-shaped sub-chambers,
5~30 p in diameter, which were divided into micro-chambers, 2~15 p in diameter, and showed
predominantly columnar structure.  The crystallites of calcite in each polygonal prismatic chamber
were arranged by definite formulae, and these chambers themselves appeared to have no connec-
tion with the clongation of the mantle.

It seems that the organic matter secreted by the mantle expithelium plays important roles when
shell salts are separated from the mother fuid.

Crystalline structure of shell was investigated on all groupes of molluscs.

Polymorphism of calcium carbonate crystal in molluscan shells was discussed.
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Chapter III

Tue OrcaNic MATRIX OF SHELL

1 Introduction

Organic substance in molluscan shells has been known commonly as conchiolin
and is considered to be a kind of albuminoid. Many workers have examined on the
amino acid constituents of this protein by the techniques of paper chromatography.
According to Grégoire ef al. (1955), conchiolin consists of three fractions; water-
soluble protein, scleroprotein, and polypeptide, which are somewhat different from
each other in the amino acid constituent and morphorogical feature. Recently,
mucopolysaccharide are observed histochemically in the organic matrix of the
shells (Tsujii 1955 etc.).

The distribution of organic component in the nacre is studied by the electron
microscope, and it has reported that the intercrystallinic and interlamellar
organic matters exhibit reticular structure (Grégoire 1958). Organic substances
in the mother fluid are considered to be secreted from mucous cells between the
epithelial cells of the outer surface of the mantle and to play important roles on cal-
cium transportation and on polymorphism of calcium carbonate in the shell.
Organic component itself” is transformed into conchiolin in shell mineralization.
However, organic matrix is formed before the deposition of mineral matters and ap-
pears to be in close relation to the arrangement and the growth of mineral com-
ponent during the process of shell formation. The author will investigate
morphological and crystallographical structures of conchiolin to elucidate spatial
relationships between mineral and organic components.

2 Materials and Methods

The specimens used in this work consist of Pinctada martensit, P. margaritifera
and P. maxima. Small fragments removed from each material were decalcified with
109, aqueous solution of ethylenediaminetetra-acetic acid disodium salt at pH
7.5~8.0. Tor electron microscope, ultra thin sections were prepared in the follow-
ing process. Fragments of decalcified shells were fixed with 0.5%, osmic acid.
The specimens embeded in the plastic were cut with a glass knife.

To be used for low-angle and high-angle X-ray diffraction, an organic matter,
a decalcified shell, was washed sufficiently in distilled water and was dried at room
temperature. X-ray powder diffraction was carried out by the same experimental
conditions described in chapter II. And X-ray reflexion diagram for fragments
of the organic matters was recorded on a cylindrical film. The exposed time was
about 4 hours. On the other hand, organic matter was pulverized by using an
agate mortar for differential thermal analysis. This analysis was done under the
experimental conditions as described in chapter IT and further was also performed
in vacuum,.
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3 X-ray diffraction analysis of decalcified shell materials

Text-figure 15 is X-ray powder data of the organic matters in P. martensii.
S-4 and S- are obtained by the dry specimens of decalcified prismatic and nacreous
substances, respectively. In both case, two broad reflexion peaks are seen between
8°and 14°, and 16° and 25°in 2 0. The interlattice spacings calculated from this

AN
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Text-fig. 15 X-ray diffraction data for conchiolin of the pearl oyster.
S—4 dry conchiolin of the prismatic layer

S—5  dry conchiolin of the nacreous layer
S-—6 wet conchiolin ot the prismatic layer
5—7 wet conchiolin of the nacreous layer

pattern are 7.89 A and 4.35 A on the average, and vary with conditions of speci-
mens. The lattice spacings comparatively agree with those given by the powder
specimens of P. maxima and keratin of wool. S-6 and S-7 are X-ray reflexion for the
wet specimens corresponding to S-4 and S-3, respectively. Two broad reflexions
mentioned above remove to between 9° and 16°, and 24° and 32°in 2 0, and each
spacing is about 6.41 A and 8.15 A.

X-ray photograph for the organic matters is shown in figure 61, and is given by
incident X-ray heam parallel to the axis which stands vertically to the inner shell
surface. The reflexion pattern shows Debye-Scherrer ring with halos and coincides
in spacing with that of X-ray diffractometer. But, such fiber diagrams as found in
keratin and collargen fibers can not be found in this pattern. At present, low-angle
and high-angle X-ray diffractions are under investigation for the organic matters of
shells by the devised techniques.
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4 Differential thermal analysis for decalcified shell materials

'The organic matters in the shell and several kind of amino acid are examined by
differential thermal analysis, and its results are plotted in text-figure 16. The first
three curves N-16,N-17 and N-18 are given respectively by phenylalanine, alanine and

Text-fig. 16 Differential thermal anajysis curves of conchiolin in the
pearl oyster shell and several amino acids.
N-—16 phenylalanine
N—17 alanine
N—18 glutamic acid
N--19 conchiolin of the prismatic layer
N-20 conchiolin of the nacreous layer

glutamic acid, which are amino acid contained greatly in the organic matters of
mollusean shells. From these curves, generally speaking, amino acid has a sharp
endothermic break in the range of 150°C to 380°C and one or more exothermic peaks
between 350°Ci and 800°C. Besides, the curve of glutamic acid has a distinct endo-
thermic break at about 130°C. These endothermic reactions seem to be due to the
meltimg or the dissolution of amino acid and are somewhat different by the kind
of amino acid. In differential thermal analysis curves for the organic matters in the
prismatic and nacreous layers of P. martensii, small endothermic break is seen near
150°C, and larger broad endothermic break occurs between 300°C and 400°C
(curves N-10 and N-11).  The second endothermic break is considered to be due to
the sum of the melting or the dissolution of contained amino acides in the organic
matters. Thercafter, since the specimens hegin to burn near 450°C, the exothermic
peak takes place with increasing temperature,

On the other hand, in vacuum condition, all these specimens prove new charac-
teristic curves instead of the exothermic peak, and also similar endothermic break,
at 300~400°C (Text-fig.17). The techniques of differential thermal analysis may
be applied for organic matters since thermal reaction depend upon the kind of amino
acid.
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Text-fig. 17 Differential thermal analysis curves for the same speci-
mens in text-fig. 16 in vacuum.
N-—21 phenylalanine
N—22 alanine
N--23  glutamic acid
N-—24 conchiolin of the prismatic layer
N—25 conchiolin of the nacreous layer

5 Electron microscopic observation on shell organic matters.

Unstained ultra thin sections of the decalcified specimens were first observed
by the phase contrast microscope. Topography of organic matters in the prismatic
layer is shown in figure 62. The darker parts are the organic matter cementing
mineral salts which are compacted in the lighter parts. The organic interprismatic
wall also indicates a laminary pattern, and the organic interlamellar membrane
appears to be formed as continuous formations passing through each chamber (Fig.
62). TFigures 64, 65 and 66 are electron micrographs showing the micro-structure
of the conchiolin walls. This wall appears to consist of bead-like coards, which
elongate in parallel with the long axis of the wall and are 700~1000 my in width.
The interval of the cross-bands is 300~400 my at the center of figure 64. In
figure 65 the coards are about 270 my in width and the interval of cross-bands is
measured to be about 180 myu. At high magnification, fibrous structure is observed
in the organic interprismatic wall, but this structure is thought to be artifacts (Fig.
66). Microincineration of the horizontal section of decalcified prismatic layer is
shown in figure 63. It is confirmed from this figure that inorganic matters are
present in the organic matrix, though the mode of the combination of these in-
organic matters and organic matrix is not yet clear.

On the other hand, the organic matter of the nacre exhibits membraneous or
fibrous appearance in vertical section under optical microscopes (Fig. 67). The
surface of the organic matter reveals reticular or fibrous structure showing the



748 Bull. Natl. Pearl Res. Lab. 7 1961

lace-like appearance, as seen in figure 90. The organic interlamellar substance
running between neighbouring crystal lamellae may consist of one or more fibres
or membranes, which reveal bead-like structure, and many holes are observed
in that substance (Fig. 68). The interval of cross-bands in the bead-like fibre is
about 100~200 mg. The adjacent interlamellar membranes are connected by
the intercrystallinic membrane, and in general, unit crystal is surrounded perfectly
by these membranes (¥ig. 68). Horizontal sections of the decalcified nacreous
layer always extinct independently of the direction of the incident light under
crossed nicols. While its longitudinal sections show double reflection in one given
direction, and conchiolin membrane of the nacre shows straight extinction in
horizontal growth direction of the layer. These results may suggest that z-axis
is vertical to the inner shell surface, and that, as a whole, the nacreous conchiolin
elongates alike in the fibre axis which run parallel with the horizontal growth of
the layer.

6 Discussion

Conchiolin, organic matter in molluscan shells, has been assumed to be anal-
ogus to keratin. Recently, the organic matter in mother-of-pearl of molluscan
shells was divided into three elements of water soluble protein, scleroprotein, and
polypeptide from the bases of structure and amino acid constituents. And in
comparison with the structural elements of chitin of insects, they were called
“nacrine”, “nacrosclerotine”, and ‘‘nacroine”, respectively (Grégoire, Duchatean
and Florkin 1953). Grégoire (1957) reported that in the pattern of structure,
the reticulated membranes of conchiolin were assorted into three classes such as
the Nautiloid pattern, the Gastropod pattern, and Pelecypod pattern, which were
characterized by the shape, the size, and the dens of hole, or by the shape and
the size of the trabeculae. The reticulated membrane of the nacreous conchiolin
of Pinctada martensii has the characteristics of the just described Pelecypod pattern.
In ultra thin section of the nacreous conchiolin, the holes also is observed here
and there in the membrane (Fig. 68). The organic matter in shells appears
to be composed of conchiolin fibres or coards with linearly aligned fine granulars.
The orientation of the fibres or the coards is comparatively regular, and coincides
with the horizontal growth direction in the nacre, and with the vertical growth
direction in the prismatic layer. But some micro-structures, the artifacts,
occur in the preparation (decalcification, fixation, cutting), and intermineral
matrix and the elements of conchiolin must be variously altered in size and thickness.

The interlattice spacings of the organic matrix in the prismatic and nacreous
layers are similar between each other and change under different experimental
conditions of specimens such as wet or dryness. Conchiolin is considered to consist
of two elements which show Deby-Scherrer ring and halos in X-ray diffraction
analysis. In the present experiments, the smallest periodicity of conchiolin (i.e.,
unit cell) could not be determined.  The above mentioned results seem to be due
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to that the techniques of X-ray analysis are unsuitable for the studies of the organic
matters in shell, to that its structure is broken in the process of decalcification, or
to that it consists of noncrystalline material or is amorphous. Although micro-
structure of the organic matter could not be determined by X-ray diffraction
methods, the results obtained from polarizing and electron microscopic observa-
tions suggested that conchiolin elongated towards a definite orientation, which was
assumed to agree with the growth directions of the layers. It is considered that
in shell formation, the organic matrix formed at first is governed by the tension
and the clongation of the mantle and affects the deposition of mineral matters.
Moreover, a little amounts of calcium may be to the organic ones.

7 Summary

1) The organic matter of molluscan shells was investigated by means of electron microscope and
X-ray diffraction.

2} Conchiolin membrane and wall appeared to consist of many fibres or coards, in which cross-
bands and holes were found.

3) X-ray diagrams {or the organic matter were composed of Debye-Sherrer ring and halos,

4)  Membraneous conchiolin may elongate in parallel with a definite direction.

5) It seems that some inorganic components bound to organic ones exist in molluscan shells,
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Chapter IV

FrecTRON DIFFRATION AND ELECTRON MICROSCOPICG INVESTIGATIONS
oN THE CALCIFICATION OF SHELL

1 Introduction

It is of interest to investigate how inorganic crystallites are grown in or on
organic matrix during the shell formation since the nature of the organic matrix
is considered to be closely related to the growth and the lattice of inorganic crystals.
As described in chapter 111, the growth and the structure of the organic matrix
appeared to affect the deposition of mineral matters in several electron micro-
graphs, though this idea could not be confirmed by the techniques of X-ray
diffraction in the present work. So there is the problem whether the possibility
of this idea is supported by the observation of the deposition of mineral matters.

The variation of shell lime salts in the early developmental stages of the pearl
oysters has been reported by Watabe (1956) as follow: The mineral component
of the prodissochonch I and IT was dahllite and calcite, respectively. Few study
on crystal structure of shell salts in the process of calcification has yet been found
except his report, although mineral components of recent and fossil shells are
examined chemically and physically by many workers. Our knowledge about
calcification is insufficient for understanding the mechanism of mineralization in
shell.  So it is an important subject to investigate the growth and the crystal struc-
ture of inorganic matters which are crystallized in the early stages of calcification.
The author will attempt in this chapter to answer to the above mentioned questions.

2 Materials and Methods

The larvae of Pinctada martensti used in this study were collected with a plankton
net at the water of the pearl farm in Ago Bay, Mie Prefecture in Japan, and were
also obtained by artificial fertilization. The young shells less than 2 mm in length
in the sedentary state were picked up from the collector hanging over 0.5 to 2
meters deep in the sea. On the other hand, a glass coverslip was inserted between
the mantle and the valve, and the experimental animals were placed in the sea
water for few days in summer and for one month in early winter. Immediately
after taken out from the pearl oyster, the one of the coverslip was fixed in 989,
ethanol, and the another was washed carefully in fresh water and then was dried
at room temperature.

The deposits on the inserted glass were observed at first by the optical and
polarzing microscopes, and thereafter two-step replica of acethylcellulose-carbon
was prepared for electron microscopic works (refer chapter V). The mineral
components and the crystal structures of these deposits and larval and young shells
were investigated by the selected area electron diffraction method. That is, these
shell substances pulverized by grinding in an agate mortor were mounted on speci-
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men holders with collodion and were observed under the three stage electron
microscope (HU-10). X-ray analysis was applied for the specimen sufficiently
obtained to complete the results given by electron diffraction.

3 Crystal structure of the shell substance in its various

developmental stages

The offspring of Pelecypoda is maintained by external fertilization. In P.
martensii, the spawning season covers the period from June to August. The fertiliz-
ed eggs develop rapidly during several days of the free living stage, and thereafter
change into the sedentary state. The prodissochonch I occurs when the embryo
develops into D-shaped larva about 20 hours after the fertilization (Kobayashi
and Yuki 1952). The larval shell in the umbo stage, about 13 days after fertili-
zation, consists of both prodissochonch I and 1I, which are different from cach
other in structure.

The shell substance from D-shaped larva of P. martensit gives electron micro-
scopic image as figure 69 and shows the rosette and granular forms with homo-
geneous membrane. The electron diffraction pattern of these matters is composed
of reflexion spots and Debye-Scherrer ring as shown in figure 70, and the interlattice
spacings of the crystal calculated from this pattern are shown in table V. The
spacing is in agreement with that of dahllite as in the case of the result obtained
by Watabe (1956) except the 5.37 A and 4.41 A reflexions, but those reflexions do
not coincide with that of aragonite or calcite. Figures 71 and 72 are electron
micrograph and diffractogram produced by a fragment of the larval shell in the
umbo stage. N-pattern in the diffractogram is considered to be given by the incident
electron beam normal to the (0001) plane of the single crystal of calcite in the shell
of the umbo larva. In this experiment, aragonite can not be found in the shell
substance of the umbo larva. The young shell in the sedentary state exhibits net-
work structure of polygon under optical microscopes, and it is difficult to observe
morphologically the formation of the nacreous matter in the specimen which is less
than 1 mm in shell length. Whereas, it is possible to observe the deposits of the
prismatic and nacreous matters in the young shell which is more than 1 mm in
length. Figure 74 is electron diffraction pattern corresponding to the electron
micrograph shown in figure 73, and suggests that the one fragment of the yuong
shell less than 1 mm in size consists of irregular aggregates of fine crystals of calcite
and aragonite (Table VI). And the another fragment of the same specimen shows
electron micrograph and diffractogram in figures 75 and 76 and is proved to be of
aragonite. Of course, the young shell more than 1 mm in length has both mine-
ral components of aragonite and calcite, as shown in figures 78 and 80 respectively,
though shell substances exhibit same fine granular structure in figures 77 and 79.

The results which are measured from electron diffraction pattern without
X-ray diffraction analysis may sometimes come to erroncous conclusions. In the
present experiment, two minerals entirely different from each other in crystal
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Table VI Electron and X-ray deffraction data of shell substances in
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various developmental stages and shell formation.
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*1 Kubo’s data.
obtained form S-1 and S-2 in text-fig. 6.

*2 Rosebery’s data.

*3  The interllatice spacings

*4 Electron diffraction.
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system and axial ratio seem to be discussible only from electron diffractograms,
though the discussion is imperfect.

4 Mineralization in early stages of the shell formation

One of the first deposits grown on the inserted glass exhibits rounded and
irregular shapes which are positive in the test of metachromasia reaction, as seen
in figures 81 and 85. Contrarily, another is a membrane with homogeneous
structure under optical microspcoes, and is faintly stained in the test. The
former is stained deeply by von Kossa’s silver method, but the latter is lightly
stained. The deposits become unstained when they are placed in acids and the
aqueous solution of ethylenediaminetetra-acetic acid disodium salt for several
hours. And both of them are dissolved perfectly by sodium hypochlorous acid, and
are extinct usually through crossed nicols. The deposits increase gradually in size
and, in general, have the concentric pattern just like “Liesegang rings” during
growth (Fig. 84). From these experiments, the deposits are considered to be organ-
ic matters with inorganic components, which can not be found by optical and
polarizing microscopes.  Practically, by electron microscopes fine crystals of
mineral matter are observable in or on the organic matter, which shows
usually extinction under crossed nicols (Figs. 90 and 91). The diffraction pattern
is given by the matters which can not be decided to belong to either organic or
mineral component from the morphological viewpoint (Figs. 92 and 93).

The homogeneous organic membrane shows the reticular structure in a de-
finite orientation under electron microscopes as in figure 90, and is similar to that
of the nacres (Grégoire 1958). In figure 90, the new membrane develops covering
the underlying one, in or on which large and small crystals are deposited. Two
small crystals seen at the middle part of this figure appear to suggest that the depo-
sition of mineral matters is in close relation to the network of the organic mem-
brane. On the other hand, the round organic matters which are positive in the
metachromasia reaction, are deeply stained at its central area and narrow circular
zone, as are shown by black parts in figure 81. In this case, it seems that mineral
matters first occur near the strongly stained parts as in figure 82. Crystallites of
the mineral matter are located radially towards the center of the organic matter,
and concentric pattern can also be found there. Under crossed nicols, mineral
area is extinct at the same time or shows partial irregular extinction (Fig. 86). The
deposits which are extinct usually at their center are very often revealed as seen in
figure 83. Seventh column in table VI is X-ray diffraction data obtained by
these deposits. It is obvious that the formation of other minerals except aragonite
and calcite does not take place throughout the calcification of the adult specimen
of P. martensic in this experiment. From electron diffraction patterns of these
crystals, it is verified that the c-axes of crystallites stand vertically to the surface
of the inserted glass. Crystals grown freely from each other exhibit rhombic,
irregular or circular shape (¥Figs. 86, 87 and 88). The ground substance which is
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laid under them is of the organic matter with many small mineral crystals, as seen
mn figures 91 and 94. Figures 95 and 96 show shell salts formed on the glass.
These crystals are calcite and are extinct at the same time under crossed nicols. The
surface of the crystals is uneven markedly, and there are sometimes found growth
steps in figure 96. In any case, micro-crystals develop in dendritic growth in
figures 95 and 97.

As shown in figures 87 and 97, the branchings extended from a common center
of a crystal are very often seen to spread out just like the ribs of afan at its periphery.
Such growth appears to be a crystal in dendritic growth take place during the
branching formation, and may be so-called “‘corner growth” (Papapetrou 1935).
There is often revealed the very similar growth to the spherulite of high molecular
substances during the formation of shell substances on the glass (Fig. 88). The
circular deposits in figure 88 show the windmill-like extinction through crossed
nicols, as seen in figure 89.  Figure 98 is an electron micrograph showing the super-
ficial structure of the deposits which may be called “spherulites” or “hedgehog
dendrite’ of the shell lime salt, and there is found the radial pattern as the spherulite
of nilon (Kobayashi and Masuzawa 1960). The crystallites which branch off from
a center or limbs are spindle or needle in shape (Fig. 100), and electron beams re-
flected from the thin atomic layer of the crystal give N-pattern which consists of only
the index (#40) of calcite (Fig. 101). This result shows that the incident electron
beam is nearly parallel with the ¢-axis of the calcite. Although the mechanism of
formation of the spherulite in the shell salt has not yet been resolved, the successive
processes of the spherulite formation seem to be demonstrated in figure 99. The
next crystal with spindle or needle form meets near the center of the first one having
a little inclination to the latter, and both may be grown in contact with each other
at a definite plane. When such crystal formations are repeated, the limbs will be
formed radially around a common center. These crystals in replicas are of
indefinite forms, as shown by the positive images in figure 99, and their growth
appears to correspond essentially with those of inorganic matters in figures 7
and 91.

5 Discussion

Crystalline structure of molluscan shells during its development has not
yet been investigated except Watabe’s work on D-shaped larva of P. martensii.  He
stated on the bases of refractive indices and electron diffraction data that prodis-
sochonch I was dahllite, while prodissochonch I1 was calcite. The 5.37 A reflexion
in figure 69 is the strongest, and can not be found in the diffraction patterns given
by Watabe and in the data for dahllite shown by Robertson et al.. Although this re-
flexion was considered to be due to the existance of sodium chloride, 5.37 A and
4.41 A were unable to be seen in the interlattice spacings of halocit. Other several
reflexions agree comparatively with Watabe’s result. However, the inorganic part
of D-shaped larva of P. martensii is evidently different from that of umbo larva,
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young and adult shells, and is thought to be composed of a kind of appatite, though
electron diffraction data are not verified by X-ray analysis. The 5.37 A and 4.41 A
reflexions will be confirmed by means of X-ray diffraction in the future. In P. mar-
tensti, mineralization of shell substances during its development and on the inserted
glasses seems to begin with the deposition of calcite rather than aragonite. This
fact must not be applied to mineralization of all molluscan shells, since shell sub-
stances are characterized by the nature of the mother fluid secreted through the
mantle epithelium but are not characterized by the various stages of mineralization.
Accordingly, the change of mineral components is considered to be due to the nature
of the mother fluid which is accompanied with the change in the secretive faculty
or the differentiation of the mantle tissue.

Crystallites of shell lime salt, calcite, must be fundamentally developed in den-
dritic growth. Therefore, when a number of crystallites grows following definite
formulae in characteristic aggregates and orientations, their aggregates show
rhombic form, corner growth and spherulite, as seen in figures 86, 87 and 88. The
first two are extinct at the same time under crossed nicols. But corner growth and
spherulite of shell salt are not a single crystal, and unit particle of crystallites ex-
hibits spindle forms. The c-axes of crystallites usually stand normal to the inner
shell surface. In calcification of molluscan shells, organic matters are first
formed and have a directing influence on the deposition of mineral ones. This idea
may also be possibly supposed from the pareobiological viewpoint on the relation-
ships between the metabolism of shell substances and evolution of molluscs.

It can be expected that the crystalline and morphoiogical structures of organic
matters are in connection with the arrangement of crystallites of mineral matters,
and that its nature affects the polymorphism of shell calcium carbonate. Besides,
it can be assumed that in shell mineralization, the molecule of the organic matters
also plays a role as crystal seeds.

6 Summary

1) Mineralization of moliuscan shells was investigated from the mineralogical and biological points
of view.

2) The inorganic part of D-shaped larva of Pinctada martensii differs from that of umbo larva, voung
and adult shells. The metabolism of inorganic substances must be changed remarkably while
D-shaped larva develops into umbo one.

3) In Pinctada martensii, change of shell mineral constituents was found during its development.
Calcite was deposited more fast rather than aragonite. This fact seems to suggest that the differ-
entiation of the mantle tissue may occur as the development of that animal progresses, since charac-
teristic shell substances are separated from each mother fluid produced by the definite mantle tissues
which are different from each other in histology and cytology.

4)  Corner growth and spherulite of shell salt are not a single crystal but consist of definite aggre-
gates of many crystallites of calcite, which exhibits spindle shape.
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Chapter V

CrystaL GROWTH OF SHELL

1 Introduction

For these several years, crystal growth of molluscan shells has been studied by
means of electron microscopes and was discussed only on the viewpoint of crystallo-
graphy. However, more recent works have taken into account the biological and
biochemical factors for that study. In the Watabe’s work on Ostrea, it has
reported that a mantle plays an important role for making the flat inner surface of
a shell. It has been pointed out by the author’s report regarding aragonite crys-
tals on the nacreous surface of Pinctada martensii that the velocity and the mode of
growth are varied with the seasonal changes of environments and the difference in
the physiological conditions, ageing of animals, and locality in the same shell.
The characteristic of the shell structure and the mother fluid around growing crys-
tals has been written mainly on the Japanese pearl oyster, Pinctada martensii
(Dunker), in chapter I. Molluscan shells are the crystalline substances from the
solution transported through a shell-forming tissue, whose secretive activity is govern-
ed by the physiological conditions of each animal during its development and sea-
sonal changes of its environments. Of course, the conditions of the mother fluid
are different among the various species. Crystal growth of shells may be related
closely to the natures of the liquid and the solid phases in the grounds of minerali-
zation. The purpose of this chapter is to make clear the characteristic of crystal
growth in the shell formation.

2 Materials and Methods

The materials used in this study were Pinctada martensii, Pinna attenuata, Anomia
lischki, Ostrea gigas, and Chalmys nobilis, which were collected in Ago Bay, Mie Pre-
fecture in Japan, during the period from August 1958 to Septemner 1959. After
the specimens were killed, soft bodies were removed from shells, and inner surfaces
of which were washed carefully by hands with distilled water as these newly growing
crystals were easily exfoliated with a small external force. The inner shell surface
was directly observed by using the vertical illuminator of Leitz Panphot, and several
portions were selected for electron microscopic observations. Two-step replicas of
acethylcellulose-carbon were made according to the method of Fukami using the
sheet of acethylcellulose instead of plastics. Carbon films were vaporized on the
sheet, which was dissolved away in methyl acetate.

3 Aragonite crystals grown on the surface of the nacres

In Pinctada martensii, the basal plane (001) of aragonite crystal is parallel to the
inner surface of nacres; namely, as mentioned in chapter II, their orthorhombic
b-axes are arranged each other in parallel to the horizontal growth direction of the
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Table VII Frequency of angles appearing on basal plane of aragonite crystals in
the nacre of Pinctada martensii (indicated angle A and B in Fig. 102).

Angle A : Angle B
degree frequency : degree frequency

111 1 | 116 1
112 5 : 117 1
113 5 ; 118 3
114 10 i 119 5
115 19 ‘ 120 11
116 64 121 17
117 18 122 18
118 11 123 53
119 8 124 16
120 4 125 11
121 3 126 5
122 2 127 3

128 1

129 1

layer. Measuring the angles appeared in the basal planes from several electron
micrographs, they are shown in table VII, and 116° and 123° are found to be domi-
nant. In aragonite crystal, 116° is the angle between 110 and 110, and 123° the
angle between 010 and 110. Aragonite crystals in the shell, in general, exhibit
hexagonal tabular shape, in which (110) is predominant, (010) comparatively small,
and (100) usually absent, as seen in figure 110, but (010) sometimes disappears com-
pletely. If, in the initial stage of the growth, crystals are small hexagon with good
(110) and (010) facets in a solution uniformly supersaturated, the individual faces
extend outward at right angles to each surface, and there is no change during the
growth except their sizes growing bigger. If crystals grow as small circular shape
bounded with the curved faces of (110) and (010), or with faces of high indices in the
initial stage, (110) and (010) develop gradually, and then crystal form will exhibit
larger hexagon bounded by plane faces. However, when a small crystal grows up
larger, in some cases, every point on one growing surface advances at the same speed,
though the rate of growth velocity of each face seems to be different, and crystal
edges show clear plane, as seen in figure 102. In another case, small crystals come
to join together, or be included by larger one, and growing surfaces are irregular
(Fig. 103). The (001) face exhibits a stepped, rugged or smooth appearance during
the growth. Such, a stepped surface occurs by layer growth (Fig. 104), and the
rugged membrane covering crystals may probably be organic matrix (Figs. 110 and
122).

One of the most important factors determining crystal size is assumed to be the
various degrees of calcium carbonate concentration in the mother fluid which is
produced by the secretive activity of a mantle tissue. That concentration of the
mother fluid surrounding crystals is not only governed by that secretive activity
varied with the seasonal changes of environments, in particular, of water tempera-
ture and with physiological conditions of each animal, but also by that in different
areas of the same mantle. The variation of crystal size throughout a year is summar-
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ized in comparison with the amount of calcium carbonate deposition on pearl sur-
face in table VIII. Table VIII and text-figure 4 show that when the lime deposi-
tion is the maximum, alarge number of small crystals takes place on all the nacreous

Table VIII Variation of particle size of aragonite crystals in the central region
of the nacre, in Pinctada martensii, throughout the year.

S 05 <20 <40  ~60 g1~ | [Theamountof CaCOs

Month \‘\.J deposition (mg/10 days)
I 133 48 2 —
1T ~ 111 79 78 -
IV ~ VI 12 68 23 22 4 3
VI ~ VII 12 26 11 2 | 4
VIII ~ IX 63 109 46 9
X ~ XI 45 64 38 5 4
XII 152 71 35 57 37 2

surfaces, and bigger crystals occur as the deposition decreases, but when the deposi-
tion is minimum, crystal size again diminishes. If the calcium carbonate concent-
ration in the mother fluid is varied in proportion to the amount of lime salt depo-
sition on the inner shell surface, the above mentioned fact may show that the bigger
crystals will grow slowly at the certain value of supersaturation of the calcium carbo-
nate solution, as indicated by Br and By in text-figure 4. In the season when the
concentration of the mother fluid is assumed to be greater, though its measured
concentration is minimum, crystal grains will grow rapidly (A in Text-fig. 4).
And moreover, we shall notice in the parts C; and C, under the state of slight super-
saturation, extremely small crystals lie on the edges and the corners of larger one
exhibiting complex appearances with dissolution of crystal faces. The inverse
relationships between particle size of crystals and the amount of calcium carbonate
deposition can also be confirmed in table IX. The table shows an example of the

Table IX Comparison of the particle size of crystals scattered in local
areas of the nacre in September (P. martensii).

L Region Margin j Center
Size (1) T ~ frequency frequency
~ 1 41 ‘ 3
~ 2 19 14
~ 3 4 : 60
~ 4 13
~ 5 5

comparison of the size of crystals scattered on marginal and central parts of the same
nacre, and suggests that the particle size in the rapidly growing portion (i.e., marginal
region) is smaller than that in the slowly growing one (i.e., central region). Now,
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the relationships between the particle size of aragonite crystallites and the amount

ncrensiag

CaC0s Deposition

Text-fig. 18 The change of particle size with the amount of CaCOyg
deposition.

of calcium carbonate deposition in the central region are illustrated in text-figure 18,
in which it can be seen that the mode of particle size exhibits about 4y under the
largest amount, the increase with the decreasing amount, and below 0.5¢ under
the smallest amount.

On the other hand, crystal form will also be characterized by the chemical condi-
tions and concentration of the mother fluid which varies with the difference in the
secretive function of a mantle. It is evident from text-figures 1 and 4 that the velo-
city of the general growth in weight of a shell runs roughly parallel with the seasonal
change curve of sca water temperature, but the former never coincides with the
latter. Here, if the relationships between crystal form and rate of CaCOs deposi-
tion are investigated, we shall notice as follows: 1) When animals are in normal
physiological conditions, the maximum value of the velocity of growth will be, in
general, brought during summer to autumn, sea water temperature in these seasons
ranging from about 22°C to 28°C (i.e., shown by A in the curve of lime salt deposi-
tion), and growing crystals indicate round, or hexagonal tabular form with some-
what round corners as seen in figures 105 and 106. 2) If the growth velocity de-
creases to such value as marked by By ans By in text-figure 4, they will develop into
hexagon bounded by plane faces (Fig. 102). But crystals grown in Bi often take
place the complex forms with serrated edges, as shown in figure 107, and the dissolut-
ion of crystal faces is recognized from time to time (Fig. 108), whereas not so complex
forms as that of the former is yet found in Be.  3)  As shown in figure 109, the com-
plexity of the crystal growth increases with the lessening degree of CaCOs deposition
since crystal surface must be repeated alternately growth and dissolution. 4)
If the sea water temperature falls below 13°C for so long times (i.e., indicated by
broken line), crystal growth ceases completely, and at least the edges and corners of

crystals become round under the dissolution phenomena (Fig. 111). 3) Immediately
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after hibernation, the organic substance comes to be deposited remarkably over all
nacreous surface of some shells (Fig. 110). 6) In spring when the water tempera-
ture raises up more than 13°C, the growth of new crystals begins (Figs. 112 and 113).
7)  In summer, if shells continue to live under abnormal physiological conditions,
the growth of the nacre is interrupted, and it can be seen that nacreous surfaces are
sometimes partially dissoluted and there are often found to be dissolving with definite
etching orientations on the (001) faces (Fig. 30). As the vitality of animals recovers
to normal condition, large numbers of small crystal are deposited here and there
on the dissolved surface, though new growing crystals show etch figures in most case,
as in figure 30. k

In any case mentioned above, the size and the shape of growing ones in shells
seem to be dependent on the pH value and calcium concentration of the mother
fluid which is charactarized by different physiological conditions of animals. And
organic and other inorganic ions, impurities in crystal growth, introduced into the
grounds of mineralization through the mantle tissue will also have influence upon
crystal growth.

Aragonite crystals are deposited in parallel or almost parallel to the fiber axis
which is in good agreement with the growth direction horizontal to the inner surface
of the nacre, in which such parallel arrangement of crystals must be usually produced
by the biological factors influencing the process of shell growth. Figure 114 indi-
cates the overgrowth of aragonite crystals only seen in the limited areas near posterior
muscle scare of Pinna attenuata. Concentric polygonal pattern on the (001) face of crys-
tals consists of a number of parallel growths which will extend and cover the surface
of another underlay. The same index faces lie down in parallel with each other,
such as revealed by (A1 k1 l)a, (b ki l)B, (ki l)c... and (Ao ks lh)a, (g ky
A, (ha ko l)c ... and etc. as in figure 115. In figure 116, aragonite crystals
in the nacre of Pinclada martensii, probably in nearly all species of Pelecypoda, grow
parallel one another as described above except several ones.  Practically the author’s
experiment for the regeneration of the grafted mantle epithelium concerning the
cultured pear] and shell formation has been verified that such biological factors as the
elongation and the movement of a shell-forming tissue influence directly or indirectly
the arrangements of crystals. But it can be not explained by these investigations why
aragonite belonging to optically biaxial crystal makes its orthorhombic &-axis
arrange parallel to the horizontal growth direction of the shell. Therefore, the
present author has already paid the particular attention to X-ray diffraction analy-
sis for conchiolin of the shells, though the reflection pattern does not show the fiber
diagram. The reflection pattern for conchiolin consists of two or three broad bands
of Debye-Scherrer ring with halos and shows the characteristic of such substance as
amorphous or noncrystalline, as described in chapter III. Nevertheless, electron
microscopic images have shown that the major fiber axis very often correspondes
to the orthorhombic b-axis or the (110) plane of aragonite crystal. Since crystal-
lites of lime salts in the nacres grow in parallel to a definite orientation on conchiolin
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membrane, a basic substance which is first formed in calcification, parallel growth
of aragonite in the layer would be explained by such idea as oriented overgrowth or
epitaxial growth of the minerals in nature. Namely, when the growth of the clystals
of one substance on another takes place in parallel orientation, such growth pheno-
menon is commonly termed ‘‘epitaxy’’, and both substances have the similar crystal-
lographic structure. In the nacres, the structure of conchiolin is considered to be
related closely with the length of the orthorhombic s-axis of the unit cell of aragonite.
Therefore, it can be expected that crystals of shell develop by epitaxial growth.
In the view of these experiments and idea mentioned above, it may probably be
considered that parallel deposition between aragonite crystal grains in the nacres is
very closely related with the lattice dimension and the periodicity of conchiolin, the
orientation of which is affected strongly by the tension and the movement of a
mantle tissue. Furthermore, the superficial structure of the matrix will be one of the
limiting factors upon oriented growth. In general, small crystals on the edges and
the corners of larger ones develop by parallel growth in winter, and exhibit complex
features bounded by imperfect faces (Fig. 117). If no isolated crystals exist
on the nacreous surface which is relatively smooth, small crystals will occur first on
the boundary of ones in underlying lamella, or in correlation with crystallographic
structures of the underlyir.g substances, as in figure 118.  During summer to autumn,
crystals grow larger and larger, whereas in winter, they are unable to grow larger
and shew mmperfect forms, as seen i figure 117, being deposited. However, nearly
most ones are deposited parallel to one another. Crystal grains joining together on
their (110) planes, develop into the tree-like aggregations, as shown in figure 119,
which are seen usually under rapid growth. The extension of branchings consisting of
large numbers of crystal grains, occurs in a direction at a certain angle to a main
stem, and it runs roughly parallel to each other, and must be followed by the rules
of crystallography. The group of crystals grown in such fashion may be considered
as so-called dendritic growth. Watabe’s observations for crystal growth of aragonite
on the cultured pearl surface have also recognized branchings inclined at small angle
to each other in the process of dendritic growth. Furthermore, when we observe
crystal growth of aragonite in the pearl oyster shell, we can see rarely the parallel
growth as in figure 120, in which crystal particles join together on their (010) faces
and form a branching extending from the ledge of a lamella, Such the succession of
crystal grains joining one another in parallel orientation is probably scen to be a
kind of dendritic growth. Twin of aragonite exhibits regular hexagonal form which
consists of three grains joining together on its twinning face (110), as seen in figure
112, exhibiting every twinning types of aragonite at all times during growth of the
nacre.

Very often we can see growth spirals created by screw dislocation emerging on
the (001} face of aragonite crystal grains in the nacre of Pincfada martensii during
April to December. The ledge starting from a dislocation rotates spirally toward a
crystal edge clockwise or counter-clockwise, as shown in figures 121 and 122, In



762 Bull. Natl. Pearl Res. Lab. 7 - 1961

the most case, the shape of the spiral exhibits hexagonal, as seen in figure 121, depend-
ing upon the growth rate on crystallographic directions, but a circular spiral seems
to occur when an individual crystalis round (Fig. 122). The step heights of the growth
spirals will be divided into two types as follows; the one is unequal from one por-
tion to another, and the other equal in every portion of the ledge. The results ob-
tained by metal shadow-casting show that the step heights of these polygonal spirals
are less than 50 A in the center of the growth spiral, though they are measured about
1000~5000 A at near part of the crystal edges. But it is not possible with electron
microscopes to measure accurately the step heights, because organic substance, which
is about 200 A in thickness, grows on crystal surface (Fig. 122).

There is often found concave dissolution on the (001) face of crysials, as seen at
the upper left in figure 118, and convex growth will be seen occasionally under ab-
normal physiological conditions of the animal (Fig. 129). Both of them show the
appearance with dissolution and etch pits, and come to occur under similar physiolo-
gical conditions of the animals. A large number of etch pits is revealed on the (001)
face of crystals at an early stage of crystal dissolution, as seen in figure 123, and in
more advanced stage of dissolution, crystal shape is round and finally is undistin-
guishable by a general retreat of the faces, edges, and corners (Figs. 125 and 126).
In the process of etching, etch pits may occur along such weak points involved in crys-
talline solid as surface cracks, dislocation and the boundary between micro-crystals.
Sometimes mosaic structure consisting of micro-crystal aggregation is visible on the
(001) face of a large crystal as the succession of very small oriented etch pits under
electron microscopes (Fig. 124), though crystals are protected from dissolution by
the presence of the organic substance. On the other hand, in a certain time after
hibernation, new growing crystals show indefinite shapes bounded by imperfect faces
asin figure 112, There occurs a cliff; probably consisting of the (110) and (010) faces,
on the inner surface of the nacres, because growth of the certain faces of crystals is
ihibited by some factors. And we can see the layers extending from portions inside
the face boundaries, or from the corners and edges of crystals (Figs. 127 and 128).
Besides, in winter to spring, growth hillocks of round form often take place on the
surface of a cliff and basal plane under low supersatulated solution, and growth and
dissolution of crystal are repeated on the inner surface (Figs. 109 and 127). It is
conceivable from these electron micrographs and text-figure 4 that in the process
of shell mineralization, ionic exchange and recrystallization occur on the exposed
surface of mineral cryatal and in lamella which are in contact with the mother
fluid.

In such variety of crystal growth of shells, it is considered that impurities are
mtroduced into the mother fluid around growing crystals through the mantle tissne
in a definite time of a year. In every case, the presence of impurities seems, there-
fore, to be one of the most important factors determining the size and shape of crys-
tals as same as the degrees of supersaturation. The form and size of aragonite are
different among various species of Lamellibranchs, suggesting that the mother fluid
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in the ground of crystallization is more or less different in each species.

4 Calcite crystals grown on the surfaces of the prismatic

layer and calcitostracum

Calcite crystal of shells has occurred as individual particle, or as aggregation in
prismatic layers, and is in needle, spindle, or hexagonal tabular form. As men-
tioned in chapter II, the prismatic layer of Pinctada martensii shows a hee-hive struc-
ture consisting of many prismatic chambers. On the inner surface, a large number
of minute crystals of these chambers comparatively regularly aggregates, elongating
radially from the center of each chamber to the boundary, or parallel to a definite
direction of the chamber. Accordingly, almost all prismatic chambers show similar
extinction of the single crystal or spherulite under crossed nicols of the polarizing
microscope (see chapter IV). The form and size of calcite crystal particles are not
distinct in the prismatic layer of Pinctada martensii, though they are fundamentally
seen to be in extremely small tabular or spindle form, as shown in figures 130 and
131, In the growth process of a prismatic chamber, the organic substance is formed
before the mineralization of the layer, and seems to affect the deposition of micro-
crystals of mineral substance as in the case of nacrecus layers. It may probably be
impossible to explain the spatial relationships between crystallites and organic sub-
stance in the prismatic chamber without the above mentioned idea. Figure 100 is
an electron micrograph of hedgehog-like dendrite of calcite crystals grown on the
surface of a fragment of glass coverslip placed between the mantle and shell, indicat-
ing that they are not single crystals, but consist of the orderly aggregations of micro-
crystals related closely with the organic matrix. Micro-crystals in a large mosaic
crystal exhibit tree-like formation, as seen in figure 131.  However, in the formation
of the prismatic layer, a large number of the needles of calcite with organic matters
develops as the prism and large crystal in dendritic or parallel growth under crystal-
lographic and biological rules.  And neighbouring prisms come to combine together,
and thus a polygonal prismatic chamber is formed. New layers supplied on central
portion of the crystal surfaces spread toward the corners and edges, and there are
so often found concentric patterns like ‘“Liesegang rings” on the growing surface of
prismatic chambers; their surfaces being the (0001) face of calcite, as seen in figures
8 and 96. The form and size of calcite crystal seem to be remarkably varied by the
difference of calcification in local areas of the prismatic layer rather than by the varie-
ty of the mother fluid with the seasonal changes of its environments. Though,
of course, chemical and physical conditions in the grounds of crystal growth are
assumed to be important factors determining crystal form and size. For instance,
in the periphery of the growth process of the prismatic layer, the thick membrane
of organic matrix is formed first, and so the new micro-crystals of mineral salt appear
to precipitate dependently on underlying sunstances (Figs. 6 and 7). There are
found oriented deposition and dendrites of calcite crystals in or on the organic matrix
in the early stage of mineralization. In any case, the growth and the arrangement
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of micro-crystals of individual chamber seem to be independent of each other during
the growth.

On the other hand, calcite crystal grains in Chlamys nobilis and Ostrea gigas are
deposited nearly parallel to one another, though the orientation of elongation is more
or less different from one portion to another. The form and size of crystals are different
makedly among various species: for example, in Ostrea and Anomia, crvstal particle
exhibits tabular form, while in Chlamys, that is needle-shaped (Figs. 132, 134 and 135).
These facts appear to suggest that the mother fluid around growing crystal is specific
in cach species. As seen in the case of aragonite crystals in the nacre, very small crys~
tals are scattered here and there on the growiiig faces of a larger crystal of calcite
(Fig. 133), and there sometimes dendritic growth is seen clearly. The growth and
dissolution of crystal faces are sensitive to the change of chemical and physical condit-
ion in the mother fluid throughout the development and seasonal changes in the
secretive activity of a mantle. The corner growth and spherulite of shell lime salt
have been detailed in chapter IV,

5 Discussion

Since old times, for the investigation of crystal growth and dissolution pheno-
mena, various particular apparatus have been devided by different workers, who
have attempted interesting experiments in the laboratory. Thus such particular
phenomena as dendritic, corner and parallel growth have been explained by their
theoretical ideas, and a special attention has been paid to the influence of impurity
added to the ground of crystal growth on the separation of a solid phase from a solu-
tion or melt, and on the crystal habit. These ideas have been utilized for the explana-
tion of the crystal growth of minerals in the inanimate objects. On the other hand,
in the deposition of shell lime salts Schmidt (1923) found recrystallization, dissolu-
tion, twinning, overgrowth and parallel growth. The dendritic growth of lime salts
was observed hy Watabe (1955). However, several workers have discussed on the
crystal growth of shells only on the crystallographic viewpoint, and have not taken
into account very important other factors influencing shell formation. The author
{1957) has pointed out that the mode and the velocity of crystal growth in the shell
are varied by physiological conditions and age of animals, different regions of the
shell and the seasonal changes of its environments. And the author thought that the
chemical and physical variations occurred in the solution around growing crystals
by the difference in the secretive function of the mantle correlated with the above
mentioned factors. Later, the author (1960) has also confirmed that, such mecha-
nical force as the elongation and movement of the mantle has a direct effect on the
arrangemernit and growth of lime salts of the shells.

The above observations show that crystal growth of shells is not different from
that of inanimate objects except biological characteristics; such as the biochemical
reactions by which calcium is supplied throughout the mantle tissue from: outside of
a body to the inner surface of a shell, a direct effect of organic matrix on the separat-
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ion of the solid phase from the liquid phase, and the role of a mantle. The mode and
velocity of crystal growth will be governed by divergent degrees of supersaturation
of calcium carbonate in the mother fluid. However, the form and size of crystals
are different clearly between Br and By under nearly same value of the observed
concentration of calcium ions, as shown in text-figure 4. This seems to mean that
the other elements in the fluid, for instance, the true concentration, pH value, visco-
sity and etc., are also varied with the difference in the biological conditions in each
period. Furthermore, it can be expected that impurity which is introduced in the
grounds of mineralization through the mantle tissue in definite times, interferes on
the crystallization of lime salts and on the crystal habit. The presence of impurity
previously described appears to be suggested by the growth of imperfect crystals, and
also by the interesting experiments of Sawada (1959) for color change of the shell
exposed to y-ray. Chemical conditions and calcium carbonate concentration of the
niother fAuid are controlled by the variation of physiological condition of an animal
throughout its life and by seasonal changes of its environments, and, in addition, by
the variation of its vitality. Under a normal condition, crystals grown on the inner
shell surface develop in twinning, overgrowth, parallel and dendritic growths as seen
in inanimate objects. Dissolution of crystals occurs under low concentration of
carbonate or under very low value of pH of the fluid.  Freguently, we can see screw
dislocation emerged on the (001) face of aragonite, and etch pits arranged along the
weak points involved in crystals under an electron microscope.  The author there-
fore considers that nearly all crystals in the nacres will contain dislocations by the
reason of that they grow at low supersaturation, and this hypothesis will be preved
by X-ray analysis, and by the investigation of etch figure under electron micros-
copes in the future studies.

Parallel growth of calcium carbonate crystals in the mineralized tissue of mol-
luses would be explained by the following theoretical idea. At the first step of miner-
alization, the tension and the movement of the shell-forming tissue influence
directly the orientation of growth of so-called conchiolin, the structure of which is
assumed to aflect the deposition of mineral matters. T'wo substances consisting of
different constituents as organic matrix and mineral salts are separated from a same
mother fluid, and show orderly alternate deposition. In this case, crystallites of
mineral salts relate closely to the molecular structure of conchiolin and grow in parall-
el orientation with the matrix; i.c., shell salts are considered to develop by epitaxial
growth, Practically, aragonite crystals in the nacres seem to have their orthorhom-
bic b-axis related closely with the fiber axis of conchiolin, and calcite crystals in the
prismatic layer have their c-axis coincided with that fiber axis. Moreover, it seens
to be possible that colloidal organic matter in the mother fluid has already revealed
definite orientation by the movement and the tension of the mantlec. In the shell
formation, the organic substance, however, is formed first and has a direct influence
on the deposition of the mineral salts. Another role of organic matrix appears to
be the protection of lime salts against general dissolution phenomena, though the
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matrix may have sometimes interfered on crystal growth as if it is impurity. Inthe
case of the prismatic laver, the form and size of crystals seem to vary at different
stage of calcification.  Of course, they difler among various species,

Generally speaking, the growth of individual crystal in shells appears to be es-
sentially similar to that of minerals in inanimate objects, but the biological and bio-
chemical factors influenice directly on the crystal growth until the liquid phase chang-
es to the solid phase.  Here, the author should propose an idea that the mineral and
organic matters in molluscan shells develop by epitaxial growth. In the epitaxy
of the shell substances, the author wishes to resolve the problem on the connection
between organic and mineral materials.

6 Summary

1) Crystal growth of shells was observed under the electron microscopes, and the results were dis-
cussed taking into account the biological factors.

2)  There were found twin, screw dislocation, overgrowth, recrystallization, dendritic and parallel
growth on the inner shell surface. And shell salts were dissolved under low concentration of
calcium carbonate and acidification of the mother fluid. But the form and size of crystals ap-
peared to be almost constant under similar conditions of calcium metabolism. Moreover, in
the mvestigation of the crystal growth of shells, it is necessary to take into account the effect of
impurity introduced through the mantle.

3) In the process of calcification, the organic matrix was formed first and seemd to have great effect
upon the deposition of mineral salts.  Here, special attention was paid on such dynamic force as
the tension and movement of the mantle.

4)  The mother fluid around growing crystals may be characterized by the seasonal changes of calcium
metabolism, and of course, by the diflerence of species.

5) Paralle! growth of shell salis would be explained by the theory of epitaxial growth.
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Chapter VI

THE MECHANISM OF FORMATION OF THE SPIRAL GROWTH STEPS

1 Iantroduction

In the processes of formation of the nacres in molluscan shells, spiral pattern
can very often be found on its inner surface, but it has been known that the pattern
is ditfferent among various species or even in local areas of the same shell.  Generally,
the central part of the spiral is the highest, and the ledge of a spiral will descend out-
ward from the central to the marginal part of it by one step in each complete turn.
Therefore, the spiral growth is very similar to the geometrical patterns observed
on the crystal surface grown by the screw dislocation.  Thenacre is a complex system
consisting of both organic and inorganic substances, which are separated from the
particular solution produced by the secretive activity of a mantle tissue.  Crystallites
of mineral matter in the layer are arranged regularly in the third dimension of space,
as mentioned in chapter II. The mechanism of growth of crystals in the nacre
may be explained by the theory of growth of single crystal. Of course, the ground
of crystal growth is produced by the particular function of a living thing. Accord-
ingly, the development of spiral steps is effected by the variation of its function follow-
ing seasonal changes of the environment surrounded the pearl oyster. Generally
speaking, the parallel pattern is seen in the marginal region of a nacre, and spiral or
circular pattern is found in the central region. Since crvstal growth of shells takes
place only in a life, it is very difficult to resolve the mechanism of the spiral growth.
It will be described in this chapter that the spiral growth of the nacre is very similar
to the one by the screw dislocation under low supersaturation. The possibility of the
extention of the screw dislocation theory to the present case will be discussed below.

2 Materials and Methods

Almost all experiments in this chapter were carried out on Pinctada martensii,
which was collected at Ago Bay, Mie Prefecture in Japan.

The works described in this chapter were done by the techniques shown in chap-
ter V. Celluloid replicas were prepared according to the Suzuki’s method. The
growth pattern of the nacre was observed easily under the optical microscope by
the help of the above replica.

3 Observations

In general, length and weight growth of shell are recognized throughout the
development of animals, and growth steps are formed certainly on the inner surface
for the growth of shell.  As described in chapter I, the step is provided by the emer-
gence of the growth fronts of crystal lameliac on the inner shell surface, and the step
patterns have various appearances due to the different modes of growth and arrange-
ment of lime salts.  Table X shows the relation between the spiral growth and the
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Table X Variation of the growth pattern in different species.

| .
Pattern : Species

i Meretrix meretrix lusoria, Tapes variegata, Corbicula
irregular and parallel japonica, Notovola albicans, Chlamys nobilis, Ostrea
gigas, Anomia lischki

Pinctada martensii, P.margaritifera, P. maxima,
Haliotis discus, Mytilus edulis, Pinna attenuata,

Hyriopsis schlegeli, Unio margaritifera, Cristaria
plicata spatiosa

parallel and spiral

kind of the molluscs and indicates that spiral growth is absent from the inner surface
of shells consisting of calcite (i.e., Ostrea gigas, Noiovola albicans, Chlamys nobilis, Anomia
lischki), and in the aragonite shells without any pearl luster (i.e., Meretrix meretrix
lusoria, Corbicula japonica, Tapes vartegata). In the bivalves with the spiral steps, the
spiral can not be seen in the prismatic layers and occurs in the limited areas of the
nacres, as shown in chapter II. It has already been known that the spiral growth
can uot be observed in the rapid growing portions. Itseems that in animal kingdom
general concentration of the solute in the mother fluid is usually lower than the
critical point of supersaturation. Irom the fact that the growth steps ascend gradu-
ally by one step toward the central part of shell, it is supposed that the parallel pattern
observed in the marginal part of nacves is resulted from the border of the growth
spirals. However, the steps can be made not only by the spiral growth, but also
easily by the cliff as seen at a dislocation.

The spiral pattern of the nacres is greatly different from the patterns observed
on the surface of single crystal. The surface made hy the dislocation mechanism
and non-close-packed surface of perfect crystals exhibits a step pattern. Molecules
absorbed on the crystal surface and the steps can diffuse along the edge of the steps
toward kink positions, and thus the steps can advance.  On the other hand, the
growth spirals of the nacres may not be advanced by adsorption and diffusion of
the molecules but can be developed by deposition and addition of crystallites of
lime salts.  Since the nacres are considered to be a mosaic crystal, the spiral growth
of the nacre would be explained by the mechanism of the growth of single crystal.
A number of spiral pyramids is found on the inner nacreons surface of Pinctada
martensii, and the rotating of spirals is assorted into the clockwise type and the counter-
clockwise type, as seen in figures 26, 136 and 137. The shape ard density of growth
spirals vary, depending upon the mother fluid which is characterized under various
physiological conditions and upon the locality in the nacre. In addition, either
clockwise or counter-clockwise type is largely predominant when they occur densely,
though the frequency of these both, as a whole, is almost equal. Individual spirals
consist of a number of growth steps spreading from the respective sources, and their
sphere of influence is bounded clearly by the hyperbolic curves of intersection be-
tween each spiral (Fig. 136). If one spiral grows in the nearest distance from ano-
ther, the sources of the adjacent spirals will be involved in a growth pyramid and
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they show the similar behavior seen in the interaction of two or more screw dis-
locations of the same sign or of the opposite sign, as shown in figures 26 and 136.
Thus, when one spiral in a growth pyramid consisting of several sources is more
predominant than the others, all spirals except the well-developed one diminish and
at last will disappear.

“rystallites of aragonite in the growih spiral grow parallel to one another except
several crystals, as seen in figure 1383, and it is proved by comparison with the results
shown in chapter II that their orthorhombic #-axes are alike in the direction parallel
to the horizontal growth of the shells (Text-fig. 19). The crvstal arrangement in the
growth spiral is met with nearly parallel to or at small angle to that in neighbouring
spirals (Figs. 139 and 140). In addition, the crystal arrangement of their orthorhom-
bic é-axes in the whole areas of the nacre relates closely to the growth vector of
the shell.

Ao )it tion of growlh

~.

Text-fig. 19 Schema showing the relationships among the crystalline structure, the grow-
th spiral, and the horizontal growth direction of the nacre. Straight lines
indicate the orthorhombic &-axis of aragonite.

The source of the growth spiral is assorted into two types; in one case, one or
more crystals adsorbed on the central part of growth pyramids develop by screw
dislocation and the step starting from the dislocation which emerges on the (001)
plane rotates around the source outwards. In another case, any crystal with a screw
dislocation can not be found at the center. The growth fronts emitted from the
center of one spiral may interfere by those of other spiral, and so, if the step
height is unequal among each spiral, a number of cliffs takes place on the surface
of ledges near the intersection, irrespective of somewhat different orientation of
crystal elongation in neighbouring spirals. If the step height and the crystal arran-
gement show similar states to each other, the growth fronts originating from various
sources come to combine perfectly at the boundary of the growth pyramids.

By the application of metal shadow-casting techniques, the step heights of some
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spirals are examined on the nacre of Pinclada martensit under electron microscopes,
and are measured to be about 1000 ~ 5000 A which is equal to the thickness of a
lamella, By the same manner, the step heights are determined to be different
among various species from such values as 5000~8000 A for P. maxima, 5000~ 8000
A for P. margaritifera, 4000~6000 A for Turbo cornutus, 4000~8000 A for Haliotis
discus, to such value as 18000 A for Quadrula undata. In any case, the step height is
equal to the thickness of a lamella in the nacres.

The shape of the growth spiral will depend upon the properties of growth fronts
and such biological factors as the growth of animals. The most spiral patterns
originated from screw dislocations, exhibit polygonal shapes which are attributed to
the growth ratio of the ledge upon crystallographic orientations. On the other
hand, the ratio of advance of growth fronts in the spiral growth of the nacres appears
to be independent of the crystalline structure of the layer. Hence, circular spirals
will result without exception. However, the shape of growth spirals does not vary
with the crystallographic orientation in the nacreous surface, but is effected strongly
by the vector of the tension and movement of a mantle tissue. This suggests
that a small external force during the movement of a mantle has directing influence
on the adsorption and arrangement of crystals. In addition, the concentration of
calcium carbonate in the mother fluid will become locally unhomogeneous in the
ground of crystal growth by the external force. Thus the advance of the growth
fronts is succeeded at a different ratio in various orientations, and spirals will be
distorted along a certain direction. In practice, the growth pyramids are merely
distorted along the horizontal growth direction of the layer, and exhibit a simple
ellipse, as seen in figure 141. The ratio of the distortion seems to be increased in
proportion to a increasimg magnitude of its elongation.

Since molluscs is a poikilothermal animal, its Ca metabolism varies largely with
the seasonal changes of the temperature of sea water. If we wish to examine succes-
sive stages of the development of the growth spiral on the nacres, itmay be fully es-
tablished by the observation for seasonal change of the spiral growth. Crystal
growth of shells begins rapidly as Ca metabolism normalizes after hibernation (see
chapter V). A new crystal of lime salts is formed first on the portions consisting
of appropriate surfaces for adhesion of them, so a number of crystals will be deposited
continually around a first adsorbed crystal. For instance, filaments of algae which
encroaches the shells may perform the role as a crystalseed. Asseen in figure 143,
it is very often recognized that if the growth point of Conchocelis-filaments emerges on
the inner shell surface, new crystals grow first near that point, from which growth
pattern spreads radially. Figures 142~149 are the typical profiles showing successive
stages of the development of the growh spiral at all seasons, although the growth
pattern is quite different under various conditions of the mother fluid. In an early
stage of formation of the layer, individual crystals are scattered here and there, and
the growth pattern is indistinct, or irregular.  Soon after, the end of the growth steps
rotates as clockwise or counter-clockwise, and small growth spirals occur at the



Table XI The relationships among the concentration of Ca ions in the mother fluid, the amount of CaCOjy deposition
and spiral growth in central region of the shell in Pinctada martensii during the year (1958~1959).

VII ~ IX
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I
1 ~ III
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No. of the
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15 ~ 25

10 ~ 20

Density of
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2 ~ 10

20 ~
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large density in unit area as in figure 145. The greater the concentration of calcium
carbonate, the larger the rate of rotation of the spiral must be increased, and the
ledges turn and turn about the source of spirals. Thus well-developed growth spi-
rals will result (Fig. 147). The growth spiral diminishes under decreasing concent-
ration of calcium carbonate (refer Fig. 148).

Development and emaciation of the spiral growth are controlled directly by the
variation of physicochemical and biochemical factors which interfere with the pro-
cess of calcification. The relationships between the spiral growth and physico-
chemical elements in the mother fluid are summarized in table X1I. After hiberna-
tion, the ohserved concentration of Ca ions decreases successively, and will reach the
minimum value in the period between August and October, in which the deposits of
calcium carbonate show the maximum value. At the beginning of calcium carbon-
ate deposition, in the portion B, in text-figure 4, the spiral exhibits various forms
having twofold axes of symmetry, as seen in figure 143. The spacing between the
steps is varied widely in different direction from the source and, in general, is very
large. The density of the growth spiral is the larger during the short time of crystal
growth with the increase of the deposition and soon several ones of these growth
spirals develop more predominantly than the others, and the spacing between the
steps becomes narrow gradually. The spiral pyramid consists of a large number of
the ledge spreading from the center outward with nearly equal spacing in the part
A of text-figure 4, and the most of them shows regular round shape. Although the
observed concentration of Ca ions in the mother fluid is at maximum in the period
from winter to spring at the parts C1 and Cy in text-figure 4, the growth of crystals
stops perfectly or takes place slightly. As has been described in chapter V, because
crystals grow imperfectly and dissolve partially, it is, in general, difficult to recog-
nize the development of the growth spiral. While the observed concentration of
Ca ions in the mother fluid increases step-by-step as decreasing rate of the deposits,
at the part By in text-figure 4, the development of the spiral may progress in the in-
verse direction in the process of successive variation of the spiral growth. This was
observed during the period from April to September. That is, the spirals are not
well-developed, but they will be replaced gradually by the spirals with wide spacing
of the step, as seen in figure 148.  As mentioned above, irrespective of the increasing
or the decreasing process of CaCOs deposition, the resultant figures of the growth
spiral are similar to each other under the same conditions of the mother fluid.
However, the shape of the growth spiral depends upon the velocity and the mode of
growth of crystals adsorbed on the growth fronts.

The constant relations may be kept among the development of the growth spiral,
the velocity of CaCOs depositions, and the observed concentration of Ca ions in the
mother fluid which is produced through the mantle tissue. In addition, it can be
inferred from table X that those factors themselves keep up the definite relationships
with the pH values of the mother fluid and the body fluid. The curve of CaCQO;
deposition runs relating to the pH curve of the mother fluid as has been shown in
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chapter I. The variation of pH is assumed to give direct influence not only upon
the solubility of calcium carbonate, but also upon the nature of the mother fluid
itself, and thus the crystal arrangement will be effected.

4 Discussion

A large number of the steps is needed for the growth of shells, and the step is
provided by the spiral growth of micro-crystals in the genus Pinctada and the others.
The steps originating from the source of the spirals can advance by rotating from the
center of the spiral to the edges as clockwise or counter-clockwise. The develop-
ment of the spiral growth of the nacres seems to be quite similar to the resultant
patterns observed at successive stages of the development of the growth spiral which
is created by the screw dislocations. The development of the growth spiral is
governed by the concentration of calcium carbonate in the mother fluid. Tt is
obviously impossible that the concentration of the solute in the ground of crystal
growth produced by a life reaches such a high supersaturation as produced artificially
in a laboratory. And that concentration is considered to be always below the criti-
cal point of supersaturation. The larger the concentration of calcium carbonate,
the greater the rate of growth of spirals increases under such supersaturation. The
shape of the growth spiral appears to be analogous to that by the screw dislocations.

In Pinctada martensii and all exemined materials, the nacre is not a single crystal
but is considered to be a mosaic crystal, as described in chapter II. Hence, the growth
of shells is thought to be explained by the mechanism of the growth of single crystals.
It the crystal growth of shell salt is attempted to be elucidated only the fact that
idividual crystal particles are surrounded by the organic material, we may draw the
conclusion that the growth of crystals has no relation to each other. However, a
large number of very fine hole is recognized on the organic membrane, as has been
pointed out by Grégoire ef af. (1955), and some calcium in mineral matter is assumed
to combine in an ionic bond with the suitable parts of the organic matrix, or the crys-
tallites of lime salt on the organix matrix seem to be developed regularly by epitaxial
growth (see chapter V). If these we make such the assumption, it is thought that
the crystallites of shell salt grow in close relation to one another. Text-figure 20 is

Text-fig. 20 'Three dimensional representation of the growth spiral of the nacre.
¢ cliff. ¢l crystal lamella. gf growth front. h hollow. 1 inter-
section of adjacent growth spiral. ic isolated crystal. 1 ledge. om
organic matrix. sd screw dislocation of unit crystal.
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the schematic drawing of the relationships between the growth spiral and the crystal-
lites of aragonate in the third dimension of space. The rate of advance of the growth
ledges emitted from the center of the growth spiral is independent of the crystal-
lographic orientations in the nacre, and a circular spiral will result. But, since the
arrangement of the orthorhombic b-axis of the crystallites is affected greatly by the
magnitude and the elongation of a mantle tissue, the shape of a growth spiral may
extend merely along the elongation of a mantle, and an oval spiral will result.

Besides, we shall take note of that the spiral growth can be seen only in aragonite
shells but is never observable in calcite ones. The spiral growth is, however, not re-
vealed in aragonite shells of some species, the structure of which is widely different
from the aragonite shells with the spiral growth. Therefore, the spiral growth of
shell salts also appears to depend upon the differences of the mineral constituents
and the mode of crystal growth. Dawson and Vand (1951) observed on a single
screw dislocation emerging on the (001) plane of long-chain paraffin, Css Hr4, by
using the electron microscopes, and pointed out that the step height is 43 + 5 A
which is equal to the X-ray units cell. Amelinchx (1951) with silicon carbide crys-
tals has shown that the step heights of some spirals are up to 35 A.  On the other
hand, Forty (1952) showed that the step height of the growth spirals emerged on
(0001) planes of Cdly crystals often is several hundred A. Moreover, in metal
crystals, growth of Cd crystals from vapour were observed by Pollock and Mehl
(1955), who have pointed out that the step height of the growth spirals on the (0001)
plane is in the range of 1000 A to 1500 A.  The step heights of the growth spirals
seen on the nacreous surface (i.e., the (001) planes of aragonite crystals in the layer)
are about 1000 ~ 5000 A which are not of monomolecular thickness. However,
since the step height on the crystal faces grown by screw dislocations is not only an
unit cell and monomolecule, the spiral growth of the nacres is also considered to
be compatible with the theory of screw dislocations for single crystal.

When two or more growth spirals of same sign or opposite sign come into con-
tact with each other, the respective spiral is intersected with the adjacent one. Then
the interactions between the neighbouring spirals are very similar to those of the adja-
cent screw dislocations. The concentric pattern of the growth pyramids seen on the
nacres can be explained by the effect of counter balance of two dislocations.

Sears (1959) has shown that the cylindrical growth of tobacco mosaic virus
molecule would be elucidated by the dislocation mechanism. He has pointed
out that the pH of its circumstance will relate closely to cylindrical growth. The
spiral growth of the nacre, in Pinctada martensii, is never found when the pH of the
mother fluid is less than 7.5, but developes largely near the pH of 8.0. However, it
is clear from the above data that in the process of Ca metabolism, the pH of the
mother fluid directly affect the growth of crystals in calcification, and its value is
somewhat different between various animals.

As discussed above, the mechanism of the spiral growth of the nacres is explained
reasonably accurately by developing the theory of the dislocation mechanism of crys-
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tal growth.

3)

3)

6)

5 Summary

The growth spiral of the nacres was investigated in connection with physical and chemical con-
ditions of the mother fluid for resolving the mechanism of the spiral growth of Pelecypoda.

The general concentration of the mother fluid transported through a mantle tissue seems to vary
usually below the critical point of its supersaturation, and to be characterized by different physio-
logical conditions of animal. Accordingly, the shell salt may be crystallized from low supersatura-
tion of the solution. Under such supersaturation, the greater the concentration, the more rapid
the development of the growth spiral progresses.

The surface of the nacre corresponds to the (001) plane of aragonite crystals, and the orthorhom-
bic b-axis of which is arranged regularly in the third dimension of space. Hence, the nacre is
considered to be a mosaic crystal.

Generally speaking, it appears that the growth spiral of shells exhibits the circular shapes and the
rate of advance of the growth fronts is independent in different crystallographic orientation of
the nacre.  Since the distortion of the spiral elongates along the vector of the horizontal growth
direction of the layer, the elongation of the distortion agrees roughly with the orthorhombic
b-axis of crystallites in the nacres.

The development and the counter balance of the growth spiral with same sign or opposite sign
are quite similar to those obsereved as the screw dislocations.

The step heights of the growth spiral, in Pinctada martensii, are about 1000~5000 A and are not
monomolecular thickness. The step height is different widely between various species,

The growth spiral can not be observed in calcite shells.

The growth spiral detected in animal kingdom is assumed to be controlled more oz less by the
value of pH in the ground of crystal growth.

It is proposed that the mechanism of the spiral growth of shells can be probably explained by
developing the theory of dislocations.
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Explanation of Figures
Abbreviations used in Figures

a: anterior, as: adductor muscle scare, cnl: central region of the nacreous layer, d: dorsal, g: gill
gc: the ground of crystal growth, hl: hinge line, hy: hypostracum, icm: intercrystallinic mem-
brane, ie: inner epithelium, if: inner fold, ilm: interlamellar membrane, ipw: inter-
prismatic wall, li: ligament, Im: longitudinal muscle, ma: peripheral area of the mantle,
mb: pallial area of the mantle, mf: middle fold, mnl: marginal region of the nacreous layer,
nl: nacreous layer, o: organic membrane, oe: outer epithelium, p: posterior, pl: prismatic
layer, ps: pallial muscle scare, sf: shell fold, tm: transverse muscle, v: ventral.

Fig.1. A micrograph showing the ground of crystal growth in the shell of Lamellibranch. Trans-
verse section of the decalcified shell of Mytilus edulis. % 48

Fig.2. Transverse section of the mantle of Pinctada martensii. X 18

Figs. 3 and 4. Microincinerated mantle of P. martensii showing distribution of inorganic granules.
x 18, x 54

Fig.5. The outline of the inner side of the valve in P. martensii. X 3/5

Fig.6. Large and small round crystals in definite orientation on the growth front of the prismatic
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lamina. Prismatic chambers are laid down under thick conchiolin membrane having the
oriented fibrous structure, and the boundary of the underlying chambers is observed as a groove
on the membrane. X 3300

Fig.7. Dendritic growth of mineral substance deposited along the boundary of underlying poly-
gonal chambers. x 3000

Fig.8. The edge of a growth process showing round mineral matters in oolitic aggregation on
thick organic membrane. x 150 h

Fig.9. Oolitic aggregation of mineral matters on the prismatic layer near the nacreous layer.
x 140

Fig.10. Rosette shape of prismatic substance. x 170

Fig.11. Prismatic chambers themselves in the upper layer dividing into several smaller chambers
during the layer formation. X 150

Fig.12. Pattern near the boundary of prismatic and nacreous layers. The prismatic layer shows
honycomb zone. X 90

Tig.13. Prismatic lamina of Pinna attenuata stained by von Kossa’s method. X 150

Figs.14 and 15. Chambers with round shape in prismatic region near the nacre. Organic sub-

stance sandwiched between chambers climbs up mineral part, and in the end, covers perfectly
on mineral substance. x 4000

Fig.16. Polygonal chambers in the middle part of the prismatic layer. Conchiolin walls running
as grooves between mineral portions. X 3000

Figs.17 and 18. Polygonal chambers of the prismatic layer under crossed nicols. x 350

Fig.19. Directions image of the chambers of the prismatic layer in P. martensii and Pinna attenuata.

Fig.20. Vertical section of the prismatic layer etched with 0.19%, HCI, showing thick conchiolin
walls and thinner ones running perpendicular to the inner shell surface. Mineral substance is
densely compacted in the polygonal prismatic chambers bounded by conchiolin walls. x 6000

Fig.21. Positive replica obtained from fracture surface of the prismatic layer showing laminary
structure and distribution of organic matrix. x 3000

Fig.22. Vertical thin slice under crossed nicols. X 350 _

Fig.23. Round crystals scattered in thick organic layer between the prismatic and nacreous layers.
The nacre can be found in upper part. x 3000

Fig.24. Parallel growth pattern of the nacre, x 37

Fig.25. A highly magnified portion in Fig.24. x 2000

¥ig.26. Spiral growth of the nacre. x 37

Figs.27 and 28. General change of growth pattern under abnormal condition of P. martensii in
summer. X 190, x 440

Fig.29. Dissolution phenomena of the shell salt in the same condition and species as above.
x 2000

Fig.30. New crystal grown on the etching surface of the shells of animal recovering health.
» 2000

Fig.31. Ridge-like aggregation of lime salt in the shells of animal recovering health. x 2000

Fig.32. Laminary structure of the nacre in P. mariensii, showing spatial relationships between or-

ganic and mineral matters. Organic matter is seen as reticulated membrane between individual
crystals and between mineral lamellae. x 15000

Figs.33 and 38. Laminary structure of the nacres in Hyriopsis schlegeli x 8800, Turbo colnutus
X 4400, Quadrula undata x 4400, Unio margaritifera X 4400, Pinctada margaritifera > 4400,
and Haliotis discus X 8800, respectively.

Fig.39. Nacreous surface fractured obliquely. x 3000

Fig.40. Directions image given by the parallel thin slice of the nacre in P. martensii.

Fig.41. Thin slice of the nacre under crossed nicols, showing three zones which are different from
each other in extinction. X 60

Figs.42 and 43. X-ray diffraction pattern given by parallel thin slices of the prismatic layer ins
Pinna attenuata (Fig.42) and the nacre in P. martensii (Fig.43).
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Figs.44 and 46. Rotation photographs of the nacre in P. mariensii. Fig.44 rotated around the
axis parallel to the horizontal growth direction of the layer; in Fig.45 the direction of the rotation
axis is at right angle to the axis in Fig.44; in Fig.46 the direction parallel to the vertical growth of
the layer 1s selected as rotation axis.

Figs.47 and 48. Reflexion spots produced by the different width of the same preparation, with 5
mm in width in Fig.47 and with 0.5 mm in width in Fig.48.

Figs.49 and 50. Rotation photographs given by the different thickness of the same preparation;
Fig.49 obtained with 1~0.5 mm in thickness and Fig.50 with about 0.2 mm in thickness.

Fig.58. A living mantle tissue of 4 days after operation. X 30

Fig.59. Showing the edge of the same graft in Fig.58. x 250

Fig.60. Schema showing relation between the initial elongation of the epithelium and the crystal-

line structure of the nacre secreted by the rearranged epithelium derived from a graft. The
point O is considered to be the adhered part of the grafted mantle piece, and the dotted area in-
dicates the deposition of prismatic substances.

Fig.61. X-ray pattern given by the organic matrix of the nacre.

Fig.62. Topography of organic mairix in the decalcified prismatic layer shown by the phase
contrast microscope. X 900

Fig.63. The distribution of inorganic components in the organic matrix obtained from decalcified

prismatic layer by the techniques of microincineration method (horizontal section). X 120.

Fig.64. Ultra thin section of the decalcified prismatic layer of P. mariznsii showing sub-micro struc-
ture of the organic matrix. Mineral substances are compacted in positive parts before decalci-
fication, and the negative part indicates the presence of organic substance. Striation is found in
the cords. x 5200

Fig.65. Sub-micro structure of the interprismatic conchiolin wall in the prismatic layer of P.
martensii.  The conchiolin wall consists of many cords of conchiolin about 0.1~0.5 p in width.
X 6200

Fig. 66. Showing fibrous structure of the organic matrix in the prismatic layer. x 10000

Fig. 67. Vertical section of the decalcified nacreous layer under the phase contrast microscope
showing topography of the organic matrix. X 2800

Fig. 68. 'Topography and structure of the organic matrix in the nacre. Striation of the cords of
conchiolin. 17000

Figs. 69~80. Electron micrographs and diffraction patterns for the shell substances during the
development of P.martensii; D-shaped larva in Figs. 69 and 70, Umbo larva in Figs. 71 and
72, by young shell less than 1 mm in shell length in Figs. 73, 74, 75 and 76, and young shell
between 1 mm and 2 mm in shell length in Figs. 77, 78, 79 and 80. <9000

Fig. 81. Organic matters grown on the glass, inserted between mantle and valve. <380

Fig. 82. Mineral substance deposited on the organic matters on the similarly inserted glass.
x 380

Fig. 83. The same preparation as used in Fig. 90 under crossed nicols. k520

Fig. 84. Deposition of organic and mineral components on the inserted glass in Pinna attenuata.
X390

Fig. 85. Rosette-shaped organic matter which is deeply stained in the test of metachromasia reac-
tion. %520

Fig. 86. Showing well-developed rhombic form of calcite deposited on the inserted glass cover~
slip. %520

Fig. 87. Unit crystal of calcite which is considered to develop by corner growth. %520

Fig. 88. Spherulite of the shell salt formed on the inserted glass. <520

Fig. 89. The same part used in Fig.88 under crossed nicols. X520

Fig. 90. Reticulated structure of organic membrane, It is worthy of notice that there are relation-
ships between the networks of the organic matter and deposition of small crystals in the
middle part of the figure. Arrows indicate these small crystals. 10000

Fig. 91. Dendritic growth of mineral matters on the organic matrix. %3000
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Figs. 92 and 93. Electron micrograph and diffractogram for the first formed shell substance on
the inserted glass. N-pattern is given by mineral matter. <8000

Fig. 94. Crystals of mineral matter in or on the organic matrix. X 6600

Fig. 95. Superficial structure of unit crystal of calcite in Fig. 86. %5000

Fig. 96. Growth pattern seen on the (0001) plane of calcite. <3000

Fig. 97. Dendrites of micro-crystals grown on the surface of unit crystal of calcite. <5000

Fig. 98. Radial pattern on the surface of the spherulite of shell salt. x19000

Fig. 99. Successive processes of growth of shell lime salt in the spherulite formation. % 10000

Figs. 100 and 101. The crystalline structure and the shape of the spherulite by using extraction
replica. 'The electron micrograph and diffraction pattern suggest that spherulite composed
of calcite is analogus to hedgehog dendrite in structure. %450

Fig. 102. Aragonite crystals of well-developed form on the inner surface of the nacre of the pearl
oyster which was collected from Ago Bay in December, showing the tabular idiomorphic
shape bounded by the (110), (010), and (001) planes. They develop by parallel growth.
x 13000

Fig. 103. A large crystal consisting of mosaic aggregates of smaller crystals, about 1~0.7 u in size
x 13000

Fig. 104. Stepped surface of aragonite crystals during growth. %6500

Figs. 105 and 106. Aragonite crystals deposited during the period from August to early October.
Since they have rounded corners and coverd edges, their shapes exhibit circular. The
boundary of crystals is found clearly in Fig. 105 (x6400), and new growing crystals are con-
nected with the underlying crystal lamella by the bridges of shell substances in Fig. 106 (<
12000).

Fig. 107. Growth of aragonite crystals seen in the spawning season, showing complex forms with
the serrated edges. X 9500

Fig. 108. Dissolution of shell salts in the spawning season X 6500

Fig. 109. Growth hillocks revealed on the (001) plane of aragonite in winter. X 6500

Fig. 110. Organic membrane formed on the surface of mineral substance as soon as after hiber-
nation. % 16000

Fig. 111. Dissolution of aragonite crystals in hibernation. The edges and corner become round
with dissolution. X 4500

Fig. 112. 'Triple twin of aragonite and indefinite shapes of small shell lime salts occurred in spring
% 4500

Fig. 113. Growth and dissolution of new crystals deposited on the old lamella formed before hi-
bernation. <9500

Fig. 114. Photograph showing a typical example of overgrowth of aragonite crystals seen in the
limitted area near the posterior adductor muscle scare of Pinna attenuata. <210

Fig. 115. Schema illustrating the overgrowth in Fig. 122.

Fig. 116. Parallel growth of aragonite crystals in Pinctada martensii. %2200

Fig. 117. Oriented growth of small crystals on the edges and the corners of larger ones in the pe-
riod from January to early February. The crystals are dissolved slightly, and exhibit round
shapes. % 17000 i

Fig. 118. Small crystal adsorbed along the boundary between crystals in the underlying lamella,
and concurve dissolution of a crystal in the upper left. x4500

Fig. 119. An example for dendritic growth of aragonite crystals in P. martensii. 6700

Fig. 120. A branching consisting of a group of aragonite crystals which join with each other on
the (010) plane. %9500

Fig. 121. Screw dislocation with hexagonal shape of unit crystal of aragonite grown on the nacre-
ous surface of P. martensii. %9500

Fi8. 122. Screw dislocation with circular shape emerged on the (001) plane of aragonite, and con-
centric growth pattern on the crystal in the lower left. The granular background is organic
membrane, on which small crystals develop here and there.  Organic matrix is sandwiched
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between adjacent crystals, and the boundary of crystals can be found as the straight lines on
the surface. 13000

Figs. 123~126. Successive stages of general dissolution of shell salts, showing mosaic structure
occurred by the development of etch pits in Fig. 124.  x 6500, x 6200, x 3000, 11000

Fig. 127. Round growth hillocks on the side faces of aragonite, and layers extending from certain
positions of the (001) face. x 15000

Fig. 128. Steep cliff of crystal lamella. 11000 .

Fig. 129. Curve surface of aragonite seen in weakening shells. 2000

Fig. 130. Growth of micro-crystals of calcites in the prismatic layer. 9000

Fig. 131. Dendritic growth of spindle crystallites of calcite in P. martensii. 6000

Fig. 132. Parallel growth of calcite in Anomia lischki. x450

Fig. 133. Calcite crystals with tabular forms, and micro-crystals growing on the (0001) plane of
larger ones in 4. lischkei. %6400

Fig. 134. Tabular shapes of calcite crystals in the calcitostracum of Ostrea gigas. X 6400

Fig. 135. Needles of calcite seen in the calcitostracum of Chlamys nobilis. > 6500

Fig. 136. A typical feature for growth spirals of the nacre. The center of the spiral is the highest,
and the ledge goes down gradually toward the perimeter of the spiral just like the contour-
line in a map. %85

Fig. 137. 'The opposite sign spirals in the upper part and the same sign ones in the lower part
% 85

Fig. 138. Photograph showing the relationships between the crystal arrangement and the growth
spiral in the center of a growth pyramid. X300

Figs. 139 and 140. The relative arrangement of aragonite crystals near the boundary of two adja-
cent growth spirals of the same sign (Fig. 139), and those of the opposite sign (Fig. 140).
%300

Fig. 141. 'The distortion of the growth spirals in posterior of the shell. x50

Figs. 142~149. Seasonal changss of the growth spiral of the nacre in P. martensii showing follow-
ing patterns : The irregular growth pattern newly grown on the old one which is formed
before hibernation as seen in Fig. 142; concentric pattern developing around Conchocelis-
filaments in Fig. 143 ; the growth pattern in April in Fig. 144 ; that pattern in May in Fig.
145; that pattern in the period from June to August in Fig. 146 ; that pattern during the
period from late August to early October in Fig. 147; that pattern in winter in Fig. 148, and
the dissolution of growth pattern in hibsrnation in Fig. 149. x60



785




786




787




788




789




79C

*

5 " ‘o’
2 S b g
e ) St g et L i
.‘:/_,,v-_d i TRz ;







792







74







796




797




798




799




€00




801

60




" 802




803




804




805




806




807




808




809




810




S oEm



812




813




814




815




816







818




819




820




821




822




823




824




825




826

PR







828




EERIIEIC 3517 B AR LR &
PG DO HEIERBEIT OV T

[. #hE& Y OB >

SR REKEE
# 5

REHHOPLHTH 2 ZEBEFER, HEFHELZ >, BEOEMRRIOTT 2
¥ i 4 (Pinctada martensit) ORE KBEFCEHSELEOETAENELNRS, L2rbiC
BRSO REER IR Ch o THEN T ibh i findic <, HI1%E (1958)
L DDDENFGEAEHINEEICT Finholk, ZOkDTIAXH A 2D B
B, BRrroMBEESBORFREEREFNEREOLDCFLEEThTW il e ThH
S, FEEHXCOMBIC > TRADE#Z KD 2HIZ L - €, BIBOEMAERE K
473X HAREDOEEOWTER, BIFLADTHET 2,

FaAxHAA, I FxFOHEENCOW TRNEBRKETICH, BEZEKRRT % ORI &
DA REEHETE L INTWES, LAL COEBREBYHOBKOWTEL S
L, MBRBLOAMEHO-FRRThiELLY, ATHFERIMLAbR D TR
DTH D00, BEOERBEENCAINFLOLELbND, —HFEKEHEIREL
BT 27800 ARBICH Y, HEE ATHIH#ET e, KRRDEEK
EBELTVWD, ThbbBEAEKHATHZ 7 ¥ 44 OERRE L TORIBIEH> T
BEBEENCTREIND LD, Lo TEYREESE, BE0EIREFERD
BB S FERNERLAR, FF7av 12 b0 e T 5EYEHOR R EY
BEULEEZDNS, LELEAL I OBKICREKOYEENESR, Y770
by, ZaXHA4ADTXTIbleoTRETHHERE D, ERCRKELD D, 2O

* Fukuzo Uyeno and Hiroharu Inouye. Relationship between basic production of foods and
oceanographical condition of sea waters in pearl farms, with special reference to relationship
between overcrowding culture and food chain around pearl oyster. With English summary,
p. 845. Bull. Natl. Pear] Res. Lab. 7: 829-—864. 1961.
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Fig. 1. Location of Stations in Ago Bay.
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Fig. 4. Vertical distribution of temperature (1), chlorinity (Cl), dissolved oxygen (Os),
and total cell number of diatoms (D: actual observation, D’: mean value in the sea south off
Honshu referred to Uyeno 1959) at Tatoku-jima, Ago Bay in June 14, 1959

Fig.5. Vertical distribution of temperature (T), chlorinity (Cl), dissolved oxygen (Os),
and total cell number of diatoms (D: actual observation, D’ : mean value in the sea south off
Honshu referred to Uyeno 1959) at Tatoku-jima, Ago Bay in August 18, 1959.

Fig. 6. Vertical distribution of temperature (T), chlorinity (Cl), dissolved oxygen (Os),
and total cell number of diatoms (D: actual observation, D”: mean value in the sea south off
Honshu referred to Uyeno 1959) at Shinmei, Ago Bay in August 17, 1959.

Fig.7. Vertical distribution of temperature (T), chlorinity (Cl), dissolved oxygen (O3),
and total cell number of diatoms (D: actual observation, D’: mean value in the sea south off
Honshu referred to Uyeno 1959) at Mori, Hakata-jima in August 25, 1959.
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Fig. 8. Vertical distribution of temperature (T'), chlorinity (Cl), transparency (T. P.),
dissolved oxygen (Oz), phosphate-P (PO,), ammonium-N (NH,), nitrite-N (NO3), nitrate-N
(NO3y), chlorophyll content (Chl.) and total cell number of diatoms (D : actual observation, D" :
mean value in the sea south off Honshu referred to Uyeno 1959) at St. A, in Ago Bay in June
19, 1960.

Fig.9. Vertical distribution of temperatare (T), chlorinity (Cl), transparency (T. P.),
dissolved oxvgen (O3), phosphate-P (PO,), ammonium-N (NH,), nitrite-N (NOg), nitrate-N
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(NOj), chlorophyll content (Chl.) and total cell number of diatoms (D : actual observation, D’:
mean value in the sea south off Honshu referred to Uyeno 1959) at St. B, in Ago Bay in June
19, 1960.

Fig. 10. Vertical distribution of temperature ('T), chlorinity (Cl), transparency (T. P.),
dissolved oxygen (Oz), phosphate-P (PO,4), ammonium-N (NH,), nitrite-N (NO3y), nitrate-IN
(NOj), chlorophyll content (Chl.) and total cell number of diatoms (D: actual observation, D”:
mean value in the sea south off Honshu referred to Uyeno 1959) at St. A, in Ago Bay in July
12, 1969.

Fig. 11. Vertical distribution of temperature (T), chlorinity (CI), transparency (T. P.),
dissolved oxygen (O3), phosphate-P (PO4), ammonium-N (NHy), nitrite-N (NOyg), nitrate-IN
(NOjy), chlorophyll content (Chl.) and total cell number of diatoms (D: actual observation, D’ :
mean value in the sea south off Honshu referred to Uyeno 1959) at St. B, in Ago Bay in July
12, 1960.

Fig.12. Vertical distribution of temperature (T), chlorinity (Cl), transparency (T. P.),
dissolved oxyvgen (O3), phosphate-P (PO,), ammonium~N (NHy), nitrite-N (NOg), nitrate-N
(NO3), chlorophyll content (Chl.) and total cell number of diatoms (ID: actual observation, D’ :
mean value in the sea south off Honshu referred to Uyeno 1959) at St. A, in Ago Bay in July
28, 1960.

Fig. 13. Vertical distribution of temperature (T), chlorinity (Cl), transparency (T. P.),
dissolved oxygen (Qs), phosphate-P (PO,), ammonium-N (NHy), nitrite-N (NOg), nitrate-IN
(NOg3), chlorophyll content (Chl.) and total cell number of diatoms (D : actual observation, D’ :
mean value in the sea south off Honshu referred to Uyeno 1959) at St. B, in Ago Bay in July
28, 1960.
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Fig. 14. Vertical distribution of temperature (T}, chlorinity (Cl), transparency (T. P.),
dissolved oxygen (O3), phosphate-P (POy4), ammonium-N (NHy), nitrite-N (NO3y), nitrate-N
(NO3y), chlorophyll content (Chl.) and total cell number of diatoms (D: actual observation, D”:
mean value in the sea south off Honshu referred to Uyeno 1959) at St. A, in Ago Bay in
August 10, 1960.

Fig.15. Vertical distribution of temperature (T), chlorinity (CI), transparency (T. P.),
dissolved oxygen (Og), phosphate-P (PO4), ammonium-N (NHy), nitrite-N (NOg), nitrate-N
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(NOs3), chlorophyll content (Chl.) and total cell number of diatoms (D: actual observation, D”:
mean value in the sea south off Honshu referred to Uyeno 1959) at St. B, in Ago Bay in
August 11, 1960.

Fig. 16. Vertical distribution of temperature (T), chlorinity (Cl), transparency (T. P.),
dissolved oxygen (O3), phosphate-P (POy), ammonium-N (NHy), nitrite-N (NOg), nitrate N
(INOg), chlorophyll content (Chl.) and total cell number of diatoms (D: actual observation, D :
mean value in the sea south off Honshu referred to Uyeno 1959) at St. A, in Ago Bay in
September 2, 1960.

Fig. 17. Vertical distribution of temperature ('T"), chlorinity (Cl), transparency (T. P.),
dissolved oxygen (Oz), phosphate-P (PO4), ammonium-N (NHy), nitrite-N (NO3), nitrate-N
(NO3), chlorophyll content (Chl.) and total cell number of diatoms (D : actual observation, D’ :
mean value in the sea south off Honshu referred to Uyeno 1959) at St. B, in Ago Bay in
September 1, 1960.

Fig. 18. Vertical distribution of temperature (T), chlorinity (Cl), transparency (T.P.),
dissolved oxygen (Ogz), phosphate-P (PQy), nitrite-N (NO3), nitrate-N (NOg), chlorophyll
content (Chl.) and total cell number of diatoms (D: actual observation, D’ : mean value in the
sea south off Hohshu referred to Uyeno 1959) at St. A, in Ago Bay in September 18, 1960.

Fig. 19. Vertical distribution of temperature (T), chlorinity (Cl), transparency (T.P),
dissolved oxygen (O32), phosphate-P (POy), nitrite-N (NO,), nitrate-N (NOj), chlorophyll
content (Chl.) and total cell number of diatoms (D: actual observation, D’ : mean value in the
sea south off Honshu referred to Uyeno 1959) at St. B, in Ago Bay in September 19, 1960.
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Fig.20. Vertical distribution of temperature {T), chlorinity (Cl), transparency (T.P.),
dissolved oxygen (O2), phosphate-P (PO4), ammonium-N (NHy), nitrite-N (NO3), nitrate-N
(NO3) and total cell number of diatoms (D: actual observation, D”: mean value in the sea
south off Honshu referred to Uyeno 1959) at Taka-shima, Shiraishi-jima in August 17, 1960.

Fig.21. Vertical distribution of temperature (T), chlorinity (Cl), transparency (T. P.),
dissolved oxygen (O3), phosphate-P (PO4), ammonium-N (NHy), nitrite-N (NOy), nitrate-N
(NOj3) and total cell number of diatoms (D: actual observation, D’: mean value in the sea
south off Honshu referred to Uveno 1959) at Torinokuchi, Shiraishi-jima in August 18, 1960.

Fig.22. Vertical distribution of primary productivity. Thin lines show the distributions of
microplankton (residues of filter paper Toyvo No. 5 C) and nannoplankton (residue of mem-
brane filter which is filterated the filtrate of filter paper).
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Fig. 23. Relation between filtering rate of pearl oyster
(abscissa) and chlorophyll content in culturing layer (2m)
(ordinate). J: June, L: July, A: August, S: September.
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Fig. 24. Relation between filtering rate of pearl oyster
(abscissa) and water temperature in culturing layer (2m)
(ordinate). J: June, L.: July, A: August, S: September.
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Fig. 25. Schematic representation of food chain around pearl oyster in the sea.
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Summary

Many of the pear! culturists have their farms in Ago Bay. Sometimes the unexpect-
ed death of many pearl oysters and senile decay of farms at the innermost parts of the bay
occur. The authors confirmed that these phenomena result from inharmonious rotation of
nutrient substances in thz food chain around the pearl oyster. The supply of nutrient
salts for phytoplankton is abnormal in shallow waters. The supply stops in late summer
and phytoplankton reduces in shallow water, while nutrient salts innumerably increase in
deep water. These phenomena are exceedingly prominent in the innermost parts and in
small branch bays.

Various elements of sea water are distributed almost uniformly in June from surface
to bottom, even in the innermost parts of the bay. However, the abnormal phenomena
becomes evident according to the increase of the difference of temperature between sur-
face and bottom, because the supply is stopped by vertical stagnation. The change is
gradual in the early stage but after mid-August it increase rapidly. This rapid change is
result of the increase of the filtering rate of pearl oysters which is accelerated by the rise
of temperature over 26°C and the reduction of chlorophyll content to less than 5 mg/m3
in the culturing layer. At the farms in the Inland Sea the above mentioned phenomena
are not observed. It may be due to the large fertility and the perfect vertical mixing by
strong tidal currents.

The fundamental countermeasure is the artificial mixing of sea water, but itis very
difficult because it involves much labour and expense. Therefore, it may be best to move
many of the pearl oysters in Ago Bay to Inland Sea in mid-summer. Some culturists

have already put this plan into operation.
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Table 1. Results of oceanographical observations in Ago Bay and Hakata-jima in 1959.
Tatoku-jima, Ago Bay. June 14, 1959 Shinmei, Ago Bay. June, 14, 1959
Depth| T°C C1% | Ogcc /O Depth| T°C | Cl% ‘ Osce ‘ %
Om 222 | 17.23 | 519 |98.1 0m| 230 | 1633 | 545 | 1035
1 21.7 | 17.67 | 4.99 | 94.0 1 22,5 | 18.87 | 5.55 | 107.2
2 21.9 | 18.17 | 4.95 | 94.3 2 22.4 | 17,79 | 5.17 98.7
4 21.9 | 18.37 | 503 [95.9 4 21.9 | 18.36 | 5.10 97.2
6 21.7 | 1853 | 502 |95.7 8 22.0 | 18.32 | 5.10 97 4
8 21.6 | 18.46 | 4.22 | 80.3 8 21.4 | 18.46 | 4.66 89 .5
11 21.5 | 18.50 | 4.74 | 90.0 10 21.4 | 18.49 | 4.52 75.9
“““““ 12 212 | 18.46 | 4.14 78.3
Tatoku-jima, Ago Bay. Aug. 18, 1959
Depth | TC | Cl% | O | % | Klee
Om 207 X 5.03 | 9.4 | 6.76 | 100.0
1 280  — | 4.80 ‘ — | e 9.5
2 | 2.3 1559 | 4.87 5.95 88.0
4 | 263 | 16.98 | 4.73 9 | 473 69.9
6 | 260 1750 | 452  9L9 | 4.45 65.8
8 | 256 | 17.89 | 4.19 | 8.7 | 2.16 3.9
10 | 254 1 16.00 | 3.89 | 765 | 2.45 36.2
Shlnmel, Ago Bay. Aug. 17, 1959 Mori, Hakata-jima. Aug. 25, 1959
Depth T°C ‘ c1y, | Osee % Depth TSC | Cly, | Oscc ‘ %
0m 3.1 | 61 | 554 1060 0Om 263 | 17.02 4.38 | 887
1 29.1 | 12.9 5.23  106.1 1 ! 265 17.03 | 4.40 | 89.5
2 28.3 ‘ 11.4 5.37 | 105.4 2 | 264 | 17.11 | 4.37 | 88.6
1 |
4 26,5 ¢ 17.01 | 4.38 89.2 4 26.4 17.13 | 3.8¢  80.2
6 26.1 | 16.78 | 4.49 0. 4 6 | 26.3 17.05 | 4.40 | 89.2
8 2.0 | - — 9 | 26.3 17.14 | 4.48 | 90.7
10 25.3 | 18.01 | 2.78 56. 0 12 26.2 | 17.08 = 4.41 | 89.0




TH bEF R R - EBRESICRT S BRI AR & B OIS | 847

Table II. Results of oceanographical observations in Ago Ray and Shiraishi-jima in 1960.

St. A, Koshika-ura, Ago Bay Date: June 19, 1960. ‘Transparency: 6.5m

Depth | Temp.  Cl ‘ 0, i‘PO{L-P NO,-N|NOy-N| NH;-N| Chloro-| Diatoms
“ ; } S — ‘ thH [ e E =

m °C %U CC/I/‘ 9(‘7 pg/L ng/L ; ng/L ‘ ng/L png/m3 r D i D’

0 23.0 1773 5.22 101.2 0.10 0 0 | 95 24— 50

1| 227 | 1829 5.2 101.4}\ 0 0 0 | 75 65 39 43

2 222 1841531 10L.5 0.10 o | o 75 | 122 35, 4.2

4 22.7 | 18.64 5.02 97.3 + 00 | 120 - 43 37 4.0

6 224 18.62 4.69| 9.4 -+ . 008 -+ | — L2 33! 40

8 22.2 | 18.70  4.84 3.1 0o | 0o 0 60 2.2 | 41 3.8

10 | 214 1875|448 8.0 03 008 5 | 10.5 57 @ 3.8| 3.8

St. B, Koshika-ura Ago Bay Date: June 19, 1960. Transparency: 6.8m

0 | 225 | 1829|551 106.0| -+ o | o 145 31 | 44| 4.4
1 ‘ 22,5 | 18.29 5.43 104.4| O 0 0 9.0 | 23 | 45 44
2 224 1828 542|164.2| 0.05 | 0 0 6.2 49 46| 44
3 ’ 224 | 1841 5541063 0 | 0 0 6.0 | 23 | 46 4.3
5 | 224 ‘ 18.62‘5.26301.25 0.15 | 0 0 83 | 12 | 45 4.0
7 224 | 1875 528 109 0 | 0 0 — | 22 | 44 37

St. A, Koshika-ura, Ago Bay Date: July 12, 1960. Transparency: 6m

Depth | Temp. | Cl | Oy | PO4P NO3-N NOu-N|NH;-N| Chloro- Diatoms
{ ‘,.Hl.., - phyll Ot - 2ot
m °C % e/l % 1 seL | we/L pe/l 1 e/l ug/m3 D D
0 27.7 | 17.57 4.76 1101.3| 0.35 | 0.09 10 10.5 55 | 45| 5.0
1 26.7 | 17.66 4.9210L.0| 0.35 = 0.10 10 1.5 | 21 | 4.4 4.9
2 | 259 | 1803 4.92 100.0 0.35 | 0.10 7 250 20 | 48] 4.6
4 24.4 | 18,44 508 101.2. 0.30 | 0.10 7 6.1 | 51 4.2
6 23.7 | 18.53 5.22 1026 0.30 | 0.20 10 36.4 4.0 | 55| 4.1
8 23.1 | 1862511 | 99.6] 0.25 | 0.20 10 17.5 7.2 | 57| 4.0
10 228 | 18.88 | 4.77 | 93.2| 0.35 | 0.16 8 18.5 41 | 5.8 3.7
St. B, Koshika-ura, Ago Bay Date: July 12, 1960. Transparency: 6.5m
0 276 | 17.86 477 99.8 0.15 | 0.13 | 36 14.2 2.8 | 46 4.8
1 26.6 | 17.91 150111031, 0.45 | 0.11 10 35.0 4.8 50| 4.5
2 | 260 | 1813 500 102.0| 0.30 | 0.11 10 — | 50 | 52| 42
3 . 24.7 | 18.40 | 5.08 [101.6] 0.25 | 0.14 19 3.2 16 | 501 4.1
5 | 247 | 18.54 | 5.07 |101.4| 0.15 . 10 15.0 2.3 | 41 4.0
6.5 | 23.1 18.75 1 5.28 103.1 0.45 | 0.14 16 17.4 2.9 | 49| 3.8
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St. A, Koshika-ura, Ago Bay Date: July 28, 1960. 'Transparency: 6.0m
Depth | Temp. | Cl 0, PO,-P Nog-NilNog-N‘NH;;_\mcmom] lg‘i‘;ﬁg?,f

! —_— “phyn | . Ftiaid S
m °C % CC/Li % ng/L ng/L o ug/L ng/L \ ng/m3 ‘ D’
0 | 277 | 1799 4.76|99.8! 010 | 022 | 8 — 14 | 45 45

1 27.3 | 18.03|4.62196.3, 0.50 | 0,33 3 8.0 | 2.2 4.4 14.2
2 26.7 | 18.12 1 4.62| 9.5 0.35 | 0.11 3 90 | 19 3.3]4.3
4 25.3 | 18.29]4.72|95.4 | 0.35 | 0.05 + 8.0 | 0.7 4.2 4.2
6 24.8 | 18.32 | 4.68 93.6 0.20 | 0.16 | 0 | 80 1.2 — 4.2
8 24.4 — 465 — | 020 | 0.15 5 80 | 0.2 4.6 -
10 24.2 | 18.46 4.55|90.3! 1.10 | ©.16 7 15.7 . 2.8 3.8 4.1
St. B, Koshika-ura, Ago Bay Date: July 28, 1960. Transparency: 6.5m (bottom)

0 27.7 | 18.11 | 4.87 [102.3) 0.80 | 0.14 7 9.0 3.1 3.8 4.2
1 27.5 | 1812/ 4.91 (1027, 0.20 = 0.30 8 - 2.3 | 35| 42
2 26.9 | 18.16 | 4.9 102.5\ 0.20 ‘ 0.26 8 — 1.8 . 3.8 41
3 26.5 | 18.20 ' 4.93 101.4! 0.25 ’ 0.17 4 11.3 21 | 39| 41
4 26.3 | 18.25 | 5.00 102.7\ 0.15 | 0.07 7 13.6 — — 1 41
5 256 | 18.3014.87 | 99.0/ 0.80 | 0.05 3 13.6 15 42| 4.1
7 249 | 18.47 | 5.03 101.0\ 0. 60 ‘ 0.20 7 14.5 0.7 | 4.4 4.1
St. A, Koshika-ura, Ago Bay. Date: August 10, 1960. Transparency: 8m
DepthiTemp| Cl [PO,-PINO,- |[NOy- | NHy-| Tot. | Ass.C*lChloro-|  Didtoms
NOINON 5 mg/m3y Phyll |-
m °C %0 pg/L i pg/Ld [Lg/L; ng/L mg/L | dayl ng/m3 | D “ D’
0 284 1812 (0.15[0.15 13 [11.5|825! 46| 22 | 52| 40
1 1284 18.35 0.15 0,11 10 |1L5|69.3 25.5| 15 | 54 3.9
2 128.0) 18.54 0.15 0.12 16 | 7.0 79.2| 124 1.9 | 4.1| 3.7
4 | 27.5| 18.74 0 (614 9 |157 712 90| 20 | 3.9, 3.5
6 | 27.0 18.79 0.1530.15i 16 | 83106.7| 7.4, 14 | 49| 35
8 | 262 1869 0 |16 10 7.0|77.0| 13.0 0.8 | 51 3.4
10 | 255! 18.74 0.05/C2) 15 | 55(8.6| 122, 1.8 53 3.8
* Filter Paper (Toyo No. 5C) ) -

St. B, Koshika-ura, Ago Bay. Date: August 11, 1960. Transparency: 7m
0‘271 1849 | 4.55 9.2 020‘032 10 110 ? 54 | 44 39
1 272\1853‘454 900\ 027 10 | 3.0 | ‘3.9‘4.2!3.8
2 2741’1857 452 94.6 | 10.05 | 0.3 10\130 40 | — | 37
3‘270 — 454 0.150.10 | 13 | 17.2 | | 18 | 38| —
5‘269‘1864‘453 948‘015‘006 151‘? 3 ;3.4\4.33'3.7
7|29 10| 90! \ L 3.3 1 42 3.6

18.70 | 4.51 | 936 036 020
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St. A Koshika-ura, Ago Bay Date: September 2, 1960. Transparency: 6.3m
Depth/Temp| Cl O:  [POP NOu-|NOs- Tor. Ass.C™| Ass.C" Chloro-  Diatoms
o N 1 COy mg/m3/ mg/m3/ phyil *kT/“
m °C %o cs/L 0 9% | ug/L | we/L ug/L | mg/L day dayi pg/m3 D | D
0 %28.2 17.44 | 4.65 | 9775015 0.09 8 63.8 41.6! 19.8 1.8 3.8 5.0
1 1281 17.48 | 4.51 | 945‘010 0.03 7 170.9% 66.0 — | 4.2 4.1 50
2 | 280 17.50; 4.50 0.10 | 0.05 9 |72.6| 55.8| 7.2 1.8 4.6 4.8
4 27.3 18.10| 3.89 81.0|0.60, 0.62 ! 45 | 75.9| 137.4 | 166.6 | 1.0 4.6 4.3
6 269 18.31|3.41|70.71.00 210, 47 .70.4 |116.6 | 70.4! 0.7 4.8 4.0
8 1267 18.39|291/60.2 0.8 | > > 66.0 1 41.0 — 1.4 4.7 4.0
9.5 1267 18.47 3.14 | 65.1[0.20 | 3.00| 18 |72.6| 36.4| 548 1.4 4.9 4.0
St. B, Koshika-ura, Ago Bay Date: September 1, 1960. Transparency: 5.5m
0 290 17.52 | 4.80 102.6 | 0.10 ‘ 0.04. 3 66.0] 250 ‘ 21.8 | 0.9 4.4 ‘ 4.9
1 |28.5]17.55 | 4.85 102.8 | 0.10 J 11 | 6717 264 13.2| 26 4.0 4.8
2 1285|17.6214.81 101.9 ! 11 160.5| 17.2 ‘ 3.8 2.1 4.0 4.7
| |
3 127.6118.03|4.77 99.8 J 5 | 64.9) 188 | 91.2| 0.5 | 4.3 4.4
5 272}18,27 4.12 1 85.8 0101010 6 (726 660 71.6 1.1 | 4.6 4.0
7210 ‘ 18.47 | 4.20 | 87.5 ] 0.05 : 6 |60.5| 30.0 l 18.4 ¢ 2.3 50| 3.9
* Filter Paper (Toyo No. 5C)
* membrane filter
St, A, Koshika-ura, Ago Bay Date: beptember 18 1960. Transparency: 9m
Depth| Temp.| Cl 0;  |PO4P NO;-NNO3-N Tot. |Ass.C ‘Chloro ‘ E;iﬁf};
| — COu gy | phyll
m 2 °C ﬁ %0 CC/L ‘ (,7/0 rg/L pg/L o ong/L meg/L ‘ day ng/m3 ‘ D ! D~
0 | 28.7]10.56 | 4.16 /87.4| 0.20 0.05| 13 660 5.0, L1 50| 55
1 27.9|17.07 1 4.24 88.3 0 0 13 82.5| 97.0 0.9 34| 53
2 27.3|17.38 1 4.20 86.8: 0.20 0.02 24 90.2 | 61.8 2.4 i 4.8 5.1
4 27.0117.53 | 4.16 | 85.6 . 0.20 -+ 92.4 . 85.0 3.4 3.6 | 5.0
6 27.0117.80 | 4.00 | 82.6 | 0.10 - 6 93.5 . 86.0 1.4 4.2 4.8
8 27.0118.20 {3.74 77.6| 0.08 + 3 90.2 | 55.6 1.6 4.4 4.2
10 26.8 | 18.27 ’ 3.29 68.6 | 0.15 0.02 7 1130.9| 410 1.3 4.6 4.0
St. B, Koshika-ura, Ago Bay Date: September 19, 1960. Transparency: 6.5m
0 27.5 | 17.07 1 4 05 ‘ 83.7 . 0.08| 0.09 2 8 77.0  24.4 1.6 3.5 55
1 27.0 , 17.07 1 4.01 822 0.15 0.03 3 75.9 | 40.7 0.9 3.41 5.3
2 27.0 1 17.15 3 4.06 | [83.2] 0.30 0.05 ‘ 74.8 . 51.4 3.7 43| 5.3
3 27.0117.39 4,12 ‘ 83. 0.15 | 0.05 3 80.3 | 53.1 1.8 | — 5.2
5 270 17.46 4.15 85.4 -+ 0.04 15 90.2 | 91.2 1.0 4.8 5.1
6.5| 27.017.70 4.08 | 84.3 | 0.20 [V 0 ‘ 50.6 | 23.6 0.7 ‘ 4.2 4.9

* Filter Paper (Toyo No. 5C)
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Torinokuchi, Shiraishi-jima Date: August 18, 1960. [ransparency: 5.1m

Depth Temp. Cl O3 PO4-P| NO3-| NOs- NHj-| Tot. Ass.C “Ass.C ™ Chloro- Diatoms
i ) 7/‘, N ’ N N CO;, mg/m3/ img,”mB / phyll >‘,;
m C % e L: % pore/L e/l ug/Lob /L | me/L davf‘ day] pg/m3 | D D
0 27.016.56 5.10[104.1] 0.26 | + | 10 | 6.8 132.2 261.4 262.2 11 6.2 57
1 27, 116.55 5.15103.1 0.19 0 | 10 | 4.5 94.6 470.6 13048 0.9 |6.2]57
2 27.416.54 5.13103.7, 0.19 | 0 0 | 4.2|123.2/435.2  229.81 2.4 |6.216.7
4 26.816.55 511103.7 0.13 | 0 | 13 | 55 125.4 558.4 119.8 3.4 |6.3 5.8
6 27.0(16.58 5.04/102.6 0.26 | 0 5.0 | 107.8 299.2 1316 1.4 | 6.3 |57
8| 27.0116.87 4.57/ 93.8 0.26 | 0 5 | 2.7|114.4/203.8 110.4 | 1.6 4.3|5.7
10 | 26.817.27 3.94] 80.4 0.45 0 | - 65| 638 60.0 30.2| 13 5652
Takashima, Shiraishi-jima Date: August 17, 1960. Transparency: 5.5m

15.16 4.92 98.8 0.07 | 0 7 | 5.8|429 167.6 1888 1.6 6.1 6.5

15.17 4.96 99.6 0.17 | 0 = + | 7.0 3.9 206.8 1420/ 0.9 6.1 6.5

15.31 4.97 99.8/ 0 0 5 0 6.3 80.1 772.2 226.8 3.7 6.1 6.4

16.16 4.77) 96.8 0.13 | 0 8 221221 6453|1972 1.8 |6.15.8

| 26.816.86! 4.35 88.4 0 0 7 . 9.0 46.2|213.6 173.4| 1.0 55|55

| 26.617.16 3.97. 80.9/ 019 | 0 | - | 4.8|74.8 280.4 2128 0.7 57|57

* Filter Paper (Toyo No. 5C)
* membrane filter



Table IT11. Plankton diatoms in Ago Bay and Shiraishi-jima,

Koshika-ura, Ago Bay. June 19, 1960 cells/100cc :
Station A ’ | l \‘ B X \ |
Depth  (m) 0 1 2 ’ 4 6 | 8 . 10 0o 1 2 3 5 7
Diatomae Total | | 905 305 | 506.5| 207 /1386 | 604 |2685 (2805 4025
Asterionella japonica } — — — — i = — — 15 | 40 -
Bacteriastrum elongatum | — — —— — [ Lo — ‘ — bz
B. comosum _— — 10 - — | = 3B - .
B. varians L 45 | — | 125 27 | 24 | 24 1205 | 65 @ 85
Cerataulina bergonii |10 — ‘ — i 6 4 15 — ‘ 15
Chaetoceros atlanticus v. neapolitana I — — 25| _— - e — 5 |
C. coarctatus [ — e — o — — —
C. danicus | b — — — 2 60 25 | 45
C. eibenii L 40 1257 10 6 — 12 15 35 30
C. denticulatum .45 75 — | - — 5 | - —
C. pendulus e |- - S 4 — 1 5 1 — N
C. peruvianus ; R — — I — 4 — = . 8 ! 5 | =
C. affinis 175 ‘ 70 14 39 | 90 [ 136 | 900 | 965 1185 (1384 | 960 | 645
C. brevis 35 | 75 25 9 I 14 — — = — — —
C. compressus 130 35 112250 21 4 1 96 285 450 \ 432 | 645 “ 280
C. constrictus — - — — — — 30 | 48 25 | 50
C. costatus —_ — — | e 24 e 25 9 | — — —
C. curvisetus .25 — — 82 — | 205 75 | 352 325 | 250
C. didymus [ . —_— = _ 8 15 80 ‘ 24 10 | 70
C. diversus _ o — | - 4 I R ~4 15 | — — | =
C. laciniosus 10 175 175 9 580 | 24 @ — | 60 | 30 40 | 10 | 65
C. lorenzianus ; 35 — 10 21 20 — 65 1125 | 160 200 @ 60 80
C. pseudocurvisetus j — -~ | 55 — | 260 — | 110 | 50 | 305 ‘ 80 | 150 | 25
C. radicans 15 — — — — — - — —_— = — _
C. tortissimus — = — — 22l = 85 | — | — 1115 | -
c tort S e S B el R vl R
Clymacodium biconcavum | — — \ rrrrrrr 22 — 30 ) ‘ — ‘ — e -
Corethron hystrix [ — ‘ 25 — ~ 4 ~~' ‘ e ‘ 5 | = - | -
Coscinodiscus marginatus - - ] 5 ‘ - 2 - e e B ‘ — =
C. radiatus — =25 — | 4 = = s 5
Dactyliosolen mediterraneus P ‘ -— — ‘ — —n —- — — ‘ 5 0 — 15
Eucampia cornuta | — ¢ — | — | — — — - 25 ‘ - o %
E. zoodiacus [ P — ] - e — . — | 40 —_— - =




Guinardia flaccida
Hemiaulus hauckii
Lauderia borealis
Leptocylindrus danicus
Nitzschia closterium

N. delicatissima

N. longissima

N. paradoxa

N. seriata

Rhizosolenia alata f. gracillima
R. calcar avis

R. setigera

R. stolterfothii

R styliformis

Skeletonema costatum
Thalassionema nitzschioides
Thalassiothrix frauenfeldii

Dionflagellata and Zooplankton Total
Salpingella ricta
Steenstrupiella steenstrupii
Tintinnopsis cylindrica

T. mortensenii
T. lobiancot
Tintinnus lusus undae
Dictiocha fibula

Mesocyna corvmorpha
Ceratium furca

C. Susus

C. tripos
Gonyaulux sp.

Peridinium roseum

P. inflatum
Noctiluca scintillans
Paracalanus parvus
O1tthona nana

Cirripedia Nauplius
Copepoda Nauplius

| 170

75
90

298

- U

Hrog i



Koshika-ura, Ago Bay. July 12, 1960. cells/100cc
Station A B
Depth (m) 0 1 2 4 6 8 10 0 1 2 3 5 6.5
Diatomae Total 3160 | 2555 | 6330 12850 ’33410 49640 60400 | 4060 [11020 117340 10560 [12570 | 7290
Asterionella japonica — | - — — — 240 — - — -— — -
Bacteriastrum elongatum — R - 200 | — — — — - _ -
B. comosum — - — — - 2000 — | - — - 90 90 —
B. . varians — 25| 230 | 390 | 1290 | 800 | 1300 | 200 5 40 300 570 | 120, 150
Cerataulina bergonii 40 30 40 1 120 | 60 40§ — — 180 60 . 180 — 60
Chaetoceros danicus — 5 — — 120 | 300 20 - — rrrrrr — 30
C. denticulatum 30 30 110 360 | 690 | 800 — 40 120 | 300, 210, 300 | 150
C. etbenti 50 — | - — — 200 — - 90 : 120 | — 60
C. pendulus - — - 30 - — 20 30 — — —
C. peruvianus — — — — - - 20 30 —
C. affinis 1305 . 970 | 2950 | 6420 13500 127080 | 5800 | 2300 | 6640 12420 . 10 | 8310 | 4380
C. breuvis 10 — 501 120 330 — — — — — 60 ) — 150
C. compressus 550 1 320, 20 1320, 2700 | 880 | - — 140 | — 90 ¢ 90| -
C. constrictus — — — — - — — — 80| — - _ _
C. costatus — — - 1290 | 400 — 60 - 210 | — —
C. curvisetus 50 65 1601 900 990 | 960 | 2900 | — 200 | 720 | 900 | 930 @ 360
C. didymus 25| 110 80 ; 270 1200 | 840 ! 5000 ¢ 100 | 200 | 270 | 360 | 270, —
C. diversus — 5 — — — — e e 40 90| — - —
C. laciniosus 200 . 515 0 1200 | 1260 | 4020 | 4040 | 3000 | 600 | 2020 | 1380 | 840 | 1020 | 240
C. lorenzianus 85 65 180 | 240 | 570 | 400 800 | 300 | 540 . 330 60 | 150
C. messanensis e — — — - — — — - — - — 90
C. pseudocurvisetus — 50 30! — - 120 1 1300 . — 300 | — 90 | 300 —
C. tortissimus — — e s 900 - — — ~~— w - e o
C. spp. 8 — 50 | — — — — — — — 360 — —
Coscinodiscus marginatus — - — — — — 100 | — — — _ _ _
Dactyliosolen mediterraneus 5 - 0 — @ - - — . 20 | — — — o
Eucampia cornuta — — — — 60 | 40 200 | — — — — — -
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E. zoodiacus
Guinardia flaccida
Hemiaulus hauckii
Lauderia borealis
Leptocylindrus danicus

Nitzschia closterium

N. delicatissima
N. longissima
N. paradoxa

N. seriata

Rhizosolenia alata f. gracillima
bergonii

calcar avis
setigera
stolterfothii
styliformis

R %P R

Skeletonema costatum
Thalassionema nitzschioides
Thalassiothrix frauenfeldii

Dinoflagellata and Zooplankton Total
Ceratium furca

C. fusus

Amphorella amphora

Steenstrupiella steenstrupri

Tintinnopsis cylindrica

Dictiocha fibula

Oithona nana

0. similis

Copepoda Nauplius

10

210 | 180
60 | 270
30| —
60 | 120

AAAAA 420

630 | 1670

— | 60

— 30
60| —

— | 120

340 | 1260
60 | 1530

— | 120

0 30

— 30

40
600

560
40
40

480 |

3760

120 |
60 |

180

150

150

240

90 |
60

300

30

30

60
30
60

7S8

oty



Koshika-ura, Ago Bay. July 28, 1960. cells/100cc

Station A ; £ 1 B

Depth (m) 0 | 1 2 4 6 8 | 10 0 102 3 5 6
Diatomae Total 2830 2600 | 210 1525 | 440 | 680 | 600 | 344 ‘ 660 890 1575 (2375
Bacteriastrum comosum — — — — — 15 —_— — — . - o
B. varians - - — B 15 30 — 2 50 15 — 30
Chaetoceros danicus o o — — — — — . — — — 75
C. denticulatum e e — — 20 80 7.5 4 0 — o 725
C. eibenii — | - 325 30 | 75— 02— —  — | —
C. pendulus — — — e 25| - - — — — U
C. affinis 2300 12415 {1775, 475 165 | 120 25 292 1555 | 745 30 50
C. brevis 5 — 10 — — — — — — _ _ .
C. compressus 20 35 — — 37.5] 50 . — — _ _ _
C. curvisetus 55 30 — — — 25 — _ I _ —
C. didymus 55 10 125, 15 e 5 — 6 i - — 15 -
C. laciniosus 235 | 110 75| — 225 105 75 34 - 55 25 —
C. lorenzianus — — — — 75! - — — — - — 5
C. pseudocurvisetus — — — — — 65 — - — — e —
c. sbp. % | — | - — | — B [ R — | 20
Coscinodiscus radiatus — — — — — — ] - — S 25 .
Leptocylindrus danicus 75 — — = — e 5 2 35 — - —
Nitzschia closterium — — — — ] - - — 2 — — 25| —
N. delicatissima — o 2.5 5 17.5| 30 25 — 5 10 25| 125
N. longissima 5 — — 17.5 - 10 — — — — — —
N. seriata TN R R R 20 3 | — | — | 10 | 40 5 | 325
Rhizosolenia alata f. gracillima — — — 10 325! — | . . _ TR B, -
R. alata f. indica — - — — 5 . _ - 15 _ _
R. bergonii — — | — — - — - — - - - 25
R. calcar avis e — —_ 2.5 — — — - _ _ 5 |
R. setigera — — - 5 — _ — — — — — 25
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R. stolterfothii
R. styliformis

Skeletonema costatum
Thalassionema nitzschiotdes
Thalassiothrix frauenfeldii

Dinoflagellata and Zooplankton Total
Ceratium furca

C. Sfusus

Amphorella amphora

Dadayiella ganymedes

Salpingella ricta

Noctiluca scintillans

Oithona similis

Copepoda Nauplius

20

625

968

Hrogr Rl



Koshika-ura, Ago Bay. July 10-11, 1960.

cells/100cc.

Station A B 1
Depth (m) 0 1 2 4 6 8 10 0 1 3 5 | 7
Diatomae Total 16000 26670 1270 | 840 | 2890 11970 [19620 | 2340 | 1420 670 | 1845 | 1675
Asterionella japonica — e - — e e 300 | — — - 10! 15
Bacteriastrum elongatum - — — — 120 | 300 | — e - — — —
B. comosum — — — — e — - 60 — — — -
B. varians — —_ — 40 | 150 | 810 810 - - — 65 40
Cerataulina bergonii - - o e - — 60 — - — — 30
Chaetoceros danicus — — — - 5 - e 45 20 — — 10
C. denticulatum — — — — — — — — 10 — 5| —
C. eibenii — — - — 10 — — — — - 10| —
C. pendulus - - — - — - e - e — — 5
C. affinis 15450 25440 | 685 [ 160 | 475 840 ! 1830 | 285 180 165 ¢ 100 | 160
C. brevis - — o — — — — — 60 — — —
C. compressus == 240 | 100 95 50 | 4470 | 4770 | 810 . 270 45 | 575 | 115
C. curvisetus — e — - 50 | — 300 45 | — — 390 | 550
C. didymus 150 | 210 40 40 90 | 480 1 600 45 | 170 65 | 135 75
C. diversus — — — e 20 -— 90 | — — 30| — —
C. laciniosus 350 | 780! 270! 260 260 | 960 | 3210 | 705 | 190 100 | 110 80
C. lorenzianus — — — — — 60 | — — 50 — 35 —
C. pseudocurvisetus — — — — — — e — — — 50 75
C. tortissimus — — —— — —_ 180 | - — — — — —
C. spp. — - — - 75| — - - — — — —
Corethron hystrix — — — — — — — — — 5| — —
Dactyliosollen mediterraneus e - — 5 45 210 | 150 | — — — — 10
Guinardia flaccida e — — — - — — — — 10 — 15
Leptocylindrus danicus - — 5 351 125 | 1230 | 1140 15 90 30 20 10
Nitgschia closterium — — | e 51 — _ _ . _ _ 5
N. delicatissima — - | - 10 15 30 60 15 10 ] — 51 —
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N. longissima

N. paradoxa

N. seriata

Rhluzosolenia alata f. gracillima

R. bergonii
R. calcar avis
R. setigera
R. stolterfothii

Skeletonema costatum
Stephanopyxis palmeriana

Thalassionema nitzschioides

Dinoflagellata and Zooplankton Total
Ceratium furca

C. Susus
Dadayiella ganymedes
Epiplocylis sp.
Favella azorica
Metacylis anurifera
Rhabdonella spiralis
Tintinnus lusus undae
Calocalanus pavo
Oithona stmilis
Oikopleura spp.
Copepoda Nauplius

60

150
10

20

10

295

20

10

30

1230

120 ¢

120

80

60

150

20
25
220
20
35

25

848
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Koshika-ura, Ago Bay. September 1-2, 1960. cells/100cc

Station A J B ] j
Depth (m) 0 1 2 4 6 ' 8 10 0 1 2 | 3 5 7 -
Diatomae Total 615 [1135 4130 (3800 16352 5280 8314 2470 ‘ 910 ‘;1026 ‘2296 3904 (9980
Asterionella japonica — e — — i 104 — 1184 e R 32 — | 650
Bacteriastrum comosum — — R - — - 40 — e — 16 — | 100 -
B. varians 1 = - 25 | — 65 | 128 | 100 16 | 75 — 42 1 24 | 48 | 120 ity
Biddulphia longicrulis - = — 15 40 e 8 — — — — 8 20 :L;f
B. sinensis - = — 5 24 20 8 - . o — | - 20 T
Cerataulina bergonii 20 — 5 25 6 @ — 8 — e — — 16 10 |
Chaetoceros denticulatum — 30 — — — — _ - _— - I N E“
C. eibenii — = == =2 - =] === o
C. peruvianus — — — 15 — — — - = — — —_ — s
c. affinis — 1120 | — | 45 | 88 | — [136 | 40 | 25 | 24 104 | 56 | 60 N
C. brevis — — 10 | 32 | 160 16 — — . 8 | 32 | 24 | 40 v
C. compressus . — — — e — — - — ( 4 — . — Q\i
C. constrictus — — — — - — . — — 8 - . _
C. curvisetus — 10 - 1110 1104 | 160 96 10 — 4 1104 56 —
C. didymus e 935 900 | 100 2 40 L 9 24 1 160 20
C. diversus e — — 24 e 24 25 —— —_ — 16 .
C. laciniosus . 35 50 — 1230 | 144 | 280 @ 152 115 25 36 96 | 224 | 210
C. lovenzianus - — — 10 — — 48 —_— 20 12 _ 16 —
C. pseudocurvisetus 15 — e 30 80 — - e 25 — 1200 — -
C. spp. — |20, 1051 — | — | — L | —
Corethron hystrix P — — 10 16 — — — — —_— = 8 10 o
Coscinodiscus radiatus — e e - — — — — — 6 — 8 _ —
Dactyliosollen mediterraneus e 5 — — - _ — 5 — 4 — — 20
Ditylum brightwellii. 1~ e e 25 — — 16 e 10 — 16 8 .
Eucampia zoodiacus — - o 5 64 — — 20 — 6 8 — —
Guinardia flaccida e 0 — Bl Bl Bl 4§ — 24 — &
Hemiaulus hauckit [ 10 P — ‘ 6 ; 20 8 | - | — — 16 . —




Lauderia borealis
Leptocylindrus danicus

Nitzschia closterium

N. delicatissima
N. paradoxa

N. longissima
N. seriata

Rhizosolenia alata f. indica
R. setigera

R. stolterfothii
Skeletonema costatum
Stephanopyxis palmeriana
Thalassionema nitsschioides

Thalassiothrix frauenfeldii

Dinoflagellata and Zooplankton Total
Peridinium sp.
Gymnodinium sp.
Ceratium furca

C. Susus
Amphorella amphora
Dadayiella ganymedes
Metacylis arurifera
Tintinnopsis cylindrica
T. lindenii
Tintinnus lusus undae
Dictiocha fibula
Mesocena polymorpha
Paracalanus parvus
Copepoda Nauplius

75

25

2060

2340

4
16 | —
— 2
12 | —
— | 8

4 _
12 | 8

638 | 968
180 | 536
— | 56
30 | 48
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— | 8
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10 | 16
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24
11200
40
1856
.80
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3410
140
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Koshika-ura, Ago Bay. September 18, 1960. cells/100cc

Station A LB

Depth (m) 0 1 2 4 6 8 0| 0 1 2 5 7
Diatomae Total 10075 ‘ 280 | 6695 | 410 1735 ‘ 2880 ‘ 4400 | 340 | 255 | 215 575 ‘ 1575
Achnanthes longepes 5 — - — —_ i — — - — _ — -
Asterionella japonica 125 7 — 10| — — — — 50 — I - .
Bacteriastrum elongatum — — — — — 40 — — . o _

B. comosum - 30 . — 35| 100, — — — - — 15
B. varians 51 — | - — 40 | — . 5 15 10 . 30
Cerataulina bergonit — . o 51 — — o . . o
Chaetoceros danicus - — —_ — 5 251 140 — — — 15 | —
C. eibenii e — — — — — — . _ 10| -
C. peruvianus — — 5| — 20 | — 40 7 — — - 15
C. pendulus - - - - — 10 — — — - e —
C. affinis 10 30 85 90 | 250 | 270 ¢ 500 60 20 65 185 | 155
C. brevis —_— — —_ — _ — 40 | — . _ 15| —
C. compressis 10 — — — — — — — — — 30 —
C. constrictus — — — —_ — — — —_ | — . - 20
C. curvisetus 30| — | — | — | 165 60| 8| 10| — @ — - 30
C. didymus — — 30 157 115 405 | 840! — — 15 50 | 265
C. diversus — e e e 15 55 160 — . o — 15
C. laciniosus 130 15| — 25 25 — 60 | — — — — 40
C. lovenziaus — — —— - 30 — 100 25 | - 25 — 10
C. spp. 151 — 25 0, — | 10 — — — - — -
Corethron hystrix — — — o — 10 20 | — R 51
Coscinodiscus marginatus 10! — e — — - — —_ _ - . -
C. radiatus — — —_ — — —_ o 0 25| — 10 5
Dactyliosollen mediterraneus 5, — 5| — — — — 10 — - . .
Ditylum brightwellii — - 5 — — — — — . — -
Eucampia zoodiacus 5] -~ e — — — — - — - . .
Guinardia flaccida e — — — 51 — _ - - __ o
Hemiaulus hauckii e o 57 — — — — — — — — .
Lauderia borealis — — — — — — — _ - _ 20| —
Lepiocylindrus danicus 60 | — — 40 95 | 550 | 460 | — — — — 75
Nitzschia closterium 15 51 — — 5 — — . - — . o
N. delicatissima - 51 — — — 5 20 | — . — _ -
N. longissima 15 51 — — 20 40 — — — — .
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N. seriata
Rhizosolenia calcar avis

R. setigera
R. stolterfothii
R styliformis

Skeletonema costatum
Thalassionema nitzschioides
Thalassiothrix frauenfeldit

Dinoflagellata and Zooplankton Total
Cochlodinium spp.
Dinophysis homunculus
sp.
Gymnodinium sp.
Peridinium inflatum
Ceratium furca

C. Sfusus
C. inflexum
C pentagonum

Amphorella amphora
Metacylis anurifera
Salpingella ricta
Tintinnopsis cylindrica
T. lindeni
T. nordguisti
Tintinnus lusus undae
Dictiocha fibula
Mesocena polymorpha
Paracalanus parvus
Oithona plumifera

O. stmilis
Copepoda Nauplius

10 |
25

120
70

260

600
150

305
625

385

580

830

665

160
70

2185

298
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Shiraishijima, Inland

Sea. August 17-18, 1960. cells/100cc

Station
Depth (m)

Diatomae Total
Asterionella japonica
Bacteriastrum varians
Biddulphia longicrulis
B. sinensis
Cerataulina bergonii
Chaetoceros danicus
eibenit
affinis
brevis
compressus
curvisetus
didymus
diversus
laciniosus
lorensianus
pseudocurvisetus
soctalis
spp.
Corethron hystrix

SINSIECINO NS IS IS N R N N

Coscinodiscus marginatus

C. radiatus
Dactyliosollen mediterraneus
Ditylum brightwellii
Eucampia zoodiacus
Guinardia flaccida
Hemiaulus hauckii
Lauderia borealis

Takashima “Torinokuchi
012 46750 T 2 e e 8 0
135210/134600]1250001129350] 34090/ 5290¢ |172300|165750/1497£019670C/1.997CC| 2200, 43750
550, 1050| 360 3000 3150 2900 3450 4250  18C 1450 700 — | 2600
13000 600 1500 — 250, 50 850 1150, 135C/ 1350 650/ 15 150
S R R A D L D 100 — | —
500 50 — | — | — | — | — 2000 — | 50 | — | — | —
150 — | — 50 - | o— | o — = = ]
S U R B 500 150 50| 250 — | — 100
— = =] = 4000 100| 50 100, 100 550 100, — 250
22000 700| 1850 950 2850 2850 2150| 4850| 7150| 7350 4150 550 4200
— 150 — | — 2000 — | — 200 — | — | — — =
23000 4350| 850 1450 2650 2850, 4150 4100/ 3900/ 8700/ 2750 200 1150
610 5500 2150] 2800 3500 1750| 3750 8750 4500 73500 810000 — | 2250
300 1000, 350, 350 200, 650 — 850 500/ 900 1650, — 350
[ DU B A R 150 | o
— 4000 150| 1050 — 2500 250 45000 4000 100 —
1850 1250, 400 500 450 400 450 500 1150 1300 1400 300
2250 25000 22500 3000, 4250, 4900, 600/ 1750 5000 1100 1500, — | 4550
— | - = ] - — | 2000 — | — 3000 — | — 400
250 250/ - — 250 — 100 — | — | — 500, — | -
S R R R 500 500 50 50 — -
150 100 50 — | — 50, 100 — 150 — 100 — | —
50 — | — | — | - 100 50 1000 — | — S N
1000 — 100, — | — 200 200 150, 350 400 — @ — 150
150 50 2000 50 — | — 100, 3000 450, 250 200 — 100
— 300, 300 — | — | — | — 2000 — 2000 — | — | —
500  50i 250, 300 300 100f - | — 200 - ~ | =
150 50 200 200, 300 200 400 200, 100 150 400 — | ~—
| = = = = =1 = 150‘% — 100 — | — | — | =

L
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Leptocylindrus danicus
Melosira sulcata

Nitzschia delicatissima

N. seriata

Rhizosolenia alata f. gracillima

R. calccr avis
R. setigera
R. styliformis

Skeletonema ccstatum
Stephanopyxis palmeriana
Thalassionema nilzschioides

Thalassiosira rotula
T. nordenskioldii
Thalassiothrix fravenfeldii

Dinoflagellata and Zoeoplankton Total
Gonyaulux sp.

Peridinium catenatum

Dinophysis ovum

Ceratium furca

C. Sfusus
Tintinnopsis nordguistii
T. lindeni

Tintinnus lusus undae
Dictiocha fibula
Noctiluca scintillans
Paracalanus parvus
Fritillaria sp.
Copepoda Nauplius
Gastropoda Veliger

117200

3850

112200
300
3800

150
1050
50
700

150

50
112500
2650

100,

1200

150

300
200

100
111700
100
3300
200

250

1200

300
50
50

100
7240
100
7150
100

100

32700

1150

300

149100

4200

100
400

300

100
132200

5250
50

300

100

50

115200

7750
100

86600
6150
50
100
50,

250,
50

50

50
97700
200
5500
150

100

50
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HIEOMBEEHRET 2E RO 3 bAWRRELEEL LD TH 5, ZDHBEOEF LY
FTHHIITE L DMFEREINTHENRY DD k@l lERE2 bR, FEL
BECETRo Bk E H OB 2 BT 24 0 L HEE I N AU E D OWEB MBI CE LY £
— 74 Y wOWTIHELRTR0kd, WIFRLEROHEBEERDOFER TR &
AHEIAL 2, TEVYI7ROARATE I D LD TERL, O THLOMoyE
MR 550 THEAZ EEildie, Lnl, 71 —4, 4122 —F5DLTHEENRT
WHEEBROBERICIOEOTFEENMMEEIN S S, ChCET 2B T RELZ LR,
FHRGECROBROBEL L VT L eRIIL, dAREZTDIENEE 2 LD,
B MAHBEOEBEACEAT 2 ERREO -2 a2 TnDC L2 FD D TI i

E ?5'31_ Do

ERAEEIUERER
AR L CHWREERE, BB BB ENCEZE 6~Tmm D4 DT,

D THEBRITHL 2o

1. Setafoft: coX> L TEEHOESED HEEO 100g 2 2N HCL- 4 ¥
SV DERRGE CHEBEOEM A TH HREE A VY v LR ERL o, IREBERFED
TWAIBREAZEL TR, REOHI Y A4 v RHEL TL 5, EREH»ZELK
BRLUBHa Yy 34 ) v 2EL, BEA2EBIE TS/~ v BLIOHCl it 5L

REEOHEHE LB T 2, BT ELSB LT HCL-2 5/ —viciERL, o
e ERIETA ¥ 7 — v LHCL R R EBAER L bl 2 7 v — v, =—7 VTl
I, ZOREAYHEIL VT BREAOmMELESELN D, &k 100g O F

BEH L DRI 2lmg THofe, CNEEBOLEY HBRO MK IO W TTR>T
LA LA ZEBDILNANOT, COEGHBARGRELROBERS TH D &
s s, ¥k, COPHERKPE OFRERCENETHD, HCL Bk 2 &/
— NV DBRIERT Do (WFMCIER L ERYE S L { BKIP R THic X 2Th 205
SRR LR A2 DL NRh DT,

* Yasuo Sawada. Studies on the yellow pigment of the pearl. Bull. Natl. Pear] Res. Lab.
7: 865—869. 1961.
D EYABFIOT LS No. 88, (S BB TME T: 865869, MIFI36LT 1)
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2. HBEZEOSNEN: #tEy HCl- 15/ —VKBRL, TORFELR S
L, BARI D ERBIE T T BEATRRAZ LT, BIHICRLEZ &< bT
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TEEFREEARTTI I BOBBERALNG, INEEET I EEO RE HEHEL L
BESEOAX Yy ME, otvy, PI=v, FYVY, TNVIIVE, TRAATFVE
BT B, I EREREO AR v P 2EASEED B Rz, o THERABOAERSE,
CNBDTF I BTERENRE—EDRT I FTHEHZERBDEND,
4. ERBLCEINOHMEHEBRLOBR: LIFHES LYK EEPHEEEIEDILEE
mmk HINRTWD Fe 2 Mn L 2oWTHE LD, ShbomnRraslbaye Lk
LIEBAOEILEY L O B 8 bhTwh, 2o THEKOHADBREIRFILZDO~T
A ForELYaFHBeBEILEL VAR L0 T IR 20T, HBHIERIUTH
DHEHBBLEENTWAMBHEETTELOW IO R R ol Thbb, X
BRI TR L 2Elicowto sy e LTHhaikic b Fe gL i
BEIEC R LA CEOROBEEOFAABREDER LV LEZLAENTwET L%

ﬁl& Hfa Rk L U EAREROR S

T gy B J}M B BBBOE

,,,,, ! ; % Fe ) 3
o % om w03 ez | A6 EECES
¥ o % M o 0.3 90 342 0.6
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e B 05% St BRI,

wbtoit,wm@ﬁﬂﬁ OWTRE—DHET Fe Oa8%lET 5L 0.5% 2
%80 Fe DEERHEDLN, COSHREEROERIEEZ V12 L THEETRC
BOTHEBEAEEL L a0k, COBERHRBAEMRT I FL Fe Oo#koyT
BHZEERET B, EmiiE, 73 BROTEORCAE SRWAT 4 FRKE
HETHED, HOoZDOKIBERREETH SO EETH B Ehrbbd, HIEOHBBRZ
BHEOKCDORERL T, AoMnHar 24505 TH 5,

FOBERRTIA FPOILEYTED L DHEXHEIDL—2DFRLLT, 73/
BBELIEAT S FOKBRC—EFTHOBEEARERINL 2Ba R 000 & 7R
BOZENAZLb~Nz, BXOF—RBIUE SELREBROBEKT 3/ BOKEED »
Thp T s, BbORELTHEBRLAY, HCEBEAMEERHTS & o0
CABEOLEEET 5, $IED Db Fea(SO04)s O J b FEFH R USRI AF
SHBFR RN TLEBIEBEOREL kb, FANI H»FESKIC R L 2b DR, B2D7

PUBHEEL 1:1 TFea(S04)s R Ud 000N E%E Feo (SO0 HiED L D 2
LD TH B, 73/ BOERLAWNT 2L KEBLRONRE D, TOFRE
DEIETVIVY, FI=v, T IV, TAATEVE, o4 YOERETLT
Whe FRTIVNeT I VY, TI Ve TV e TN VY, FIToveF IV,
Fozmeraf vy, TYUVNe ad VY DKIBRICONWTHBOUER D 2, E
LI OLRE AL, KIEEREAL LD, BBl e 5 2 lRE®BL OF
BERE D, CROOHERERI VEL L ALEOEEOBH LELUL TW5D, TD%E
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2) R#&HEB— 1947 EHofrov. RSEE 7: 34,
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