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Preface 

From ancient timesう theshell structure of molluscs has been studied by many 

workers from each viewpoints such as the evolution of species， the mechanism of 
calcification etc.ラ whichwere very interesting problems to biologist科 togeologists， 
to dentistsヲandto biochemists. In 1923， excellent work on the structure of shelIs 
has been done by Schmidt. TSl山 um口ni(1928) has fir凶stinve白剖S叫t1唱g狩判a以t印edt出hecαr‘ y刊州川s幻叫ta及札al口li出I口1

str、'uct印ur陀eof the shell 0ぱfa ma訂rinemollu旧1防S仁臼ans叩pe目Cl陀es叫ラ Atruηlωa JaψIPO仰mたC日偽ラ by taking the 
Laue photographs. 

Shells of marine arrd freslトwatermussels are complex system， more than 

80% of which consists of inorganic salts， mainly calcium carbonate， and less 
than 20% organic materiョIs，commonly termed “conchiolinぺ Calciumcarbonate 
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ラ andto be closely related to calcification. The roles of 

alkaline phosphataseフ carbonicanhydraseラ sulphatase，and mucopolysaccharide 
in shell formation have also been reported in the last few years (Freeman et al. 1948フ

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 d肌 ussion(Bevelander 1952， Jod閃 y1953う Tanaka1956). Crystal 
growth of shells has been investigated under the electron microscope， and a great o 

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フ eachworker has studied only in his partョandas yet， 
the most of the studies on the crystal growth of shells was discussed only from crystal明

lographic viewpoint. Thereforeラ strictlyspeaking， we are not given sufficient 
fund且mentalknowledge 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 

* Koji iVada. Crystal growth of 111011uscan shells. Bull. Natl. Pearl Res. Lab. 7: 703 828 
1961. 
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complex biological and biochemical factors， it is uneasy to control experimentally 
the conditions of the mother fiuid 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 恥1ineralConstituents and Structure of Shell 

Chapter III The Organic Matrix of Shell 

Chapter IV 

Chapter V 

Chapter VI 

Electron Di飴actionand Electron Microscopic Investi-

gations of the Calcification of Shell 

Crystal Growth of Shell 

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 1 ~ III)， and the second is crystal growth itself of shells (chapters 
IV~VI). 
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Chapter 1 

0" THE CHARACTERISTICS OF THE GROGND OF CRYSTAL GROWTH 

1 Introduction 

For the studies of shell growthラ ithad very early been attempted to represent 

the change in the weight or siz巳ofshells 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 p1ant usually exhibits. The genera1 growth of she11s in the 

weight or size throughout a year Tnay 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 a1most absent. Until recent year， the studies on shell 
form拭 ionhad shown a tendency to be carr、iedout independently in the respective 

fie1ds of workers by bio1ogists and biochemists. 

Histo10gica1 and histochemica1 works on the shell-forming tissue， "mantleヘ
have been done in regard to Ca metabo1ism in molluscs. The epithelium on the 

difte1'ent areas of the mant1e secretes characterist:c layer of shells and is di丹、erent
in hisrologica1 features from each other (Ojima 1952， Owen， Trueman and Yonge 

1953， and Be巴dham1958). But the shape of the epithelium is rather unstable 
under special conditions， and the variation of histo10gical features is corrでlated
with the sec町 tiol1of various shell叩bstal1ces(Nakahara 1958). Accordil1g to 

Kawakami's aspects (1952) on the regeneratiol1 of the grafted mant1e tissue， the 

epithe1imn 011 the outer surface of the mantle rearranges through mu1tip1ication 

and develops into the epithe1ium of pear1-sac， whereas the epithelium on the inner 
surface of the mantle diminishes and disappears. The distrillUtion of a1kaline 

phosphatase and carbonic anhydrase in the mantle was examined histochemically 

by G代目lberg(1947)ぅ Freemanand Wilbur (1948)， Bevelander (1952)ぅ Kado
(1954)， a吋 Kawai(1955). Wilbur aEd Jodreyァ (1955)have not口 dthat calcium 

deposition in the shell wぉ spoi1edby the e仔ectof carbonic anhydrase inhibitors. 

These 1'esults have suggestecl that these enzymes p1町 impo1'tant1'01es in Ca Irce-

tabo1ism of molluscs; the transpo1'tatioE of ca1仁iumin organic systems， the absorption 
of calcium f1'om sea water， and th巴 supp1yof shell ca1'bonate. The distribution 

of the calcium granules in the mantle has been observed by rnic1'oincineration 

and histochemical methocls， and was discussed in relation to the activity of alka1ine 

phosphatase 01' carbonic anhydrase (Beve1ander 1952， Ojima 1952， Kado 1954， 
1960 ancl T吋ii1959ラ 1960). 

On the other handラ thed叩 ositionof shell lime salts has a1so been studi吋

pa1'ticularly f1'om physio1ogica1 and biochemical viewpoints in app1ying isotope 

mぞthods(Wilbur ancl Jodrey 1952、.Jodrey1953， Tanaka and Hatano 1957)， and 
ecological， physiological and chemical works、veremade indepenclently in each 
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special五elds(Kokubo 1929， Mori 1948， Kobayashi and Tohata 1949， Ashikaga 

1951 and Suz 山 i 1957). The 乱机初u山t出:hOlι

ar口1仁dphyアS幻iologicalfactor、S1口 theinvぞstlgatり10;ユ1of the mechanisrnι(υ)f the gr、owthand 

ユ以r、1γr司ange 口rner口ltof inorganic crystals in the shel1. . 
In the field of biocrystallography it is necessary to investigate syntheticalJy 

the rnutual relations arnong the secretive activity of the rnantleぅ andthe liquicl 

ancl the solid phases sU!Touncling growing crystals. The pecuJiarity of the ground 

of crystal growth in rnolluscs vvill be stucliecl systernatically in this chapter. 

2 On the re1ationships between the ground of mineralization 

and the surrounding tissue 

The materials usecl were th巴she11sof 1 ag吋 Pillctadamartensii ancl均川:JSedulls 

which were co11ected from Ago Bay in 1958， ancl were fixed in neutral formalin. 

Bei時 completelydecalcified in 1000 aqueous solution of ethylenediaminetetra-

acetic acid clisoclium salt at pH 7.5 ~ 8.0， the materials were embecldecl in 

paraffinラandcut at 10μ・ Thesections were stained with Ehrlich's haematoxylin-

eosin， or with .Mallory's triple-stain. On the other handフ thefragments of the 

mantle removed from the pearl oyster taking up per a month during July 1958 to 

June 1959， were fixecl with 95% alcohol， and were cut by the usual paraffin method. 
The sections wer巴 placedin the electric furnace at the contro11ecl temperature of 

550 -600 oC for about one hom. Then the distribution of inorganic constituents 

in the mantle through the year was investigated under the dark fielcl of the phase 

contrast mlcroscope. 

Since tI1e grouncl of mineralization in Lam巴lJibrachiais perfectly surrounded 

by the mantle， valves ancl organic matter， and is separated from its environment， 

乳sseen in figur司e1， sea water does not go dir巳ctlyin ancl out of that grouncl 
under normal conditions. In living animals， the mantle spreads in contact with 

the inner she11 surfaceラ anclthe large space seen in figllre 1 appears to be absent， 
though the mantle is free from the shel1. In other wordsぅ theepithelial仁elJs

of the mantle clo not join closely to unit prism or crystal of shell， ancl the mother 
flllicl exists between both systems. Shell substan仁esare crystallized Ollt from the 

mother fluicl which is introclucecl into the ground throllgh the mantle， ancl are 
characterized by the di丘、erentareas of the mantle. 

General anatomy of the mantle in Pinctada mar!ensii is illllstrated in 五gurで 2.

The marginal region of the mantle is divicled into three folcls， and is coverecl by an 
epithelial layer. 1¥1ucous cells are fOllnd here ancl there among the epithelillm or 

in the subepithelial connective tissueラ andlongitudinal and transverse musclllar 

bundles run in the connective tissue， the latter running at dirでctiontangent to 
the former. Organic matter secreted by the叩itheliumof the mi仁lcllefold is con-

nected with the perヤheryof the shell， ancl develops into the periostracum cover胤
ing the outside of the shell. The outer layer， commonly termecl as“prismatic 
layerぺisformed by the epithelium on the outer surface of the shell foldラ 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 mant1e， 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 

T吋ii(1959， 1960)， calcium granules are sma11er and more abunda川 inthe epi-
the1ium on the outer surface than in that on the inner surface. Throughout the 

year， on the pallial zone the amount of the granules is usua11y more abundant 
in the epithe1ium of the outer surface than in that of the inner surface， and there 
is no change in the distribution of inorganic components. But seasona1 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 mant1e is constant， 
and the shape of the epithelia1 cells on the outer surface is simi1ar throughout 

the year. 

Outline of the inner shell surface in Pinctada mωlensii is shown in figure 5. 

The amount of calcium carbonate deposition in each 10ca1 area of the same shell 

appears to be not uniformed in various deve1opmenta1 stages of a species and in 

various species. The mother fluid in she11 formation is prepared by the secretive 

activity of the mant1e， which varies with the change of the physio1ogi亡a1condi司
tions of animals. That amount is contro11ed by the above mentioned factors， but 
it is a common result that the amount is 1arger in margina1 area than centra1 one 

of she11s in oy町 rand pearl oyster (Wilbur et al. 1952フ Nakahara 1961). And the 

ve10city and the mode of crysta1 growth wi11 be characterized by the different 

calcium carbonate concentration and physicochemica1 conditions in the mother 

fluid as dcscribed following part. 

3 Relations in the pearl oyster among calcium deposition， 

mother fluid， and physiology 

For the understanding of the dai1y or seasonal variations of the metabo1ic 

activity in the bivah明ぅ thepH va1ue of the body fluid was determined by the 

pH meter. Adsorbed sea water on the body surface being removed with fi1ter 

paper， two glass electrodes were inserted direct1y into the body， and thus pH value 
was measured. Ca ions in thc rnother 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 she11 and mantle was co11ected in beakers， and was treated as the mother fluid 
of shell sa1ts. The concentration of Ca ions in 1 cc of that fluid was determined 

by the direct titration method of Ho1tz and Seek1es for the quantitative analysis of 

calcium in blood serum. The samp1e was kept in more a1ka1ine condition than 

pH 13. The titration was carried out with a 0.005 mo1ar solution of ethy1enゃ

diaminetetra-acetic acid disodium sa1t. The dye 2-hydroxy-1-(2-hydroxy-4-su1fo-1-
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naphthylazo)ふ naphthoicacid (dotite 2N) was used instead of the dye mulexid as 

a calcium indicator. 

Seasonal and daily variations of pH of the body白uidare examined from 1958 

to 1959， and are plotted in text-figures 1 and 2. The pH curve in figure 1 rises 

Crystal Growth of Molluscan Shells 明lada，K. 
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Table 1 Daily variation of Ca ions in the mother fluid of P. martensii (measured in 1959). 

Pぜo. of experiment 

1 2 3 

Concen- Concerl同 l Concen-

Time H tr~t;.，on pH tratlOn Time pH 
tratlOn 

pn of Ca' _ llme 。fCa'- 。fCa占キ
(y /cc) (Y/CC)| (γ/cc) 

VII!9 VII/24 VIII/27 
13.55 7.85 390 09.00 7.91 400 09.10 8.04 340 
17.15 7.71 450 11.25 7.82 370 12.35 7司68 360 
20.30 7.79 440 14.45 7.90 390 14.55 7.71 350 
23.20 7.96 410 17.50 8.00 400 17.15 7.98 330 

VII/10 20.55 7.81 400 20.25 7.97 340 

02.10 8.01 390 VII!25 
23.40 8.01 320 

05.10 7.79 400 00.00 7.88 390 VIII/3/20 8 
08.05 7.93 390 03.10 7.89 400 03. 7.99 320 
11.20 7.81 390 06.00 7.68 430 07.30 7.98 320 
14.35 7.80 390 08.55 7.78 390 10.50 8.09 330 

11.00 7.80 380 14.20 8.23 310 

gradually after hibernation (i.e.， from late of Jan回 ryto early of May in Ago Bay) 

and reaches the maximum value of 7.4 during the period from.June to July. There-
after the mmlmum 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 terrト

perature falls below lOuC. 1t is obviousヲ however，that the season from June to 

August coincides with the spaw日ingperiod of the animal. The pH curve begins 

to falJ after spawning， and thereafter it shows again the minimum value in hiber-
nation. Although spawning and hibernation have the same e丹、ect0孔 theseasonal 

pH v乱lueof the body ftuid， daily variation of the pH curve is entirely diffel‘ent in 
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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 marl∞dly and rhythmic changes are not found in hibernation. The 
pH curve of the body乱uidis parallel to that of the mother fluid except for some 

Crystal Growth of Molluscan Shells Wada， K. 

Seasonal changes of CaC03 deposition， concentration of 
Ca ions and pH in the mother fluid of p. nzartensii. 

Table II 

Amount of CaC03 deposi-
tion in mg during a month 
prevlOUs to measurement 

11.1 

19.98 

21.32 

17.49 

10.51 

5.52 

10.80 

Concentration of 
Ca--(γ/cc) 

390 

390 
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360 

370 

420 

450 

450 

480 

480 

400 

380 

pH 

7.98 

7.69 

7.90 

8伊04
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time after spawning (Text-fig. 1). That is， opposite間 lationsbetween the pH 

curves of the body and mother fluids are noted in spawning， while these curves 
run parallel with each other in hibernation. 1n hibernation， calcium deposition 
stops perfectly in almost all specimens， and general dissolution phenomena are 

frequently seen. 1n the spawning period， very much increase in calcium d叩OSl-
tion is 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 1 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 (300-400γfcc in Ago Bay thro時 houtthe year). Calcium deposition 
throughout a year， on the other hand， is represented in S-shaped curve， nsmg 
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 
Bl and B2， or Cl and C2 (Text問自g.4). However， somewhat di百erentrhythmic 
curve is obtained in accordance with the change in various ages， environments， 
and years. 

Discussion 

1t is considered that calcium and carbonate in shell constituents are transported 

into the ground of crystal growth by differでntpathways in the shell formation， and 
some enzymes will play important roles in calcium metabolism (Robertson 1941). 

4 
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Carbonic anhydrase is one of these enzymes (Freeman and Wi1bur 1948， Kawai 
1954). According to Kawai's aspects (1955) with Pinctada martensii， the ratio of 
shell growth was a町田tedby the carbonic anhydrase activity which was 10w 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 re1ationships between calcium deposition 

and sea water temperature were investigated by Watabe (1952). The present 

author has pointed out that crysta1 growth of shell reduces or stops in weakening 

oysters. However， carbonic anhydrase may be in close re1ation with calcium 
deposition， and simi1ar growth of shell salts seems to occur under the same degrees 
of the enzyme activity which is influenced by the interna1 and externa1 factors of 

the organism. This idea has been confirmed by the interesting experiments of 

W出 urand J odrey (1955)， who have found in Crω刊 streavi叩 nz叫 thatthe activity 
of calcium metabo1ism is greatly spoiled by carbonic anhydrase inhibitors. On 

the other hand， organic substances and alka1ine phosphatase may be possib1e to 
p1ay important ro1es in the calcium transportation through the mant1e from its 

habitat to the ground of crysta1 growth， and the deposition of shell 1ime sa1ts has 
been thought to occur by dissociation of calcium bicarbonate・ 1t was reported by 

Kado (1960) t出ha以taι1k王叫1I問 phosphatase may not be c∞OωI恥 t白rn崎
ta 江町eou旧suptake 0ぱfc印alc悩Cl山mTIι f公romthe s刊urr令ひ:01仇lln仁ding伊s，b丸JU叫ltma町yp刊l'倫ひobab1片ybe a par討tof 
a sy刊st民em0ぱfenz可yme目sinv刊01恥ve吋din t出hesecαl'、etionof the shell protein. Horiguchi 

(1960) has do町 theseria1 of the biochemical studies on theε汀ectsof organic acids 

on the calcium and phosphorus metabo1ism in regard to the calcium carbonate 

deposition， and attempted to read the mechanism of the se1ective excretion of 

calcium carbonate from the mant1e. And he stated that the ionic concentration 

of Ca""， H C03 -in b100d and tissue臼uidsof shell-fishes was close1y re1ated to the 
calcillm carbonate deposition. The mother妊uidthus produced differs from that 

in inanimate objects by the presence of organic substances which are synthe山 ed

within the mucous cellsフ andvaries with different physiologica1 conditions of the 

organism during a year and its development. In the shell formation， the organic 
substance is first formed， and it seems to a汀ectdirectly the deposition of minera1 
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 minera1ization in Pe1ecypoda and Gastropoda is assum四
ed to pass through the followi時 threeprocesses: (1) The formation of organic 

matrix as the basis of shell materia1， (2) Fixation of calcium in this organic matrix， 
and (3) The deposition of calcium carboロヨtecrystal. In these processcsぅ adcfinite 

currcnt occurring in the mother fluid by thc movement of the mant1e tissue must 

p1ay th巴 importantfactor in the crystal growth of molluscan shells. The nature 

of the mother fluicl must be more 01' 1ess different among the species with calcite 

or aragonite shell 

Since physical ancl chemica1 conditions of the mother fluid ar巳variedwith the 

di汀erencesin the secrctive function of the mantle， as have alrでadybeen mentioned， 
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crystallites of shel1s show different growth during the development of organisms 

and among different species (see chapters V and V1). 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 case呂ofcrystal growth in shell-fishes. That is， in one case， the crystal grO¥ヘrth
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 calcium 

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. 1t 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. 

1n particular， the crystallization of shells is carried out in the presence of organic 
substance and enzyme. 

5 Summary 

1) The grouncl of crystal growth in the shells of Lamellibranchia is perたctlyseparatecl from the 
surrouncling sea v¥'ater. 

2) No change in the clistribution of inorganic granuks is [ouncl in the mantle cluring the year. 
3) The mother fluicl introclucecl throughout the mantle is characterizecl by the presence 01' organic 
substance. 
4) The calcium cl吃pOSltIO日 similarlyincreases ancl clecreases in amount under the same conc!itions 
o[ the mother fluicl in different seasons. 
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Chapter II 

MINERAL CONSTLTUENTS AND STRUCTURE OF SHELL 

1 lntroduction 

The purpose in this chapter is to describe the nature of the solid phase as thc 

ground of crystal growth. It wiU be confirmed from the interesting experiment 

for the cultivation of the mantle tissue that the crystallille structur、eof the nacre 

lS a汀ectedby 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 

martensii， 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 

shelI， 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 p訂 1-

ostracum is made only of organic substance， so-called conchiolinう withoutany 
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)ヲ Mayerand Weineck (1932)， and 
Stolkowski (1950). 

The crystalline structure of shells has been studied crystallographically by 

using the polarizing microscop巳 andthe X剛raytechniques， and several numbers 
of papers concerning the above mentioned studies have been published until now. 

These results showed that the c-axis of crystallites of lime salts in molluscan shells 

was arranged in the direction perpendicular to the inner shell surface. According 

to the authorうsrecent works， it has been obvious that the shell-forming tissue af.副
長ctsthe elongation of crystallites of aragonite during growth. 

2 X幽raypowder diffraction analysis of shell materials 

X-ray powder di汀ractiondata is obtained by using X-ray di借 actometer

under such experimental conditions as copper K日 radiation，35KV， 15mA， scan幽
ning speed 20/min.， scale factor 8， multiplier 1， time constant 4 seconds， slit system 
1 0 欄 ro 幽 0 .4 0 •
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Table III Data for mineral constitutents of shell salt in different species. 

Class Species calcite aragonite 

Amphineura Liolophura japonicα(Lisckke) 
Acanthochiton d，究所lippi(Tapparone et Canefri) 十

Anadω'α subcrenatα(Lisckke) + 
Volsella nipponica Oyama 十+

Septifer bilocularis pilosus (Reeve) 十+

Pteria penguin (R凸ding) +十

P.panαsesae (Jameson) 十+

P.mαrgaritiferαRoding 十十

P. maxima (Jameson) + + 
Pinnaαttenuata Reeve 十 一ト

Chlamys nobilis (Reeve) + 
Notovolaαlbicαns (Schroter) + 
Ostrea gigas (Thunberg) + 
Unio margaritifera (Linne) 十

Hyriopsis schlegeli (v. Martens) 十

Corbicula japonica Prime 

Sαxidomus pω，pU1αtus (Sowerky) 

Meretrix meretrix lusoria Roding 

Tapesむα門司gataSowerky 

Paphia undulatα(Born) 

Jrus mitis (Dεshayes) 

Chion semigranosum (Dunker) 

Macoma iηcongruα(v. Martens) 

F abulina nitidulα(Dunker) 

Solen gouldi Conrad 

Eηsciculus philψ，pianus (Dunker) 

Solidicorbule erythrodon (Lamerck) 

Dentalium octangulatum Donovan 

Haliotis discus Reeve 

Patelloidαsaccharinαianx (Reeve) 

Pliosabia pilosa (Deshayes) 

Nerita albicilla Linne 

Crepidula gravispinosa Kuroda et Habe 

Hydatina physis (Linn岳)

Tonna luteostoma (Kuster) 

N assarius linescens (Phil1ippi) 

Tritia festivus (Powys) 

ColumbellaむersicoloγSowerby

Semi.川 lcospialibertina (Gould) 

Batilleriαmultiformis (Lischke) 

Lietorivagαbreviculα(Phillippi) 

Monodontαlabio (Linne) 

Neverita didyma (Roding) 

Umbonium costalum (Kiener) 

Evenaria japonicα(Schilder) 

Sψia kobiensis Hoyle 

Argonautaω官。 (Linne)

十

1

十

+

!

?

+

十

十

十

ト

ヤ

一

ー

ナ

十

「

十

+

十

ム

+

+
i寸
ア

「

十

十

ナ

+

ア

十

4-

」

ト
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Peleeypoda 

Scaphopoda 

Gastropoda 

Cephalopoda 
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Table 1II is X-ray powder data for several Pelccypoda， Gastropoda and other 
groups showing on the b乳児 of mineral constituents that the molluscan shells are 

possib1y divided into three types as follows; JVIeretrix shell consisting of on1y 

aragonite， Ostrea shell of on1y calcite， and Pinctada shell consisting of both of these 
minera1s. 1n addition to aragonite and calcite， calcium carbonate is crystallized out as 
the form of unstable vaterite in some species of Gastropoda (Mayer and Sto1kowski). 

However， since histochemica1 reactions for the mant1e are characteristic among 
various species， physicochemica1 and biochemica1 conditions in the mother fluid 
of each species are assumed to be different from one another and to be concerned 

with the po1ymorphism of calcium earbonate in each species. The minera1 com-

ponents of Pinctada type are diffe1'ent in 10ea1 area of the same shell， as seen in 
tab1e 1V; fo1' instance the shell salt of Pinctada martensii is calcite in the p1'ismatic 

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

Species Region calcite aragonite 

Pinctada martensii (Dunker) 

Pinctada mα二九;ima(J ameson) 

Chlamys nobilis (Reeve) 

OstreαgigωThunberg 

Pαti:ηopecten yessoensis J ay 

Hyriopsis schlegeli (v. Martens) 

outer laver -'-

inner layer 

ligament 

outer layer 

inner laver 

ligament 

shell 

Iigament 

outer layer 

inner layer 

ligament 

shell 

ligament 

outer Iayer 

inner Iayer 

Iigament 

十

+ 

ー「

L 

寸-

+ 

layer and aragonite i日 thenacreous 1ayer， respective1y， a1though the cause of 
po1ymorphism of calcium carbonate crysta1 in living organisms is not e1ucidated. 

::¥1ore interesting fact is that the 1igament sa1t of the shells of all species given in 

that table is composed of aragonite alone irrespective of the shell va1ve sa1t is either 

aragonite or calcite. The ligament， prismatic and nacreous layers are secreted 
respective1y by different areas of the mantlc， the epithelium of which exhibits 
the variation in histological structure. Such polymorphism in organisms is pr← 
sumed to depend upo孔 biologica1factors as is demonstrated by means of grafting 

as follows: If the piccc of epitheliu111 f1'o111 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 t出hegraf仕t 

even 口 i汀fth刊巴 a匂acentt削
C e叩pl江theli山umderived from t出hegraft臼s0ぱfmantle edge will s巳cretegene引r‘1叫all為ypns凶sma抗ti化

subsはtances. But the difference in the adjacent tissues in the grafting is expected 

to have various effect on regeneration of grafts. In text-figure 6フ S-l，S-2 and 
S剛3are th巴 reflexionpatterns for the specimens from the different areas of the 

valve in Pinctada martensii and the ligament of Pinctada maxima. These pattern宮

have a broad reflexion peak between 10 ~ 300 in 2() besides the diftraction pattern 

of aragonite or calcite， as is marl王edby an arrow in text-figure 6. Here、thepeak 
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 quant町 (seechapter III). 

S-I 

一一~

J ーんい~…
一一ーマ一一ー一ー日Fーー一一白鳥一

;0品 50υ

Text-fig. 6 X-ray powder diffraction of the shell substances 
S--1 prismatic substance of P.捌仰.tensii
S---2 nacreous substance of P. marte附 zl
S-..3 ligament of P. maxima 
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In all cases， judging f1'om the shape and the intensity of the 1'eflexion patterns， 

the a1'agonite and calcite of the shell do not diffe1' in thei1' c1'ystalline state f1'om 

these of inanimate objects (Text-fig. 6)，田ve1'the1essthe deg1'ee of calcification in 

va1'ious po1'tions of the p1'ismatic 1aye1' seems to be differでntf1'om each othc1' in 

its histochemica1 tests. Furthe1'mo1'e， it can be said that any othc1' mine1'a1 is never 

contained in mo1'e amount than 10% except calcium carbonate. 

3 Di釘'erentialthermal analysis of shel1 materials 

Thc differential the1'mal ana1ysis curves fo1' the shell mate1'ials of Pinctada 

martensii a1'e 1'eco1'ded i日 text-figure7 at the mean heating rate of approximately 

弓け、

"叫 '0'称略輪開山伊ー四回目ー・

Text-fig. 7 Differential thermal analysis curves for molluscan shell substances 
and CaC03・
N~l CaC03 
メ~2 prismatic substance of P. martensii 
N~3 nacreous substance of P. rnartensii 
N.A ligament of P. rn昨 tensii
N~5 prismatic substance treated with H202 
N ..6 nacreous substance treated with I-h02 

100C pe1' minute until the heating temperature rises up to 1000oC. The first two 

and three curves N-2， N-3 a1'e produced by the mate1'ials of the p1'ismatic and nacrト

ous layersヲ1'espective1yラ andshow a b1'oad double exothe1'mic peak between 2500C 

and 5500C and a sharp endothermic b1'eak at about 920oC. The resu1ts are es-

sentially identical between both materials， though calcium ca1'bonate crystaI is 

ca1ci伐 inthe fo1'me1'， and a1'agonite in the latter. Howeve1'， since lim巴 sa1tsin 

凶 animateobjects have not a町 distinctexothermic peak at 250~550oC as seen 

in the cu1've N闘し the exothermic peak which begins at 250-260oC is believed 
to a1'ise th1'ough the combustion of the orgaロicsubstance in the shell. The curve 

N-4 is that fo1' thc 1igament of Pinctada martensIi， and suggests that the 1argc1' the 

告単
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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 4500Cラ
which can be seen for aragonite. Curves N-5 and N必 arethose for the mater匂Is

of the prismatic and nacreous layers treated with H 20 2• 1n comparing the curves 

N-2 and N-3 with these just described curv巴Sぅwewill notice that the exothermic 

peaks disappear perfectly， and on the contrary， the new endothermic break takes 
place at 4300C in the curve for the nacre. This endothermic break occurs when 

aragonite is transformed into calcite. 

Besides， a broad endothermic curve between 500C and 2000C seems to be due 
to the los8 of adsorbed water in the giving samples， and a sharp endothermic hreak 
at about 850~950oC takes place by the loss of carbon dioxide in calcium carborト

ate to the atmosphere. The thermal analysis of carbonate minerals has already 

been done by Kozu and Kami (1934)， Faust (1950)， and Beck (1950)， 80 for deta出
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 Chernical cornponents of the shell substance 

Materials used in this study were as follows: 

class 

Amphineur命a

Pelecypoda 

Scaphopoda 

Gastropoda 

Cephalopoda 

speC1es 

Iiolophura jαto礼zca

Pinctada marlensii 

Pinclada m白Xl甘za

Chlai行り5nobilis 

Patiれopectenyessoensis 

Ostrea gigas 

Hyriopsis schlegeli 

i¥lIeretrix meretrix lusoria 

Venerzφゐρhilippinarum
Dentalium octangulatum 

Haliotis discus 

Sepia kobiensis 

Agronauta argo 

location 

Enoshima 

Ago Bay 

ArafUl屯aSea 

Ago Bay 

Hokkaido 

Ago Bay 

Lake Biwa 

River Tama 

Tokyo Bay 

Tokyo Bay 

Sagami Bay 

Shima 

Chiba 

Arafura Sea 

1t 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 mari出・ These materials 

were washed with fresh water and dried at room temperature， and thenぅ 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 HCI with 30% H202， and dricd up on a water bath. Then the inorganic 
elements of the shell substance were separated by means of ion exchange resins 

(Amberite 1R-120 and Dowex D心8). The procedure for fractionation is shown 

in text-figure 8. The elements scparated by these resins were determined as 

Somple 
←6NHctt30!'6H.02 

CoIumn A 
( Pd'o"!X，品認め)

10.5 NHCl 50-ワOm.e 6 NHα マ0-80mt 0.5 N'Hα100ml 

由 由由
No， K， Cq， M9， At，(Pl P， 5， Mn Fe 
I ColυmnB I ~OIυmnC 、
~ (Ãrñbë~ii十erR-120 10Q-150mesh) ~ !Amberli怜 I符120100-150mesh) 

Di引illedwater30.，! 4-NHcl 200m! Distilled' water 30m! 5% H.50.. 80mt 

+ ぬれ

5 

AbOa 
Ca 州事

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

follows: Calcium as CaO， magnesium asお190，manganesc as Mn05， iron as Fe203， 
aluminum as Als05， sulfate as S04， and phosphate as P203， respectively. The 
amount of H20+ was measurecl according to Penfielclラsmethocl. The amount 

of the organic substance in the shells was not decided chcmically， but with diffeト
ential thermal analysis the endothermal pεak of thc organic one was made on 0.25 gr 

of several samples. 

The chemical data on inorganic components of the shell substances are incl icated 

in table V. 1t can be seen that the amount of calcium contents is nearly same in all 

speC1Csラ thoughis somewhat low in the Cephalopod shells. On the contrary， that 
of the magnesium content in the Cephalop8d shells shows to be higher than other 

cl剖 ses. The mineral component of Corbicular shcll is aragonite although it contains 

the larger amount of m乱gncsiumthan 01her Pelecypod shells. Trace of manganese 

is found in nearly all species examined， but it is contained in the relatively large 

amount inペアriopsisshell only. 1ron is found about 0.2~0.30Ic) in these shells， 
and aluminum is recognized too. Phosphate and sulfate are contained in only 

minute amounts in these shells as comp乱redwith those in the mineralized tissues 

of Vertebrata. 

The chemical components of thc shdl substance seem to be characterizecl 
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8pecies 

Liolophurαjaponica 

Pinctad，αmαγt目ISU

Pinctada maxima 

Chlαmys nobilis 
Pαtinopecten yessoensis 
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Table V The chemical components of several shells. 

Part ~ Mineral ~2 C?- ~2_C?+ C~9 lYl_gO おI[nO Fe203 P205 804 
Component (野) (必) (箔) (タ) (気) (96) (必) (必)

shell aragonite 

GrismtICω 
layer 
uacreous aragonite 0.68 
la、ver
i-smatIC laver 
nacreous 
layer 
shell 
shell 

calcite 0.82 

aragonite 0.66 

calcite 0.29 2.18 
calcite 2.08 

}ー一一、f一一ー〆

49.85 0.40 trace 0.14 0.01 0.74 
52.36 1.22 trace 0.15 0.01 1.02 

53.38 0.20 trace 0.11 0.01 0.55 

51.83 1.40 

52.70 0.34 

54.38 0.52 
54.71 0.26 

trace 

trace 

trace 
trace 

0.26 0.01 1.14 

0.29 0.01 0.76 

0.09 0.03 1.97 
0.12 0.04 1.97 

Ostrea gigas shell calcite 0.52 1.36 52.16 0.28 trace 0.18 0.03 1.56 
Hyriopsis schlegeli inner layer aragonite 0.60 53.50 0.45 0.04 0.13 0.02 1.63 
Corbicula japonica shell aragonite 0.40 1.65 53.47 1.26 trace 0.18 0.01 1.54 
Meretrix meretrix lusoria shell aragonite 0.70 1.29 54.50 0.12 trace 0.19 0.01 2.10 
Venerupis philipρ仇αγum shell aragonite 0.70 2.13 51.32 0.13 trace 0.11 0.03 1.89 
Dentalium octangulatu11l shell aragonite - 54.10 0.60 trace 0.15 0.02 1.16 
Haliotis discus inner layer aragonite 53βo 0.40 trace 0.27 0.01 0.83 
Sφia kobiensis shell aragonite 1.75 2.23 49.09 1.20 trace 0.16 0.03 2.40 
Argonαutαargo shell calcite 1.70 2.88 48.15 2.00 trace 0.15 0.03 1.28 

by various species even though they are under a similar environment. The amount 

of the divalent cations， in particular magnesiumラ considersto be re1ated with the 
structure of calcium carbonate in molluscs. Generally speaking， magnesium content 
in calcite of the prismatic 1ayer is 1arger than that in aragonite of the nacreous 

1ayer. But that relation between the magnesium content ana minera1 components 

is not a1ways common in all molluscan shells. The re1ationships between the 

amount of MgC03， and minera1 constituents of the minera1ized tissues， or water 
temperature of the environment were investigated with severa1 marin巳organismsby 

Chore (1954). He reported that the magnesium content in the minera1ized tis-

sues was controlled by minera1ogica1 factor and varied in corre1ation with the 

water temperature of the environment. Of course， the content was different among 
various species. Simi1arly， the present results show that the chemica1 components 
of molluscan shells depend upon the taxonomica1， the巴co1ogical，and the minera圃
logica1 faC1.ors. 1t has already been lmown that such diva1ent cations as magnesium， 
manganese， and iron， determin the structure of the anhydrous carbonate. 1n 

mollusca， those cations may a1so easi1y enter into the 1attice of calcite rather than 

lnto that of aragonite， but they may not be the most important determining factor 
on the structure of the shell lime sa1t. Text-figure 9 is the differentia1 therma1 

ana1ysis curves on the shell substances. Since the area of the endotherma1 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ラ andrather is differでntamong various species. 
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Differential thermal analysis curves of several molluscan shells. 
N-7 Liolophura ja_戸onzca

N-8 Chlamvs nobilis 

N <) Patinopect仰 yessoensis

N.-" 1 0 Ostrea gigas 
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N-"13 Venerupis philipρznarum 
N-14 ゐγ'gonautaargo 

N-15 Se戸iakobiensis 

2白。

Text-fig. 9 

The rでsu1tsuggests that the amount of the organic substance is independent of 

th巴structureof the shelllime sa1t. Besides， the Cepha10pod shells seem to contain 

1ar_ge品mountsof crude fats with conchio1in. 

Observations of shel1 structure with electron microscope 

Fo1' e1ectron microscopic observations， methylmethacryl-a1minum 1'eplica 

method was used in this experiment. Replica雪 we1'eprepared with the pr・e-po1y.

meride of methylmethacrylate. The p1astic was droped on the specimen surfaces， 
such as natural surface， fracture surface 01' polished surface etched with 0.1 % 
HCl， and was polymerized in an incubator at cont1'olled temperature 30-350C_ 
After the surface of replicas teared off from the specimens was shadowed with 

剛、一v
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chromium or germanium at approximately 260 angle from the definite orientation 

for increasing the contrast of the electron image， aluminum as backing film was 
evaporated vertica11y on the surface. The all evaporation was done in vacuum 

at about 5 X 10-5mm  Hg. The aluminum fi1ms were grided into 1 x 1mm 
squares and the p1astics were disso1ved in aceton. Then the fragments of the 

fi1m in aceton were scooped with a mesh of copper. The e1ectron microscopes 

used were the HS-2 and HU-10 types of Hitachi. 

i) Prismatic 1ayer 

Generally speakingョthesurface of the prismatic layers shows under optical 

microscopes a honeycomb pattern consisting of chambersぅ whichare 5μto 100μ 

in diameter， though the pattern is more or less di百erentfrom one portion to another 

in the 1ayer. Figurで 6is an electron micrograph of the periphery of a growth 

process 0日 theinner surface of the 1a yerラ showingthat rounded crysta1s which 

are of all sizes grow in or on the thick organic membrane. The crysta1s of she11 

sa1ts which are 0.01μto 4μin size， are deposited a1most paralle1 in a definite 

orientation. The edges of the under1ying prismatic chambers are seen as groove 

on the membrane， which revea1s fibrous appearance. 1n some region of a growth pro四
cess， main stems of growth of crystals run along the boundary betw巳enunderlying 
prismatic chambers， and the deposited crysta11ine substances exhibit irregu1ar forms 

(Fig. 7). On the edge of sca1y 1amellae (i.eリ growthprocess) or on the prismatic 

surface at an early stage in the formation of the 1ayer oolitic and rosette-shaped 

prisms were found to grow 100se1y fusing with one anotherぅasshown in figures 8， 

9， and 10. Each prism gradually increasing in size， comes to be close1y compacted 
together and deve10ps into a prismatic layer.恥10reover，the prism itse1f is also 
divided， in genera1， into micro-chambers， thus exhibiting a po1ygonal prismatic 
chamber with micro“chambersラ2~ 20μラasin figure 11. Prismatic chambers are 

S巴paratedfrom each other by conchio1in walls. 

During growth of the 1ayer， prismatic lame11ae become to cover the surface 
of the lower lamella， a1ready stopped its growth. And each prism on the marginal 
parts of the upper 1amina grows in the directions vertical and horizonta1 to its 

surfacc. 1ts surface is curved and the growγi口gpoint iおsth巳 highcstしラ as sec孔 i口

figur勾で巴 l口1. Occasionally， if the horizontal growth of the prism is in simi1ar rates 
around the growing pointsラ eachprism exhibits a round shapeう whereas，if a prism 
grows at unequal rate in different directions of the h01セontalgrowthラ itdevelops 

into various rosette-forms. A prismatic region near the nacre is shown in figurで5

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 ~ 17μ， being far wider 
than that in figurで 16. 1n these parts， at the end of grO¥vth of the chamber弓ぅ con-
chiolin walls forming shallow grooves climb up the crysta1 areasラ'vvhichare finally 

covered perfectly with the thick organic membrane (Fig. 15). Almost all parts 

of the prisrnatic regions， except above m引はionedareas， generally show networks 
of po1ygons. The boundaries of these networks are made of the conchiolin walls 



Wada， K. Crystal Growth of lVIolluscan Shells 725 

running as grooves between the crystal portions (Fig. 16). Very fi伽n肘lec臼alcit

crystals， about 0.1μto 1μin sizc， grow inside the chambe工， and aggregate in 
parallel 01' irrでgular. They exhibit rarely concentric and spiral patterns. 

Figure 13 shows the regene1'ated prismatic layer of Pinna attenuata treated 

by von Kossa's silver method. Although the reaction is different from portion to 

pJrtion of the layer， conchiolin wall is stained considerably and the center of each 

prismatic chamber is mo1'e deeply， in general. Decalcified specimens indicate 
negative reaction. The similar results are obtained in Pinctada matrensii. From 

these facts， it app日a1'sthat mineral components react positively with this test and 

deposit in the organic matte1'sラ andmine1'alization of the p1'ismatic layer may be 

different in each element and p:ntion of the layer. Whole area of the chamber 

is seen to extinct at the same time 01' not in the horizontal section under crossed 

nicols. 1n the former， directions image of uniaxial crystals is indicated (Fig. 19)， 

in the latter， windmill， flamboyant， 01' p品川ialirregular extinction is revealed in 
general (Fゅ.17 a吋 18). 

1n 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 inn巴l'surface of the layer 

correspond to the ones intervening between the polygonal chambers， and they are 
about 1μto 8μin width as measured on several preparations. 1n addition， we 

could recognize that the chambers are divided into following sub-chambe1's and 

micro-chambe1's by thinner conchiolin walls; sub-chambers are canie-shape and 

are 5~30μin width and composed of mic1'o-chambe1's， 4~ 12μin width (Figs. 
20 and 21). The width of these su1ト andmicro-chambers is in good agreement 

with the diameter of extinction blocks in a chamber. However， the micro-cham-

bers show oblique extinction to th巴 verticalwalls of conchiolin which extincts 

alwaysぅ asin figure 22. Thin organic matrix is depつsitedalternately with calcite 

crystals， and therefore， the layer shows a laminary st1'ucture， although the columnar 
structure is p1'edominant. A日 elementalminerallamina in the layer is approximatly 

0.7μto 7.0μin thickness， while the conchiolin sheet 1'unning between them is 
about 0.04μto 0.5μin thickness・ Asseen in figure 21， an elemental mine1'al 
lamella is probably composed of the accumulated sev明百1thinner ones which are 

0.2~0'+μ111 averag巴 thickness.

Very thick organic matrix lies at the bOLEldarγbetween the nac1'eous and 

prismatic laye1's with small round crystals ve1'y often scattered in it， in Pinctada 
martensii (Fig. 23). The thickness and feature of the organic layers v品ry1白nd出1汀ere叩n

portions 0ぽr1出ndi付Vl凶dl凶1凶凶a叫1shells. 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 laminarγstructU1'e， which is varied with the differ綱
引lcein size and mode of aggregation of crystals in the layer. Ther巴fore，the size 
and mode of aggregation of crystals on the nacreous surface are governed directly 
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by variati9~，~f calcium carbonate concentration in the mother ftuid transported 

throughout iIle mantle epithelium， as has been described in chapter 1. 

The nacre is usually divided into the marginal and central parts 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 di汀erentfrom each other; the crystals， ranging 1μto 3μin size， 
are round and th巴parallelstep pattern is observ吋 inthe ventral marginal regions 

duri時 theperiod from summer to ear1y autumn (Fig.24). While in the central 

regions， as seen in figure 102 and table 1X， the crystals in parallel growth exhibit 

well developed hexagonal tabu1ar shape and they are approximately 3μto 8μ1n 

size， and are 2 ~ 3 times as large as those in marginal regions. And their ag幽
gregation shows a spiral pattern (Fig. 26). Aragonite crysta1s scattered on the 

nacreous surface increase in siιe， and come to contact with one another finally 

deve10ping a thin crysta1 lamella. An organic membrane is， in gene1'a1， sand-

wiched between them when one crysta1 joins with adjacent ones， and is found as 

groove on the inne1' nacreous surface (Figs. 25 and 122). 01'培ganicmatrix on 

cr司ysta1surface白sof仕t巴nexh口ibi江t日a1'、eti仁u1ar01' fi巴elygr命anu1ar勾 1TI巳mbrプaneラ asin figur‘t 

110 and 122うandcorresponds to a membrane running between neighbouring crysta1 

lamellae. The edges of the growing 1amellae emerged on the inner surfaces show 

a step-like pattern simi1ar to the geometrical patterns seen on crystal faces. 1n 

other wordsぅthestep remains in actively growing surfaces of the layerフandreveals 

various growth patterns by the changes of growth rate and mode of crystals. 

As above mentioned， the superficial structu1'e of the nacre in local areas is 

different from each othe1'， and moreove1'， is varied widely with the difference of 

physiologica1 conditions of animals and seasonal changes of their environments. 

Figures 27 ~ 31 p1'esent an example for successive va1'iation of the nacreous surface 

i孔 Pinctadamartensiiラ underabnormal condition in summer. Theγshow supedicial 

structures entirely similar to those of animals in such unsuitab1e environments 

as sea water temperature falls below 130C in winter， though the factors which have 
an effect 0日 Cametabolism seem to be different g巳nerallyin these tv，'O C;J，S(:S. In 

both cases， the n且crelose its luste1'， or is covered by white veil of the shell salts and 

its supe1'ficial structures can be divided into following two types under electron 

microscope: (1) The surface shows the etching figure， and therで no new C1万引als

grow (Fig. 29). (2) Very fine crystals are deposited ir問 gularlyぅ andラ ingeneral， 
exhib山 anirregular or impe巾 ctform with etchi時五gu1'es(Figs. 30 and 129). More司

overぅinwinter， who1e mineral surface is covered by thick organic matter indicating 

a homogeneous structuI巳 andof course， there is no new deposit of mineral suか
stances (Fig. 110). Figures 32ラ 33，35， 36フand37 are vertica1 sections of shells 
in some species of Lamellibranch， and laminary structure in Gastropoda is illust刷
rated in figures 34 and 38. Adjacent crysta1 lamellae are cemented with thin 

organic matrix which is found to be membraneous. The inner 1ayer in these 
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shells is not fundamenta11y structurally diffe1'ent， although the thickncss of thc 
e1crnenta1 mineral 1amella and organic memb1'ane is varied with di汀erentspeCles; 

fo1' examp1e， the average thickness of cl'ysta1 1amella being 0.3-0.6μin Pinctada 
martensii， 0.5-0.8μin P. margaritijera， 0.5 -1.1μin Unio margaritijera， 0.6 -1.2μ 
in Hyriopsis schlegeli， 1.2 -2.3μin QJtadrula undata， 0.4 -0.8μin Haliotis discus， 
and 0.4-0.6μin Turbo comutus. Genera11y speaking、themineral1amella is thicker 

in fresh water mussels than in marine musse1s. The organic matrix sandwiched 

between each lamella is more thinnl巴rin thickness than the mineral 1amellaラ and

is 1問 than0.02μin these musse1s except QJtadrz山 undatathat of which is about 

0.04μin thickness. But the tI1ick membrane， being about 0.1μ， has rare1 y been 

found in P. martensii and is appeared to be fo1'med immediate1y afte1' hibernation 

(Watabe 1955， Wada 1957). 
The o1'ganic memb1'ane sandwiched between adjacent c1'y引 a1sin a 1ame11a is 

neve1' continuous to that of the othe1' neighbou1'ing 1ame11ae since new crysta1 seeds 

are deposited at fi1'st on edges and co1'ne1's of crystals in the unde1'lying 1amella and 

increase la1'ge1' and 1a1'ge1'. Consequent1y， the nac1'eous 1aye1' has not the co1umnar 
st1'ucture as usually seen in the p1'ismatic 1ayer. Unde1' crossed nico1s， ho1'izonta1 

thin slices show flamboyant 01' radia1 extinction running from she11 cente1' towa1'd 

its marginフ andunder conoscopes they show a di1'ections image of biaxia1 crysta1s 

(Fig.40). In 10時 itudina1sectiol1s of the she11， the general nacre consists of 

seve1'a1 zona1 extinction blocks which a1'e 0.3 -0.8 mm  in widthヲ asseen in figu1'e 

41. The width of these b10cks is equa1 to the thickness of the 1aγe1' produced in one 

year. 

6 Crystalline structure of sheH 

i) Amphineura 

The Chitonidae is in the 10west systernatic position of molluscs. The soft part 

of LioloPhura japonia is protected by the segmented she11 which is bui1t up of eight 

sadd1e-shaped p1ates ove1'lapping as seen in text-figure 13. The mineral component 

of the she11 is aragonite， and each plate consists of the ordina1y aggregation of 

crystallites. That is， c-axis orientation is nearly perpendicll1ar to the inne1' sur司
face of the plate， and their ortho1'hombic b-axes are oriented from posterio1' to aト
terio1' 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 p1ate enlarges 
toward anterio1' from posterio1' edge with the formation 01'孔ewlamella on its inner 

sur[ace. 

The above resll]ts suggest that the crystalline structure of the she11 p1ates de-

pends upon the growth of the segmented she11. 

ii) Pe1ecypoda (Prismatic and Nacreous 1ayers) 

Materials llsed in this work were right and 1eft valves of 5 aged Pinctada mar幽

tensii and Pinna attenuata obtained from Ago Bay in September 1957， and P. mar-
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Text-fig岨 10 Diagrams illustrating the crystalline structure of several molluscan shells. The 
longer straight line of each cross indicates the orthorhombic かaxisof micro-
crystals in the aragonite shells， ar.d the line indicates calcite a-axIs in Ostrea shell. 

garitifera and P. maxima from Kagoshima Bay and Arafura Sea， respectively. Besides， 
Pteria prenguin and lvleretrix meretrix lusoria were used. 

For ")心raydiff旨actionanalysisラ verticaland parallel thin sections of known 

orientation in the she11s were prepared in the following conditions. The shell frag-

ments 10 x 5 mm  were removed from various p::>rtions 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ラ0.5mmうand1.0 mm  for 
three dimensional structure. After Laue photographs were taken for all prepara-

tions， the relationships between the arrangement of crysta1lites and growth of the 
she11 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ィaybeam. The reflexion pattern was recorded on a cylindrical film 

surrounding the preparation. The radius of the camera was 35.4 mm， and the dia欄
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四

tions chosen as rotation axes raロparallelヲandat right angles， with the horizontal 
growth direction of the she11ぅandvertical to the inner she1l 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町

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ぅ 5~ 100μin diameter， it has a scattering effect for X-ray beam as 
coarse crystallites oriented at random. Although crysta1lites of calcite grow regulaト

ly in each chamber， Debye-Scherrer ring seems to occur in the general prismatic 

layer by the reason of the above mentioned crysta11ine structure. Accordingly， for 

the studies of crysta11ine structure of the prismatic layer， the diameter of the second 
slit must be smal1er， or else the layer usually indicates Debye-Scherrer ring con幽
sisting of many fine grainsラasin figur、e42. The X-ray diagram shown in figure 43 

is an example given by the paralle1 thin sections of the nacre of Pinctada martensii 
under the same experimental conditions. The position and the intensity of Laue 

spots occur symmetrically around the axis which runs parallelう orat right angles， 
with a horizontal growth direction of the layer， and they are diffused to the crescent国
shape. It is possible to say from these results that some crystallographic axis of the 

crystallites of aragonite is roughly para11el 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 



730 BuJI. Natl. Pearl Res. Lab. 7 1961 

incident X-ray beam are shown in figures 44， 45 and 46. In these photographs， 
figures 44 and 45 are given by the differでntfiber axes in a horizontal thin slice， the 
form巳rbeing obtained with the direction parallcl to the growth direction of a she11 

and the latter with the di1'ection at 1'ight anglcs to the rotation axis of the former. 

Thedi伍‘actionspots occur symmetrically on a se1'ies of st1'aight horizonta11ines above 

and be10w the equato1'， which is the horizonta1line passing through the cent1'al spot. 

He1'eラthedi1'ection chosen as rotation axis can easily be determined by rcading 0汀

the [， values fo1' all the 1aye1' 1ine 0孔 Bcrnalラscha1't fo1' the 1'eason of tha t thc spacing 

of the laye1' lines indicates direct1y the 1ength of the edge of unit cell parallel to the 

1'otation axis. Then， the spacing measured fo1' figure 44 is about 7.9 A and ag1'ee日

、vellwith the length of the o1'tho1'hombic b-axis of a1'agonite， that fo1' figure 45 is 
about 4.9 A and coincides with the length of the ortho1'hombic a-axis， whiJe that 
fo1' figu1'e 46 equals to the o1'thorhombic c-axis， being 5.7 A in length. In these dia幽

grams， each diffraction spot having the form of a short arc must mean that mic1'o-
crystals in the layer incline each othe1' in a small angJe to the certain fibe1' axis which 

is in good ag1'eement with the growth direction of shells. Furtheτmore th巴fragments

from va1'ious po1'tions of the laye1' a1'e mo1'e 01' less diffe1'ent in the 1'eflexion spot， as 

seen in figures 45 and 50， and the deg1'ee of its diffusion becomes 1a1'ge1' and la1'ge1' as 

the p1'epa1'ation inc1'eases in width (Figs. 47 a吋 48). The symmet1'y in the position 

of 1'eflexion spots will suggest that as a wh01e， thei1' o1'thorhombic c-andかaxesare 

a1'1'anged pa1'allel 01' nearly pa1'alle1 along the di1'ections of ve1'tical and ho1'izontal 

g1'owth of the nac1'e， respectively. 

The a1'rangement of c1'ystallog1'aphic axes of a1'agonite in the inner layer of the 

nac1'e is investigated fo1' Pinctada martensii， Pteria penguin and Pinna attenuata by the 
techniques of X剛1'aydi缶 actionand conoscope， and is shown schematically in text楓
figure 10. It is obvious f1'om this diag1'am that in the ma1'ginal regions， the a1'range幽

ment of the orthorhombic b-axis of crystallites co1'1'espondes with the ho1'izontal 

g1'owth di1'cction of the laye1'， in the cent1'al 1'egion but its arrangement is complicaト

ed. Fo1' the understanding of the 1'elationships between crystal a1'1'angement and 

she:ll growth， thでautho1'h:15 attempted to represent the ho1'izontal g1'owth 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 Jayer. 
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layer in vectors. The horizontal growth seems to be able to represent the vector 

OC vvhich is the sum of the vectors UA and Ub in the marginal regions， as in text-
figure 11 (A). In other woωr寸てd仁ls叫， th巴hoωr‘'1白zonta1gro もwマ，thof shell is shown as a compo併凶

sitIon of the twヘ'10V巴cto例r、s(_υH¥and υIβ並wヘv什lhichaおI、erep戸rでesent民edby magniれtudeanddiなrec-

tion of lines norma1 and parallel to hinge lineラrespectively.

りじロ υ八十 υβ

The composited vector OC varies in magnitude and direction wit-h portion to 

p::>rtion of the layer， since the magnitude of the lines OA and OB will vary re司
latively between different p8rtions， and the line OB in anterior and posterior areas 
of the shell has opp8site sign in its direction. That is， the magnitude of the vector 
uβis larger and larger th乳日 thatof 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 UC which is the composト

tion of the vectors Ua and UL~' ， and can be expressed by the following equations. 

Uじ-Ub 十りc uC:ロ Ua+ UC:' 
where， the vectors Ua，υb and Uc are magnitude and direction of lines which are 
p:trallel to the direction of the translocation of adductor and pallial muscle scars 

and normal to the dorsal mョrgin，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 

u心 appearsto be the surn of on1y 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 centra1 region， 
as shown in text-figure 10. 

Figures 49 and 50 are interesting 1'eftexion photographs fo1' the nacre of Pinctada 

martensii， which are taken in different thickness of the same part of a preparation， 
figure 49 being obtained with 1-0.5 mm  thiclmess and figure 50 with about 0.2 mm  

thickness. The1'e are found double sp8ts in figure 49， and the position and intensity 
of these spots are rather asym'TIetrical in comp瓦risonwith those in figure 50. This 

fact suggests that a p:trticular plane is sandwiched in between 0.8 mm  and 0.5 mm  

d~，tance from the boundary of the nacreous and prismatic layers， and that the part is 
composed of the accumu1ation of two different layers which deve10p in more or 1ess 

different direcctions. The thickness of these layers coincides with that of the zonal 

extinction blocks seen under crossed孔icols，the latter being about 0.3 ""' 0.8 mm. 
An example of the crystalline structure in the order Eulamellibranchia is 

carried out with the ¥ihell of i1;feretrix meretrix lusoria and is illmtrated schematically 

in text-figure 10， showing that the orthorhombic c-and かaxesof aragonite in its 
inner layer are elongated in the directions vertical and horizontal to the inner shell 

surface， respectively. The idea of the authorラsvector representation， developed 
in Pinctada martensii and the other species of Anisomyariaヲ canbe applied to the 

orientation of aragonite b-axes in the inner layer of 1¥ノleretrixshell， and perhaps to 
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that of more members of Pelecypoda. 

iii) Pelecypo白 (Calcitostracum)

The calcitostracum build up the inner layer of Ostrea， Notovolaぅ andChlamys 
shells is calci teぅthe←axis of which is perpendicular to the inner shell surface when 
the crystals are deposited on that surface. 1n Ostrea gigas， calcite c伊axisin 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 c-axisぅthecalcitostracum of Ostrea gigas generally produces the diffraction pat-

tern as in figure 51. Simi1arlyぅthatof入匂tovolalaqlleatus 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ぅ andthe 

rotating axis is the principal axis of calcite. The_IIlterlattice 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 a-axis orientation thus obtained on several 

p:)ftions of the same material is illustratcd in text-figure 10. That a-axis orientation 

is comparatively regularラ andappears to be endorsed by the electron microscopic 

observations in chapter V. The cliffusion of the di釘ractionspots seen in the figurで

may bc due to small inclination of a-axis among crystals themselves， to the curvature 
of the sh巴11，and to the characteristics of the slices. The point A， the central part 
of the she11フshowsthe diffraction pattern consisting of some arc-like spots in X-ray 

analysisラ asseen in figure 53， suggesting that the (トaxisarrangernent in that potion 
is distorted. As rnentioned above， the calcite shells also consist of regularly 

aggregated crystallites. That is， the orientation of calcite a-axis in the calcitos-
tracum and the prismatic layer is dependent of the growth of each layer. 

While， the c-axis orientation of calcium carbonate crystals in the ligarnent of 
Patinopecten yessoensis is illustrated in text-figure 13， which indicates that thεarrange欄
rnent of crystallites is controlled through biological factors. 

iv) Scaphopoda 

Dentalillm octanglllatllm has an octagonal horn嗣likeshell， which cornpletely erト
velops its 50ft part. Scaphopod shells do not indicate the spiral twist as seen in 

G旦stropodones， 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. As the other groups of rnollusca， the she11s consist of the rnosaic 
aggregation of aragonite crystalsフtheかaxisof which arranges nearly parallel to a 

definite direction of the shell. The direction correspondes with the shell length; 

narnelyラ thegrowth direction horizontal to the inner shell surface (Text-五g.10). 

Whileラトaxisorientation is near 1y perpendicular to the inner surface of the shell. 

In the single crystal rnethods 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 irnage of optically biaxial crystal under conoscope・
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v) Gastropod 

The apparent results of X-ray analysis on the nacres of Turbo and Haliotis 

shells do not always agree with the optical characters of the layer. The mine1'al 

component of the laye1' is aragonite which belongs to optically biaxial crystal， but 
under conoscope the aragonite of those shells is characte1'istic of optically uniaxial 

crystal as that of calcite in the greate1' pa1't of the layer. The di1'ections image at 

the ce1'tain parts of the microscope stage is distorted in a definite o1'ientation. 1n 

seve1'al portions of the same p1'epa1'ation， the image exhibits the characteristic of 
aragonite， though the apparent optical angle is ve1'y small as compared with that 
of aragonite. 

Figure 54 is X-ray di日i'actiondiagram given by the thin slice of Haliotis shell 

cut almost pe1'pendicular to aragonite c-axis of the layer， suggesting that aragonite 
crystals in the layer arrange in regula1' manner. But， the degree of perfection of 
the arrangement differs conside1'ably from portion to portion of the nac1'eラ and

aragonite b-axis arrar.gement dose not see in some po1'tions. Moreover， X-ray 

reflection pattern is varied with the di汀e1'encein 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 control1ed by the elongation 

and the movement of the mantle. The greater the curvature and the twist of shel1s， 
tl日 largerth巳directionof 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 laye1' may be 

induced in the following five cases: 

1) Disorder of crystal arrangement in one lamella 

2) Slip of the minerallamellae in the third dimension of space. 

3) Sections a1'e cut obliquely to a1'agon叫出i江tec-ax 路

4叫) Twinni山11昭 ofa1'agon山 C口1'y刊stals i叩nt出helar叩I町n1e叶lla.

5司) Is叩omoωr叩勾pho叩ou山sm1ne白rals0ぱfa訂ra碍gon凶it匂et竹yp戸e.
TIle first three ar巳 Vεryoften found i口 Gぉtrop::Jd乱 andthe other groups of mol-

lusca. Such diso1'der 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 comutus is 

shown in text-figure 10， which indicates that the nacres consist of the mosaic arrangト

ment of micro-crystals all having their ortho1'hombic c-and b-axes pa1'allel or nearly 

pa1'allel to the vertical and ho1'izontal growth directions of the layer as that of 

Pelecypod shells. Generally speaking， Gastropoda has a spi1'ally coiled shell 
θ 

emitting f1'om an umbo through the gene1'al equation l' =f (ψ) e .~câii 入手 (Fuh山 m1

1953). The size of the shells inc1'eases by the g1'owth at the ma1'gin of their aper-

tures; namely， thei1' elongation in the di1'ection of the coiling may be induced by the 



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

horizonta1 growth of the nacres in Gastropod shells. Therefore， the orientation 
of aragonite b-axis in the 1ayer coincides well with the horizonta1 growth of the 

shell， and will a1so possibly be determined by the vector ana1ysis which is attempted 
in Pe1ecipoda. The c-axis oricntation in Gastropod shells is somewhat comp1ex 

as compared with that in Pelecypod shells because the degree of the curvature 

of the former is 1arger than that in the 1atter. Calcium deposition in Turbo shell 

may not be carried out in whole inner surface of the she11 but only in the limited 

area near its aperture. 1n Haliotis shell， th吃 orthorhombicc-axis of aragonite in the 
inner 1ayer elongates inclining a litt1e to the inncr surface (Fig.55). Moreover， 
c-axis orientation in more sharply curved a1'eas of the shel1 changes more 01' 1ess 

between upper and 10wer 1ayers in the same pDrtion， as seen in text-figure 14ラB. To 
understand←axis o1'ientation in molluscan she11s， we need to observe the condition 
of contact between the mant1e and she11フanclto investigate the effect of changes in 

the curvature of the inner she11 surface during the incrcase in thickness of the shell. 

The condition of contact is clifferent among various specie向 andthe changes of the 

curvatu1'e of the inner she11 surface is clue to thc twist of the viscera1 mass and to 

10ca1 variation of calcium deposition in the cleve10pmcnt of anima1s. That isヲc-axlS

orientation is corre1atccl with the changes in the curvature of she11， which are under 
b 

the contro1 of the bio1ogica1 ancl physicochemical factors， as eXp1ainecl in text-五gure

13. The resu1ts may suggest that c-axis orientation is a1most perpenclicular to the 

bounclary face of the mantle and she11. 

vi) Cephalopocla 

Cephalopocla is the most highly cleveloped animals in invertelーlratcsラ andthe 

several members in this group have a calca1'eous she11ラ butthe others have only a 

horny vestige or no she11. Argonauta argo belonging to the orcler Nautiloidea has a 

large external spiral shc11 protecting its soft part. While S.φia kobierzsis has a vessel-
shaped she11 embeded in tho mantlo. The minera1 component of the former is 

C乱lciteラandthat of the latter aragonite. The comparative studies on the crysta11ine 

structure botween extern且1and internal calca1ious she11s will give us an excellent 

proof to elucidate the facto1' playing a clirecting role on crysta1 a1'rangement in the 

mineralized tissue. 

1n Argonauta shellうitis found by X-r、ayanalysis that calcite c帽.axisis nearly per嗣

penclicular to inner surface. The a-axis or othe1' crystallographic element of calcite 

in the she11 appears to depond upon the growth of the she 11 in each lamella of every 

porti'ons. The she11 shows the optical characte1'istic of aragonite but not of calcite. 

That optical abnorma1ity may probably be caused by the slip of minera1 1amellae 

through the twist of tho she11， as seen in Gast1'opod she11. That is， the slip 01 

lamellae in the spi1'a1 coi1ing she11s is not essentially clifferent from the slip cccurriEg 

in discontinuous 1ayers of Pe1ecypod she11s. The spiral仁oilingshe11 is coniured 

to consist of the accumu1ation of each lamella slightly slipping in a clefinite clirec剛

tion through the twiτt of the shel1. Such slip secmムsto o(cur， of course， in more sharp-
1y curved portio日Sof Pelecypocl she11s. 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 ventra1 side beirrg surrounded by the anterior and posterior walls of siphurrcle. 

Two e1ements are found in the formation of the chamber; the one is so-called "sep-

ta" which is thin minera1lamella. The other is "trabe仁u1a"，which is thin mineral 
wall joinni時 adjacentsepta， and is a1most perpendicu1ar to the septa. Now， if we 
make the thin slice cut vertically to the septa and take the trabe仁u1aas rotation 

axis， X-ray diffraction pattern is produced by the preparation as in figure 57. But， 
by incident Xィaywhich is vertica1 to the septa， the she11 reveals the DebyトScherrer、
ring in reflection pattern (Fig.56). The interlattice spacing calculated from the 

pattern in figure 57 comp1etely accords with the 1ength of c-axis in the unit cell 

of aragonite. That is， aragonite c-axis in the shell is nearly perpendicu1ar to the 
septa; in other word， c-axis orientation is parallel to the trabeculae intersecting ob脳
lique1y the posterio1' wall of the siphuncle sirrce thぞ septaslop 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 revea1s 1'athe1' irregu1ar aggregation in )ふrayana1ysis. The c-axis orierト

tation in the posterior wall was not determined in the present investigation. 

7 The relationshi:tJs between crystal arrangement and mantle tissue 

For the investigation of the factor which influences the arrangement of crystal-

lites in the nacreラmant1etransp1antation was carried out with Pinctada martensii by 

the modified method of operation in pearl culture industry during the period from 

June to August in 1959. Name1y， a piece of the mant1e tissue， about 1 x 2 mm  in 
dimension， was p1aced between two pieces of cover glass about 2 x 3 mm  in size， 
and then was inserteぅdinto adductor muscle of another pearl oyster. For 10 days after 

operation， the cover glass was taken out from th巴 adductormuscle at the interval 
of 2 days， and the living epithelium of the grafted mantle tissue was observed direct司
ly under the optica1 microscope. On the other handぅ aftercu1tivation fo1' 1 01' 2 

months， the fragments of the inserted glass we1'e collected， and the nacreous a1ye1' 
formed was removed from the glass surface. Then the nacre was po1ished up to 

thin sllces pa1'al1el to its surface， and these p1'epa1'ations we1'e investigated fo1' the 
ar1'angement of the c1'ystallog1'aphic axis unde1' the conoscope. The epithe1ial cells 

of the g1'afted mant1e tissue were rearranged enti1'ely in a few days after transplanta幽

tion in summer as follows :The epithelial cells， at fi1'st， we1'e elongated out from thedef圃
inite cut su1'faces of g1'afts， moved actively away from g1'afts， and then separated f1'om 
one another. Secretion was int1'oduced successivelγth1'oughout the 1'egene1'ated 

epithelium. Meanwhile the epithelial cells themselves we1'e 1'earranged over the 

foreign substance and no longe1' wande1'ed about. Therefo1'e， it appears that the 
elongation and the muvement of the epithelium during mu1tiplication are neve1' at 

random. Figurモs58 and 59 show the t1'ansf01'med mantle piece investigated 4 days 

afte1' the operation. The fibrous cells e10ngate out considerably from the def-

inite cut surface of grafts， which c1'osses thc major axis of the 10ngitudina1 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. Bllt 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 0 is the adhered part of the graft， since the prismatic sub-
stances are deposited in the dotted area， andぅashave already been described in the 
author's separate paper， the size of the prismatic substances is smaller at the point 
nearer 0， and the remarkable adhesion of organic matters is recognized in that 
point O. Aragonite crystals in the nacre develop by parallel growth， and their 
orthorhombic かaxesrun nearly paralle1 from the point 0 tovvard the opposite side・

And， in most case， they do not exhibit the radia1 arrangement emitting from the 
point O. 

From the above mentioned experiments， it will be possible to be clear the 
re1ationships between crystal arrangement and the e1ongation of mant1e as 

follows: The orthorhombic かaxisof crystallites of aragonite in the nacre is alike 

in paralle1 to the horizontal growth direction of the 1ayer， 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 resulted in the 

life of these shell嗣fishes. What is the determing factor on c-axis orientation? 1n 

the Japanese pearl culture， if a foreign substance is laid between the valve and the 
mantle， c-axis orientation of the mineral lamellae formed on the surface of the 

一差雪、=- Text-flg. 12 Aragonite ト axisorientation in the nacreous layer formed on the surface of a 
foreign substance which is laid between the 
valve and the mantle. 

foreign sllbstance is nearly perpendiclllar to the growing surface at that time when 

the lamellae are mineralized， as shown in text-figurで 12. The c-axis orientation， in 
other words， elongats perpendiclllarlly to the boundary face of the minera1 lamella 
and the shell-forming tissue. 
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8 Discussion 

1 t may be interesting to geologists and bio1ogists that the shells crystailized 

out from the mother臼uidwhich is produced by Ca metabo1ism in a 1ife are character-

ized in mineraJ components and crystalline structure， as have been observed in this 

chapter. In particuJarラ specialattentions will be paid undo山 tedlyァ to(a) poly-

morphism of caIcium carbonate， (b) th号mosaicaggregations of crysta11ites and (c) 
structural di汀'erencebetween thenacreous and prismatic 1aycrs. The most impor四

tant characteristic is that bio1ogical and biochemica1 factors a汀ectusually alI 

processes of shell minera1ization. 

Aragonite is a common mineral of inanimate objects irrespective of that mineral 

is metastab1e unde1' ordina1'Y conditions， and is optically biaxia1 negative in the 
orthorhombic system・ Calcitebe10nging to the hexagonal system is a stab1e form 

of CaC03 and shows optically uniaxia1 negative. They show a typica1 examp1e of 

po1ymorphism. In inanimatぞ occur1'ences，the anhydrous carbonates a1'e crys-
taIlized out eithe1' a1'agonite type 01' calcite type unde1' the definite conditions of 
the mother fluid. That is， Magnesite， MgC03， Side1'ite， F巴C03ラ Rhodochrosite，
MnC03， etc. belong to calcite g1'oup， and B1'om1ite， (Ca，Ba)C03， St1'ontianite， 
S1'C03， Cerussiteぅ PbC03，be10ng to a1'agonite group. These mine1'a1s in each 

group exhibit isomorphism. Untill now， a 1arge number of 1ite1'atures about the 
polymo1'phism of ca1cium carbonate of inanimate objects 01' exper泊lentalp1'叩ara幽

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 caIcite when carbon dioxide， alkali carbonate， 01' urea is in-
cluded excessive1y in their mother f1uid， and that the development of metastab1e 
forms is fosterred as tempe1'ature Increases unde1' the presence of diva1ent cations. 

Theformation of a1'agonite is found in a high pH region of hot sp1'ings. 1 t was point明

ed out by Say10r that o1'ganic anions in shell-fishes have a same effect as urea and 

alkali ca1'bonateヲandinhibit the deve10pment of c1'ysta1 nucleus cf calcite. Ac-

cording to his report， organic anions a1'e adsorbed on ca1cite and p1'event its growth， 
favo1'ing the development of a1'agonite. Bragg (1937) stated that the diva1e叫 caト

ions which a1'e smaller in the ionic radii than calcium build carbonate of the calcite 

type， whi1e those which :lre large1' than calcium build carbonates of the aragonite 
type， suggesting that the ionic size of the divalent cations is the limiting factor on 

the sttucture of the ca巾 onates. It was elucidated by Tak山 oet 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 shaIl pay a great attention to that the carbonic a恥
hydrase is found in the shelI嶋fisheswith a1'agonite valve， whereas it is absent 
from the ones with calc巾 (Stolkowski1951). A1'agoni te in molluscan shelIs is 

considerably diffi町 entfrom that of inorganic occurrence by the PI百 enceof organic 

substances and the moth巳l'f1uid prepared through the complex biochemica1 re-

actions. However， the high pH va1ue 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 
HC03-occurred in the reaction C02 + HzO己HZC03，H2C03ニHC03-十H+，
and such divalent cations as恥fg，Mn， Pb， 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 diffi巳rentamong 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国
lative ratio of the divalent cations in shelllime salts is in proportion to that of the 

divalent cations in the mother臼uidand specializes among various species， anyone 
will not be able to affirm that in molluscs， the divalent cations of the mother fluid 
are the determining factor on the structure of carbonate. 

Even if carl】onicanhydrase which catalizes the above chemical reaction is 

thought to be related to the pJlymorphism of shells， the enzyme itself may not direct-
ly determine the structure of calcium carbonate， but associates with the supply of 
HC03-and HCO-.， excess of which favors the formation of aragonite. This 
consideration comes from the following reasons. (1) The presence of carbonic arト

hydrase does not always coincided with the aragonite formation. (2) The enzyme 

is absent in the ground of shelI 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 minera1ization， calcium carbonate 
must already be crystallized in a form of either aragonite or calcite within the 

mantle tissue. 

As mentioned above， “enzyme theoryうう has some unsuitable facts. The author 

has described that a quality of some organic substances， in particu1ar of con-
chio1in， is the most important determining factor on that polymorphism since the 
ratio of organic substance to minera1 substance is not related to the formation of 

aragonite or calcite in calcification. The author wiU notice to the connection bト

tween atom or molecure in the organic material and calcium in the 1attice of arago-

nIte or calcite to clear up the mechanism of deposition and structure of calcium 

carbonate in the shell mineralization. According to Gregoirぜs(1955， 1958) and 
Tanaka、(1960)aspects on co配 hio1in，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 close1y related to the crystal structure of calcium carbonate. 

In all cases， the investigations on the polymorphism of calcium carbonate in living 
orgamsms meet with various difficulties. 

Shells are complex systems of organic matter and 1ime salt， and are crystalline 
substance separated from the mother fluid prepared through the mantle epithelium. 
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The prismatic 1ayer is mostly composed of a honeycomb-like aggregations of po1y-

gona1 prismatic chambers about 5-1 00μin diameter， in which calcite crysa1s 
are pi1ed up a1ternate1y with organic matter. The crystals exhibit， in genera1， spin-
d1e or tabu1ar shape， and are 1ess than 2μin size. Howeve1'， since organic 

matter sandwiched betw巳enadjacent chambers e10ngates as thick perpendicular 

wall from the outer side of the 1aye1' toward the inne1' side， the 1aye1' is predominant 

in co1umnar structure rather than laminary structure. Va1'ious stages of calci輔

自cationare found iηdi丘erentparts of the same p1'ismatic layer and crystalline 

materia1 is also revealed in o1'ganic substance. 1n contrast with the prismatic layer， 
the nacreous layer shows the laminary structure and has孔othick v、rallof organic 
matter， though thin organic membrane exists between individual crystals. The 
crystals are generally a hexagona1 tabular， and the amount of the organic suか
stance between crystals 01' lamellae is 1ess than that in the prismatic layer. That 

is， structural characteristics of the prismatic and nacreous layers are caused by the 
difference of the spatial relationship3 between crystallites and organic matrix， and 
seem to resul t from the proper rrめdeof crysta1 growth in each 1ayer. 1t is therefore 

considered that the organic matter in shells is concerned directly with cryotal 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 sing1e c1'ysta1 as not the nac1'e， and consists of ir1'egula1' agg1'egations of 

pDlygonal prismatic chambe1's. The deve10pment of the chamber is ind叩endent

of each othe1' and has no connection with the elongation of the mantle tissuc. But 

c1'ystallites of calcite grow independently by ce1'tain ru1es in each chambe1'， which 

ve1'y often shows the extinction as a single crysta1 or spheru1ite under crossed nico1s. 

Whi1e calcite a-axis 01' [lOTO] of Ostrea shell may run pa1'allel with the horizonta1 

growth of a 1amella. Calcite in the calcitostracum seems to g1'ow in close 1'elation 

to the e1ongation of the mant1e and the o1'ganic mat1'ix. The nac1'es are somewhat 

different in crystalline structure from the prismatic laye1'sフ andconsist of the 

mosaic arrangement of minute a1'agonite crystals all having the o1'tho1'hombic 

かandc-axis parallel to the fiber axes， which run a10ng the growth di1'ection ho1'ト

zontal and ve1'tica1 to the inne1' shell surface， respective1y. Therefore， the b剛aXls

arrangement of growing crystals on the nac1'eous surface is conside1'ed to be affected 

direct1y 01' indi1'ect1y by the elongation and the tension of the shell司formingtissue， 

which a1'e in good agreement with the horizontal growth. But the orientation of 

a1'agonite かaxisin Sepia shell is at random having no 1'e1ation to the shell growth， 

and differes from that of othe1' g1'oups. This shell is characteristically embedded 

in the mantle. Is that at random ar1'angement of the かaxisderivcd from such 

specia1 mode of the shell formation? 1n the spherica1 pearl formation， a pearl is 
simi1arly comp1etely enveloped by the叩 ithe1ia1tissue of the pearl-sac， which mcans 

that pear1s are interna1 production in the epithelium de1'ived from the grafted mant1e 

piece. Neverthe1ess， aragonite b-axis of the nac1'e of the pearls is 1'egular1y oriented 

in closc connection with the growth of the 1aye1'. This fact seems to suggest that the 
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difference in crystallog1'aphic axis arrangement is not due to the p1'ope1'ty of miner剛

alization between internal and external shells but 1'athe1' to the tension of the shell-

fo1'ming tissue. 

C1'ystals in inanimate objects ve1'y often grow with thei1' c-axes pa1'allel to a dト

finite o1'ientation. The p1'ope1'ty of c←'欄.axlおS01'吋ientationof c1'ystals in the o1'ganisms 

will be desc1'ibed belowへV仏yに. The 1'ela以tiわons芭shi討ip戸3弧sbet奇Wも

C←司aXl路S01'礼ientationof shells a1'e schematical日lyshown in text-figurで 13，which indicates 

Pekcypoda 

Scaphopoda 

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

that c-axis o1'ientation is nearly pe1'pendicula1' to the bounda1'Y face of the mantle and 

the shell in all g1'oups. Fo1' instance， c-axis o1'ientation is pe1'pendicula1' to 01' inclines 
at small a日glesto th巴g1'owingsurface in.the segmented shell of Chiton， in th巴 coil-
ing shclls of Gast1'opoda and Cephalopoda， in the p1'ismatic and nac1'eous laye1's of 
Pelecypoda， in the internal shell of Sφ叫 etc.. These results seem to mean that the 
vector of the growth of the mine1'alizcd tissue plays the role as thc cont1'olling facto1' 

O孔 c-axiso1'ientation in thc o1'ganisms. If thc vector of the shell growth is different 

in every species and various stages of the development of animalsラ c-axisorientation 

may be somewhat different in each shell and in each layer formed in various ages. 

Hynd (1954) and 0ta (1956) have suggested with the genus Pinctada that the gr噌owth

ratio in the weight or the size of the shells is varied clearly with age and envi1'on四

ment. They stated that the obliquity of the shells decreases with age. And we 

have already lmown that a resting zone 01' plane is fo1'med when手hcg1'owth of shell 

lime salts stops perfectly unde1' abnormal conditions and unsuitable envi1'onment; for 
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instance， in winter when sea water temperature falls be10w 130 C. 1t has a1so been 
pointed out by the author that the 1ayers above and be10w a rでstingzone are diffcr刷

ent in 1aminary structurcラandthat in most caseぅthehorizonta1 growth direction of 

the upper 1aycr is inclined at small ang1e to that of the 10wer 1ayer二 Henceパhe

orientation of orthorhombic b-axis of the crystallites is more or 1ess different betw巴en

two discontinuous 1ayers accumu1ated successive1y. The three dime孔siona1rela欄

tionships between the arrangeme江tof crystallites and the development of the nacre 

in the increasing agc ca日 beunderstood readi1y i孔 texl附figure14ラ andcan a1so be 

eXplained by the repr巴sentationof the vector. The characteristic refiexion patter日

of the nacres is due to the difference of the superficia1 and interna1 structures as mcrト

tioned above， and the position， shape， and intensity of the refiexion spots appear 
to be characterized by how crystallites arrange on the growing surface and in the 

iγlternal part of the layer. Simi1arlyぅtheoptical abnormality of aragonite bui1ding 

up the shells， must be caused by the slip of minera1 1amellae in third dimension of 
spaceラ andby the disordcr of crystal arrangeme孔tin second dimension of space 

during the growth of the shells. 

As mentioned abつve，the shell structur‘e is somcwhat different in evcry species， 

but the crystalline structure is not differcnt essentiaUy among various species ancl is 

dependent on the dynamic forces in thc m乱nt1cand the elongation of the organic 

nntrix. The shell structure indicates the most profound varieties by the difference 

of spatial relationships between organic and inorganic components rather than by 

th汁 tructureof calcium carbonate. If the author must take notic巴 ofthe structure 

01' cry坑a1，he sha11 point out variant crystalline st1'uctures seen amo孔gp1'ismatic 
laver and calcite shells. 

Although the prese孔tstudy on the c1'ystalline structure of molluscan shells is 

limited on1y to the accumu1ation of the expe1'imental data， the author shou1d be 
propose the following idea f1'om these data. 

"Crystallog1'aphic axis arrangement of the mineralized tissues in organisms is 

controlled dirでct1y01' indirectly by the e1ongation and the tension of the shell欄forming

tissue during the growth of anima1s. 1n the minera1ization processes of the shells， 

ad巴finitecurrent is seen to be produced in the mother fiuid by that dynamic forces 

in the mant1e and then the cur1'ent affects the crystal growth. As the most impor-

tant role， those such forces must have the infiuence 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 resu1t of epitaxial growth of the 

organic matrix and calcium carbonate crystals. However， since the elongation 
and the tension in the shell.・formingtissue may be changed with such biological 

propertics as ontogenical， eco1ogical， and biochemica1 differences in every species， 

c-axis orientation of micro-crysta1s within a laye1' is not always perpe口dicularto the 

inner surface. And aragonite c-and b-axes show the disorder in one p1aneラthere

occurs slip of minera1 1amellae in the accumulation of 1ayers through the biological 

rules.門 Thisidea wou1d be deve10pεd not on1y in all molluscan shells， but a1so in 
mineralized tissues of other organisms. l¥10reover， the gcnera1 re1ation must be 



1961 Bul1. Nat1. Pearl Res. Lab. 7 742 

In!)('l' surface A 

z
h
H
2
2
5
}戸
J
2

x
n
F
2
c
c
c
u
f
F
J
2
 

ゐゐ

N;恥畑出&伊今

Text-fig. 14 Three dimensional representation of the relationships between the arrange-

ment of aragonite crystal and the ac己Llmulationof the nacreous layer during 

shcl1 growth. A: Pelecypod shell， B: Gastropod shell. 
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found between the minera1ization mode and the crystalline structure of the ca1-

C旬、ioustissues (Bourne 1956， Raup 1959， 1960). 

9 Summary 

1) J¥1:incral component and stru叶 urt:01' mo]]usean shells werヒexamincdby differential thermal 

analysis， X-ray diffraction司 andckctron microscope， and the results were discussecl froIlJ the view伺
point of hiocrysl<rllography. 

2) The nacres exhibitecl the laminary 3tn忙tureregularly accumulatecl wuh organic mernbrane and 

aragonitc crvstal， and consisted of the double fiber s!ructure which was mosaic arrangemenぉ
of crystaUites， the ortherhomhic b-and c-axcs of which all ran in p:tralle1 or nearlγparallel with 
the horizontal ancl vertical growth clirectiul1S of the layer. 1t appearecl that growing crystals on 

the inner sur[a仁ewere governcd directly or indireclly hy the dongation ancl the tension of the 

shell..lelrming tissuc. 

3) The prismatic layer in Pinctada martensu consisted 01" irre耳ularag空間gationsof polygonal prisma 

lic chambers， 5~ 1 00 f" in diameterヲ eachof which is composed 01' canine司shapec!mb-chambers， 
5~30μin di己meler，which were clividecl into micro-chambers， 2~ 15μin cliameter. and showerl 
predom;nantly columnar structure. The crystalliles of calcile in each pリlygonalprismatic cbamber 

W 白 earranged by de白m1eおflTlulae司 anclthese chambers themselve， appearεd 10 have no conncc-
1ion wilh the clongation of the mantle. 

4) 1t seem雪 thattbe organic maller secreted by the mantle expitbelium plays important roles when 

shcll salts are separated from the m円therfluid 

5) Cryslalline structure of shc!l was investigated on all groupes口fmolluscs. 

6) Polγmorpbism of ca!cium carbonate crvstal in molluscan shells was disCll臼巳d.
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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 pap巳rchromatography. 

According to Gr匂oireet al. (1955)， conchio1in 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 (Ts吋ii1955 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 str肌 ture(Gregoire 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 po1ymorphism of calcium carbonate in the shell. 

Organic component itse1f is transformed into conchiolin in shell mineralizatIon. 

However， organic matrix is formed before the deposition of minera1 matters and ap-
pears to be in close relation to the arrangement and the growth of mineral com闘

ponent during the process of shell formation. The author will investigate 

morphological and crystallographical structures of conchio1in to elucidate spatial 

relationships between minera1 and organic components. 

2 Materials andお1ethods

The specimens used in this work consist of Pinctada martensii， P. margaritijera 
and P. maxima・ Smallfragments removed from each material were decalcified with 

10% aqueous solution of ethylenediaminetetra酬aceticacid disodium salt at pH 

7.5~8.0. For electron microscope， ultra thin sections were prepared in the follow-
i珂 proce札 Fragmentsof decalcified shells were fixed with 0.5% osmic acid. 

The specimens embeded in the p1astic were cut with a glass knife. 

To be used for low-angle and high-angle Xィaydi汀raction，an organic matter， 
a decalcified shell， was washed sufficiently in distilled water and was dried at room 
temperature. X-ray powder di借actionwas carried out by the same experimental 

conditions described in chapter 1I. 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 therma1 analysis. This analysis was done under the 

experimental conditions as described in chapter II and furth色、 wasalso performed 

ln vacuum. 
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3 X目raydiffraction analysis of decalcified shell materials 

Text-figure 15 is Xィaypowder data of the organic matters in P. martensii. 

S-4 and S同 areobtained by the dry specimens of decalcified prismatic and nacreous 

substances， 1'espectively. In both case， two b1'oad 1'eflexion peaks are seen between 
80 and 140， and 160 and 250 in 2 6. The interlattice spacings calculated from this 

〆/ヘ、帆

，，~ぜ\川"'......_
~・、、~山崎、~九一~旬、
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九句/"".... / ~ヘ~
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川~\叫山旬、瞬、.

Text岨fig.15 X-ray diffraction data for conchiolin of the pearl oyster 
8-4 dry conchio日nof the prismatic layer 
8-5 dry conchiolin of the nacreous layer 
8---6 wet coロchio!inot the prismatic layer 
8-7 wet conchiolin of the nacreous laver 

pattern are 7.89 A and 4.35 A on the average， and vary with conditions of speci-
m巳ns. The lattice spacings compa1'atively agree with those given by the powde1' 

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-5， respectively. Two broad reflexions 
mentioned above remove to between 90 and 160， and 240 and 320 in 2 6， and each 
spacing is about 6.41 A and 3.15 A. 

X閑1'ayphotograph for the organic matters is shown in figmで 61フandiおsgivε印nby 

incident X正-→r吟:ay beam parall 巴1 to the axis wへ町，hichstar口ldsver、tical孔lyto the ir孔mershell 

5れu1'fおace. The reflexioll pattern shows Debyト Scherrerring with halos and coincides 

in spacing with that of X剛raydi借actometer. But， such fiber diagrams as found in 
keratin ancl collargen fibers can not be found in this pattern. At present， 1仁川'-angle
and high-angle X-ray dif行actionsare under investigation for the organic matters of 

shells by the d巴visedtechniques. 
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4 Differential thermal analysis for decalcified shel1 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・.figure16. The first 
three curves N剛16フN開17and N -18 are given respectively by phenylalanine， alanine and 

Text司自g.16 Differential thermal analysis curves of conchio!in in the 
pearl oyster shell and several amino acids. 
N--16 phenylalanine 
N-17 alanine 
N-18 glutamic acid 
N一一19 conchiolin of the prismatic !ayer 
N --20 conchiolin of the nacreOLlS laver 

glutamic acid， which are amino acid contained greatly in the organic matters of 
IrlOllusean shells. From these curves， generally speaking， amino acid has a sharp 

endothe1'mic break in the 1'ange of 150cC to 380uC and one or more exothe1'mic peaks 

between 3500C and 800oC. Besides， the curve of glutamic acid has a distinct endo-
thermic break at about 130oC. These endothermic reactions seem to be due to the 

meltimg or the dissolution of amino acid and are some¥へrhatdi仔erentby the kind 

of amino acid. In di汀erentialthermal analysis curves fo1' the organic matte1's in the 

p1'ismatic and nac1'eous layers of P. martensii， small endothermic b1'eak is seen near 
150

0

Cフ andlarger broad endothermic b1'eak occurs between 3000C and 4000C 

(curves N-IO and N-II). The second endothermic break is considered to be due to 

the sum of the melting 01' the dissolution of contained amino acides in the o1'ganic 

matte1's. Thereafter， since the specimens begin to burn nea1' 4500Cフtheexothermic 
peak takes place with increasing tempe1'ature. 

On the other hand， in vacuum condition， all these specimens prove ne，γcharac司
tenstlc curves instead of the exothermic peakラ andalso simila1' endothe1'mic break， 
at 300-400oC (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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Di仔'erentialtherrnal analysis curves for the sarne specト
rnens 111 text司自g.16 in vacuum. 
N.-21 phenylalanine 
N~22 alanine 
N.~-23 glutarnic acid 
災~24 conchiolin of the nrisrnatic laver 
N~25 conchiolin of the nacreous layer 

Text司自g.17 

Electron microscopic observation on shell organic matters. 

U nstained ultra thin sections of the decalcified specimens were first observed 

by the phase contrast microscope. Topography of organic rnatters in the prismatic 

layer is shown in fi.gurで 62. The darker parts are the organic matter cem巴nting
minel'al sa1ts which are compacted in the lighter parts. The organic interprismatic 

wall also indicates a 1aminary pattern， and the organic interlamellar membrane 
appears to be form巳das continuous formations passing through each chamber (Fig. 

62). Figures 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 paralle1 with the 10ng axis of the wall and are 700-1000 mμin width. 

The interva1 of the cross-bands is 300-400 mμat the cent巳rof figure 64. In 

figure 65 the coards are about 270 mμin width and the interva1 of cross-bands is 

measured to be about 180 mμAt high magni五cation，fibrous structure is observed 
in the organic interprismatic wallラbutthis抑 uctureis thought to be artifacts (Fig. 

65)・ Microincinerationof the horizonta1 section of decalcified prismatic 1ayer is 

shown in figure 63. It is confirmed from this figurc that inorgλnic matters are 

present in the organic matrix， though the mode of the combination of these i日-
organic matters and organic matrix is not yet clear. 

On the other handうtheorganic matter of the nacre exhibits rnembraneous 01' 

fibrous appearance in vertical section under optical microscopes (Fig. 67). The 

surface of the organic matter revea1s reticu1ar 01' fibrous structure showing th巴

5 
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lace層likeappearance， 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 ir山 rvalof cross-bands in the bead幽likefibre is 

about 100-200 mμThe adjace凶 inte巾 mellarmembranes are connected by 

the intercrystallinic membrane， and in general， unit c1'ystal is surrounded pe1'fectly 
by these memb1'anes (Fig. 68). Horizontal sections of the decalcified nacreous 

layer always extinct independently of the di1'ection of the inciclent light uncle1' 

c1'ossecl nicols. もへlhileits longituclin乱1sections show double 1'eflection in one given 

clirection， ancl conchiolin memb1'ane of the nac1'e shows straight extinction in 
ho1'izontal growth clirection of the layer. These 1'esults may suggest that z-axis 

is ve1'tical to the inner shell surfaceフandthat， as a wholeラ thenacreous conchiolin 

elongates alike in the fibre axis which run parallel with the ho1'izontal growth of 

the laye1'. 

6 Discussion 

Conchiolin， organic matte1' in molluscan shells， has been assumecl to be anal-
ogus to ke1'atin. Recentlyヲ theorganic matte1' in mother-of-pearl of molluscan 

shells was dividecl into th1'ee elements of wate1' soluble protein， scle1'op1'otein， ancl 
polypeptide f1'om the bases of st1'ucture and amino acicl constituents. And in 

compa1'ison with the structural elements of chitin of insectsう theywere called 

“nacnneヘ"nacroscle1'otineぺand“nacroine"，1'espectively (Gregoire， Duchatean 
and Florkin 1955). G1'egoi1'e (1957) 1'epo1'ted that in the pattern of st1'ucture， 
the 1'eticulated memb1'anes of conchiolin were assorted into three classes such as 

the Nautiloid patternぅtheGastropod patte1'n， and Pelecypod pattern， which we1'e 
cha1'acte1'izecl by the shape， the sizeラ anclthe dens of hole， 01' by the shape and 
the size of the trabeculae. The 1'eticulated memb1'ane of the nacreous conchiolin 

of Pinctada削 rlensiihas the ch山

In ult1'a thム.H口1section of the nac1'巴ousconchioiin， the holes also is observed here 
and there in the membrane (Fig. 68). The organic matter in shells appea1's 

to be composecl of conchiolin fibres 01' coa1'ds with linearly aligned fin巴 g1'aEula1's.

The o1'ientation of the fibres 01' the coa1'ds is compa1'atively 1'egula1'フ andcoincides 

with the ho1'izontal g1'owth direction in the nac1'e， and with the vertical g1'owth 
di1'ection in the prismatic layer. But some micro-structuresう th巴 artifacts，
occur in the prepa1'ation (decalcification， fixation， cutting)， and inte1'mine1'al 
matrix and the elements of conchiolin must be variously altered in size and thickness. 

The interlattice spacings of the orga口icmatrix in the prismatic and nacreous 

layεrs are similar between each othe1' and change under diffe1'ent experimental 

conditions of specimens such as wet 01' d1'yness. Conchiolin is consider吋 toconsist 

of two elements which show Debγ-Scherrer ring司 andhalos in X嗣1'aydi倍action

analysis. In the present experiments， the smallest pe1'iodicity of conchiolin (i.巴・ラ
unit cell) could not be determi 
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to that the techniques of X-r・ayanalysis 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圃

structure of the organic matter could not be determined by X-ray diffi‘action 

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 clirections of the layers. It is consiclered that 

in shell formation， the organic matrix formecl at first is gover孔edby the tension 
ancl the elongation of the mantle ancl a釘ectsthe cleposition of mineral matters. 

Moreover， a little amounts of calcium may be to the organic ones. 

7 Summary 

1) The organic mattcr o[ molll悦 anshells was investigaled by means of electron microscope ancl 
X田raydif!i'action 
2) Conchiolin membrane and wall appeared to consist of many fibres or coarcls， in which cross司
bancls and holes were found. 
3) X-ray diagrams [or the organic matter were compo陀do[ Debye-Sherrer ring and hal08. 
4) Mernbraneous conchioJ】nmaγelongatein paralJel with a definite clirection. 
5) 1 t seems that some inoγgamc compo肘 ntsbouncl to organic one8 exist in m(オJuscanshells. 
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Chapter IV 
ELECTRON DIFFRATION AND ELECTRON 11ICROSCOPIC INVESTIGATIONS 

ON THE CALCIFICA TION OF SHELL 

1 Introduction 

1t is of interest to investigate how inorganic crystallites a1'e grown in 01' on 

o1'ganic mat1'ix du1'ing the shell fo1'mation since the natu1'e of the organic mat1'ix 

is conside1'ed to be closely 1'elated to the growth and the lattice of ino1'ganic c1'ystals. 

As desc1'ibed in chapter III， the growth and th巴 st1'uctureof 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 tedmiques of X-ray 
di百I'actionin the present work. So there is the problem whether the possibility 

of this idea is supported by the observation of the deposition of minゼ1'almatters. 

The variation of shelllime salts in the earlyア developmentalstages of the pearl 

oyste1's has been 1'eported by Watabe (1956) as follow: The mine1'al compone川

of the prodissochonch 1 and II was dahllite and calcite， respectively. Few study 
on crystal structure of shell salts in the process of calcification has yet been found 

except his 1'eport， although mineral compone乱tsof recent and fossil shells a1'e 
examined chemically and physically by many worke1's. Our knO¥ヘTledgeabout 

calcification is insufficient for understanding. the mechanism of mineralization in 
口

shell. So it is an important subject to investigate the g1'owth and the crystal struc-

tmで ofinorganic matte1's which are c1'ystallized in the early stages of calcification. 

The author will attempt in this chapter to answe1' to the above mentioned questions. 

2 加'1aterialsand恥1:ethods

The la1'vae of Pinctada martensii used in this study we1'e collected with a plankton 

net at the wate1' of the pea1'l fa1'm in Ago Bay， Mie Pref(ぅcturein Japan， and we1'e 

also obtainecl by artiii.cial fe1'tilization. The young shells less than 2 mm  in length 
in the sedenta1'Y state we1'e picked up from the collecto1' hanging ove1' 0.5 to 2 

meters deep in the sea. On the othe1' hand， a glass cove1'slip was inserted betv¥でen

the mantle and the valve， ancl the expe1'imental animals we1'e placed in the sea 

water fo1' few days in summe1' and fo1' one month in early winter. 1mmediately 

aftc1' taken out from the pearl oyste1'， the one of the cove1'slip vvas fixed in 98% 

ethanolタ andthe anothc1' was washecl carでfullyin fresh water ancl then was driecl 

at 1'o01n te口lpc1'atu1'e.

The depJsits on the inちerteclglass were ob3erved at first by thεoptical and 

polarzing mic1'oscopes， and thereafter two明step1'eplica of acethylcellulose-ca1'bon 

was prepa1'ed for elect1'on microscopic works (1'efer chapter V). The mineral 

components and the crystal st1'uctu1'es of these deposits and larval and young shells 

we1'c investigatecl by the selected area elect1'on di丘i'actionmethod. That is， these 

shell substances pulve1'ized by g1'inding in an agate mortorもV巴remountecl on speci欄
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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 su伍ciently

obtained to complete the 1'esults given by elect1'on di汀raction.

3 Crystal structure of the shell substance in its various 

developmental stages 

The 0行springof Pe1ecypoda is maintained by external ferti1ization. 1n P. 

martensii， the spawning season cove1's the period from June to August. The fe1'ti1iz明
ed eggs deve10p 1'apidly du1'ing several days of the free 1iving stage， and thereafter 

change into the sedentary state. The prodissochonch 1 occurs when the emb1'Yo 

deve10ps into D-shaped larva al一削

and Y此 i1952幻). The larva1 shell in the umbo stage， about 13 days after fertilト
zation， consists of both prodissochonch 1 and II， which are different from each 
othe1' i孔 structure.

The shell substance from D-shaped larva of P. marlensii gives e1ect1'on micro幽

scopic image as figure 69 and shows the rosette and g1'anula1' forms with homo-

geneous memb1'ane. The electron diff1'action patte1'n of these matters is composed 

of reflexion spots and Debye-Scherrer 1'ing as shown in figure 70， and the interlattice 
spacings of the crystal calculated from this patte1'n a1'e shown in table V. The 

spacing is i日 agreementwith that of dahllite as in the case of the result obtained 

by Watabe (1956) except the 5.37 A and 4.41 A 1'eflexions， but those 1'eflexions do 
not coincide with that of aragonite 01' calcite. Figures 71 and 72 a1'e electron 

microg1'aph and diffrョctogramproduced by a f1'agment of the larval shell in the 

umbo stage. N-pattern in the di品、actogramis consiclered to be given by the inciclent 

e1ectron beam norma1 to the (0001) plane of the single c1'ysta1 of calcite in the shell 

of the umbo 1a1'va. 1n this expe1'iment， a1'agonite can not be found in the shell 
substance of the umbo 1arva. The young shell in the seclenta1'Y state exhibits net司

work st1'ucture of polygon uncler optica1 microscopes， ancl it is cli伍cultto obse1've 
morpho1ogically the formation of the nacreous matter in the specimen which is 1ess 

than 1 mm  in shell 1ength. Whereas， it is possible to observe the deposits of the 
prismatic and nacreous matte1's in the young shell which is mo1'e than 1 mm  in 

length. Figure 74 is elect1'on diffraction patte1'n co1'responding to the e1ect1'on 

micrograph shown in figure 73， and suggests that the one fragment of the yuong 
shellless than 1 mm  in size consists of irregu1a1' agg1'egates of fine crystals of calcite 

ancl aragonite (Table V1). And the another fragment of the same specimen shows 

e1ectron mic1'ograph and cli缶actog1'amin figu1'es 75 and 76 and is proved to be of 

a1'agonite. Of course， the young shell more than 1 mm  in length has both mine-
ra1 compone日tsof aragonite and calcite， as shown in figures 78 and 80 respectively， 
though shell substances exhibit same fine granu1ar structure in figures 77 and 79. 

The 1'esults which are measurecl from e1ectron cliff1'action pattern without 

X-ray diffraction ana1ysis may sometimes come to erroneous conc]usions. 1n the 

p1'csent experiment， two minera1s entirely cli汀erentfrom each other in crysta1 
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Tab!e VI E!ectron and X-ray de倍actiondata of shell substances in 

various deve!opmenta! stages and shell formation. 
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、高J 2.60 1 

w、v 2.48 30 2.50 14 2.50 m 
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、国 2.11 0.5 2.11 17 2.09 14 

1.98 24 1.98 
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3.29 8 
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2.86 2.5 

2.70 3 

2.50 5 

2.29 4.5 

2.09 4.2 

1.98 2.5 

1.91 5.5 

1.88 5 

1.75 2 

1.73 1.2 

1.60 2 

1.52 2 
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*1 Kubo's data. *2 Rosebery's data *3 The interllatice spacings 

obtained form S-l and S-2 in text-fig. 6. *4 Electron diffraction. 
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system and axial ratio seem to be discussible only from electron di倍actograms，
though the discussion is imperfect. 

4 Minet叫 izationin 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 de叩 lyby 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.闘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 '“'Liesega時 r勾t泊i白ngsぷう刊， du町r討巾m
growt出h(伊F日i培g.84め). From these experirnents， the deposits are considered to be organ-
ic rnatters with inorganic cornponents， which can not be found by optical and 
polarizing rnicroscopes. Practicall yフ byelectron rnicroscopes fine crystals of 

rnineral rnatter are observable in or on the organic rnatter， which shows 
usually extinction under crossed nicols (Figs. 90 and 91). The di汀ractionpattern 

is given by the Inatters which can not be decided to belong to either organic or 

rnineral cornponent frorn the rnorphological viewpoint (Figs. 92 and 93). 

The hornogeneous organic rnembrane shows the reticular structurで ina dト

finite orientation under electron rnicroscopes as in figur‘e 90， and is similar to that 
ofthe川町田 (Gregoire1958). 1n五g町 e90フt出henew rnembr丸r悶♂ぺ‘an問edevelo叶叩l戸〉苅sc∞ove灯nn
the unde廿rl片yingone， in or on which large and srnall crystals are deposited. Two 
small crystals seen at the rniddle part of this figur・eappear to suggest that the depo司

sition of rnineral rnatters is in close relation to the network of the organic mern-

brane. On the other hand， the round organic matters which are positive in the 
rnetachromasia reaction， are deeply stained at its central area and narrow circular 
zone， as are shown by black parts in figure 81. 1n this caseぅitseerns that rnineral 
rnatters first occur near the strongly stained parts as in figure 82. Crystallites of 

the rnineral matter are located radially towards the center of the organic rnatter， 
and concentric pattern can also be found there. Under crossed nicols， rnineral 
area is extinct at the same tirne or shows partial irregular extinction (Fig. 86). Th巳

deposits which are extinct usually at their center are very often revealed as seen in 

figure 83. Seventh colurnn in table VI is X-ray di汀ractiondata obtained by 

these deposits. 1t 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. martensii 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 unde1' them is of the o1'ganic matte1' with many small mine1'al c1'ystals， as seen 
in figu1'es 91 and 94. Figures 95 and 96 show shell salts fo1'med on the glass. 

These c1'ystals a1'e calcite and a1'e extinct at the same time unde1' c1'ossed nicols. The 

surface of the c1'ystals is uneven ma1'kedly， and the1'e a1'e sometimes found g1'owth 
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 branchin!Zs extended from a commo日centerロラ b

of a crystal are very often seen to sp1'ead out just like the ribs of a fan at its periphery. 

Such g1'owth appears to be a crystal in dendritic growth take place during the 

b1'a町 hi時 formatio刊 andmay be so“called "corner g1'owth" (Papapet1'ou 1935). 

There is often revealed the very similar growth to the spherulite of high molecular 

substances dl出時 thefo1'mation of shell s山 sta町 eson the glass (Fig. 88). The 

ci1'cula1' deposits in figure 88 show the windmill-like extinction th1'ough crossed 

nicols， as seen in figurで 89. Figure 98 is an elect1'on mic1'ograph showing the supe1'剛
ficial structure of the deposits which may be called “sphe1'u日tes円 01' “hedgehog 

dend1'ite" of the shelllime salt， and the1'e is found the 1'adial pattern as the spherulite 
of nilon (Kobayashi and Masuzawa 1960). The crystallites which bra民 ho汀from

a center or limbs a1'e spindle 01' needle in shape (Fig. 100)， and electron 1冗 amsre-
flected f1'om the thin atomic layer of the crystal give N-pattern which consists of only 

the index (hkO) of calcite (Fig. 101). This result shows that the incide叫 electron

beam is nearly parallel with the c-axis of the calcite. Although the mechanism of 

fo1'mation of the spherulite in the shell salt has not yet been 1'esolved， the successiv巴
processes of the spherulite fo1'mation seem to be demonstrated in figure 99. The 

next c1'ystal with spindle or needle form meets near the cente1' of the first one having 

a little inclination to the latter， and both may be grown in contact with each other 
at a definit巳plane. When such crystal formations a1'e 1'epeated， the limbs will be 
formed 1'adially 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 matte1's in figu1'es 7 

and91. 

5 Discussion 

C1'ystalline st1'ucture of molluscan shells during its development has not 

y巴tbeen investigatecl except Watabe's wo1'k on D-shaped la1'va of P. martensii. He 

stated on the bases of refractive indices and electron diffraction clata that procliト

sochonch I was dahllite， while proclissochonch II was calcite. The 5.37 A reflexion 
in figure 69 is the st1'ongest， and can not be founcl in the di日i"actionpatterns given 
by Watabe and in the data fo1' dahllite shown by Robertson et al.. Although this 1'e幽

孔exionwas consiclered to be due to the existance of soclium chlo1'ide， 5.37 A ancl 
4.41 A were unable to be seen in the interlattice spacings of halocit. Other several 
reflexions agree comparatively with Watabe's 1'esult. Howeverぅtheinorganic part 

of D剛shapedlarva of P. martensii is eviclently 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 
e1ectron diffraction data are not verified by X困rayanalysis. The 5.37 A and 4.41 A 
ref!exions will be confirmed by means of X国raydi缶actionin the future. 1n P. mar聞

tensii， minera1ization 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 f!uid secreted through the 

mantle epithelium but are not characterized by the various stages of mineralization. 

Accordinglyぅthechange of mineral components is considered to be due to the nature 

of the mother fluid which is accompaniecl with the change in the secretive faculty 

or the differentiation of the mantle tisslle. 

Crystallites of shelllime saltフcalcite，must be fundamentally developed in den-
dritic growth. Therefore， when a number of crystallites grows following clefinite 
formulae in characteristic aggregates ancl orientations， their aggregates show 
rhombic form， cor孔ergrowth ancl spherulite， as seen in figures 86， 87 and 88. The 
first two are extinct at the same time uncler crossed nicols. But corner growth and 

spherulite of shell忘altare not a single crystal， and llnit particle of crystallites ex圃
hibits spindle forms. The トaxesof crystallites usually stand normal to the inner 

shell surface. 1n calcification of molluscan shells， organic matters are first 
formecl ancl have a clirecting inf!llence on the deposition of mineral ones. This iclea 

may also be possibly supposecl from the pareobiological viewpoint on the relation-

ships between the metabo1ism of shell substances and evo1ution of molluscs. 

It caロbeexpected that the crystalline and morphoiogical structures of organic 

matters are in connection with the arrang巳mentof crystallites of mineral matters， 
ancl that its nature a佐 ctsthe polymorphism of shell calcium carbonate. Besicles， 
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 
o[view. 
2) The inorganic part of D-shapecllarva 01' Pinctada martensii differs from that of umbo larva， young 
ancl adult shells. The metabolism of inorganic substances must be changed remarkably while 
D-shapecl larva develops into umbo one. 
3) In Pinctada marlel/siiラ changeof shell mineral constilucnls w部品undcluring its deveiopment. 
Calcite was clepositecl mm‘e fast rather than aragonite. This fact seems to suggest that the cliffer-
entiation ofthe mantle tissue maγoccur as the clevelopment of that animal progresses‘since charac噌
tcristic shell substances are separated from each mother Huid produced by the definite rnantle ti田ues
which are differcnt from cach other in histologγand cytology. 

4) Corner growth and spherulite oI shell salt are not a single crystal bnt consist of definite aggrc-
gates of !11any crystallites of calcite， which exhibits spindle shape. 
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Chapter V 

CRYSTAL GROWTH OF SHELL 

1 Introduction 

1961 

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 rでcentworks have taken into account the biological and 
biochemical factors for that study. 1n the Watal】ザswork 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 arago口itecrys-

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 ]apanese pearl oyster， Pinctada martensii 

(Dunker)， in chapter 1. Molluscan shells are the cry向 llinesubstances from the 
solution transported through a shell-forming tissueラwhoses巴cretiveactivity is govern綱

ed by the physiological conditions of each animal during its development and sea幽

sonal changes of its environments. Of course， the conditions of the mother孔uid
are different among the various species. Crystal growth of shells may be related 

closely to the natures of the liquid and thc solid phases in the grounds of mineralト

zation. The purpose of this chapter is to make clear the characteristic of crystal 

growth in the shell formation. 

2 Materials and恥1ethods

The materials used in this studv were Pinctada martensiiフPinnaattenuata， Anomia 
lischkiう Ostreagigas， and Chalm)!s Ilobilis， which were collectcd in Ago Bay， Mie Prか
fecture in J apan， during the period from August 1958 to Scptemner 1959. After 
the specimensもverekilledフsoftbodies were removed from shellsラ andinner surfaces 

of which were washed carefully by hands with distilled water as these nεwly growing 

crystals were easily exfoliated with a sm乱11external force・ Theinner shell surfac巴

was directly observed by using the vertical illuminator of Leitz Panphot， and several 
portions were se1ected for electron microscopic obser九Tations. Two-step replicas of 

acethylcellu10se-carbon wer巴 madeaccording to the method of Fukami using the 

sheet of acethylcellu10se instead of plastics. Carbon films were vaporized on the 

sheetラwhichwas dissolved away in methyl acetate. 

3 Aragonite crystals grown on the surface of the nacres 

1n Pinctada martensiiぅthebasal pl乱ne(001) of aragonite crystal is parallel to the 

lnner SUIイaceof nacres; namely， as mentioned in chapter II， their orthorhombic 
b欄axesare arranged each other in parallel to the horizonta1 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 
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layer. Measuring the angles appeared in the basal planes from several electron 

micrographs， they are shown in table VII， and 1160 and 1230 are found to be domト

nant. 1n aragonite crystal， 1160 is the angle between 110 and 1 i 0， and 1230 the 
angle between 010 and 110. Aragonite crystals in the shell， i担ngeneral， exhibit 
t 
and (什100町)usuallyabse叩nt，a出ss犯eenin fig町 e110， 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 s叩 ersaturatedうtheindividual faces 

extend outward at right angles to each surface， and there is no change during the 
growth except their sizes growing bigger. If c口ry戸stalsg♂ro、ひowas small cir陀cu叫da似r命 s由hape
boun町nd吋王dedwi訂ththe Cl 

1n1山tJa叫1s坑tage，(110町)and (ρ010的)develop graduall片y，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. 1n another case， small crystals come 
to join together， or be included by larger one， and growing surfaces are irregular 
(Fig.l03). 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 coveri時 crystalsmay probably be organic matrix (Figs. 1 日10a叩n

122) . 

One of the most important factors determining crystal size is assumed to be the 

various degrでesof calcium carbonate concentration in the mother fluid which is 

produced by the secretive activity of a mantle tissue. That concentration of the 

mother fluic1 surrounding crystals is not only governed by that secretive activity 

varied with the seasonal changes of environments， in particular， of water tempera-
tmモ andwith 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同

face in table VnI. Table Vln and text品gure4 show that when the lime deposi-

tion is the maximum， a large number of small crystals takes place on all the nacreous 

Table VIII Variation of particle size of aragonite crystals in the central region 
。fthe nacre， in Pinctada martensii， throughout the ye且r.

~2.0 ~4.0 ~6.0 6.1~ 
The amount of CaC03 

Month ~-- deposition (mg/10 days) 

I 133 48 2 

II ~ III 79 78 

IV ~ VI 12 68 23 22 4 3 

VI ~ VII 12 26 11 2 4 

Vln ~ 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 var司iedin 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 valu巴ofsupersaturation of the calcium carbo-

nate solution， as indicated by Bl and Bz in tεxt-figure 4. In the season when the 
concentration of the mother fluid is assumed to be greater， though its measured 
concentration is mmlmum， crystal grains will grow rapidly (A in Text-fig. 4). 
And moreover， we shall notice in the parts Cl and Cz under the state of slight super-
saturation， extrem巳1Y small crystals lie on the edges and the corners of larger one 
exhibiting complex appearances with dissolution of crystal faces. The inverse 

relatiomhips 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). 

Margin Center 

Size (μ) frequency frequency 

1
4

つ
μ
q
ο
A企

FU

~
~
~
~
~
 

マ
ム
ハ
吋
u
a
a
τ

A
a
1
i
 

q
O
4
a
n
u
n
J
F
D
 

ー

よ

ハ

b

I

comparison of the size of crystals scattereci 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 
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The change of particle sIze with the amount of CaC03 
deposition. 

lい

Text-fig. 18 

of calcium carbon乱tedeposition in the centra1 region are ill'lstrated in text-figure 18， 

in which it can be seen that the mode of particle size exhibits about 4μunder the 

largest amount， the increase v¥ァiththe decreasing amount， and be10w 0.5μunder 
the smallest amount 

On the other hanoフcrγstalform will also be characterized b¥ァthechemica1 condi-

tions and concentration of the mother ftuid which varies with the di汀erencein the 

secretive function of a mant1e. It is evident from text-fig'ures 1 and 4 that the velo-
b 

city of the genera1 growth in weight of a shell runs roughly parallel with the seasonal 

change curve of sea water temp巴rature，but the former never coincides with the 
1atter. Here， if the relationships between crystal form and rate of CaC03 deposi時
tion are investigated， we shall notice as follows: 1) vVhen animals are in norma1 
physio1ogica1 conditions， the maximum value of the ve10city of growth will be， in 
genera1， brought during summer to autumn， sea water temperature in these seasons 
ranging from about 220C to 280C (i.e.， shown by A in the curve of 1ime sa1t deposi司
tion)， and growi時 crysta1sindicate round， or hexagonal tabu1ar form w凶 some-
what round corners as seen in figures 105 and 106. 2勾)1百ft山h巴growt出hve10city de圃
crea剖Sεωstωo such va1ue a出sma紅rke句edby Bl ans B恥2in t白;疋ex叫t-figure4フtheywill deve10p into 

h巴xa暗gonbOl 

plac白ethe complex foωr、τms川W川7司iths民erratededges， as shown in figure 107， and the disso1uト
ion of crysta1 faces is recognized from time to time (Fig. 108)， whereas not so complex 
forms as that of the former is yet found in B2・ 3) As shown in figure 109， the com明
p1exity of the crysta1 growth increasεs with the 1essening degree of CaC03 deposition 

since crysta1 surface must be repeated alternately growth ancl clisso1ution. 4) 

If the sea water ternperature falls below 130C for 80 long times (i.e.， inclicated by 

broken line) ， c1'ぅ屯talgrowth ceases completely， and at 1凶 stthe eclges a吋 corners of 
crystals become round under the disso1ution phenomena (Fig. 111). 5) Immecliately 
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after hibernation， the organic substance comes to b巴dぞpositedremarkably over all 
nacreous SUl九ceof some shells (Fig. 110). 6) ln spring when the water tempera-

ture raises up more than 130C， the growth ofnew crystaJs begins (Figs. 112 and 113). 

7) In summer， if shells continue to Jive under abnorma1 physio10gica1 conditions、
the growth of the nacre is interruptecl， and it can be se 巴引nthat nacreous surfaces are 
s叩omet札imespartially di悶5おso叶lut汎tedand there a制r‘eoften f.おoun仁cltωobe clisso1ving with clefi伝n凶1吋it伐e 

etching or吋巾1er凶 at 間

tωo no町rma叫1condition， 1arge numbers of small crysta1 are cleposited here ancl there 
on the disso1ved surface， though new growing crysta1s show etch figur明 1nmost case， 
as in figure 30. 

ln any case mentioned aboveぅthesize ancl the shape of growing ones in shells 

seem to be clependent on the pH va1ue and calcium concentration of the mother 

fluid which is charactarized by different physio10只ica1conclitions of animals. Ancl 

organic and other inorganic ions， impurities in crysta1 growth， introducecl into the 
grounds of minera1ization through the mantle tissue wiI1 also have influence upon 

crystal growth. 

Aragonite crysta1s are cleposited in para11e1 or a1most para11e1 to the fiber axis 

which is in goocl agreement with the growth clirection horizonta1 to the inner surface 

of the nacre， in which such paralle1 arrangement of crysta1s must be usually produced 
by the bio10gica1 factors influencing the process of shell grovvth. Figure 114 incliト同

cate白st出h巴ov刊er培growt出hofa訂ra昭gom比tecαrysta1s on1y seen in the 1imited areas near posterior 

ml旧l時肌sclescar問eof Piωm附 atten叩zu叩atωα• Concentric po1ygona1 patter 日on the (001) face of crys-
ta1s consists of a number of paralle1 growths which will extend ancl cover the surface 

of another unclerlay. The same inclex faces 1ie clown in paralle1 with e礼chother， 
S山 has 陀 vealedby (h1 k1 ll)A， (h! k! l!)B， (h! k! l!)c. .. and (h2 k2 l2)A， (h2 k2 
l2)A， (hz k2 l2)C ... and etc. as in figure 115. In i福山e116， aragon巾 crysta1s
in the nacre of Pinctada martens、ii，probably in nearly all species of Pe1ecypocla， grow 
p乳rallelone another as clescrib巴dabove except severa1 ones. Practically the author's 

experiment for the regeneration of th巴 graftedmantle epithe1ium concerning the 

cu1turecl pearl ancl shell formation has been verified that such bio10gica1 factors as the 

elongation and the movement of a shell-forming tissue influence clirectly or indirectly 

the arrangements of crystals. But it can be not explained by these investig丘tionswhy 

aragonite be10nging to optically biaxial crysta1 makes its orthorhombic b-axis 

arrange parallel to the horizonta1 ξrowth clirection of the shell. Therefore， the 
pre間 ntauthor has a1reacly paid the particu1ar attention to X-ray di借actionana1y-

sis for conchiolin of the she11s， though the reflection pattern does not show the fiber 
diagram. The reflεction pattern for conchio1in consists of two or three broad bancls 

of Debye-Scherrer ring with halos and shows the characteristic of such substance as 

amorphous or noncrystalline， as described in chapter III. Neverthe1ess， e1ectron 
microscopic images have shown that the m吋01'五beraxis very often corresponcles 
to the orthorhombic b-axis 01' the (110) p1ane of aragonite crystal. Since crystal岨

lites of 1ime sa1ts in the nacres grow in para11e1 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 wou1d be exp1ain巳dby such idea as oriented overgrowth 01' 

epitaxia1 growth of the minera1s in nature. Name1y， when the growth of the clysta1s 
of one substance on another takes p1ace in paralle1 orientation， such growth pheno司
menon is common1y termed“epitaxyヘandboth substances have the simi1ar crysta1岨
10graphic structur‘e. In the nacres， the structure of conchiolin is considered to be 
re1ated closely with the length of the orthorhombic b-axis of the unit cell of aragonite. 

Therefore， it can be expect~d that crystals of she11 develop by epitaxial growth. 
In the view of these experiments and idea mentioned above， it may probably be 
considered that parallel deposition betwecn 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 strong1y by the tension and the movement of a 

mantle tissue. Furthermore， the superficia1 structure of the matrix will be one of the 
limiting factors upon oriented growth. In general， small crysta1s on the edges and 

the corners of 1arger ones deve10p by parallel growth in winter， and exhibit comp1ex 
features bounded by imperfect faces (Fig. 117). If no iso1ated crysta1s exist 

on the nacreous surfacc which is relative1y smooth， small crystals wilI occur first on 
the boundary of ones in underlying lamella， 01' in correlation with crystallographic 
structures of thぞunder1yir，gsubstances， as in figurc 118. During summer to autumn， 

crystals grow larger and 1arger， whereas in winter， the)' are unable to grow larger 
ana show imperfect forms， as seen in figure 117， being deposited. However， nearly 
most ones are depoばtedparallel to one another. Crysta1 gr<uns joining together on 

their (110) pla町内 dcve10pinto the trce-1ike aggregations， as shown in figure 119う

which arεsee日usuaIJyundcr rapid growth. The extemion of branchings consisting of 

1arge numbers of crysta1 grains， occurs in a direction at a certain ang1e to a main 

5tem， and it runs roughly paralle1 to each otherぅandmust be follovved bγthe rll1es 
of crystallography. The group of crystals grown in s11ch fashioロmayhe considercd 

as so-called dendritic growth. 川w匂at臼abコe ラ泡Sobs犯er何va抗tlωons芯sfoαr 、c口ry戸st臼a1g♂i 
on t出h巴C印u1tl町l汀re吋dpe悶ar吋1su凶1rt:おac町cha ve a1so rec∞ogni位ze吋dbrも司羽anching伊雪i山I日lC氏叫clゴ1i白I口1e吋da t small ang剖1e
to each other in the process of dendritic growth. Furthermore， when we observe 
crystal growth of aragonitεin the pearl oyster shell， we can see rare1y the parallel 
growth as in五gure120， in which crvsta1 particles join together on their (010) faces 
and fo1'm a branching extending from the 1edge of a 1amella. Such the succession of 

crysta1 grains joining one another in parallel orientation is probably seen to be a 

kind of dendritic grov'ith. Twin of aragonitc exhibits regular hexagonal form which 

consIsts of three grains joining together on its twinning face (110)， as seen in figure 
112ラ exhibitingevery twinning types of aragonite at a11 times durin日growthof the 

nacre. 

Very often we can see growth spira1s c1'eated by screw dislocation emerging on 

the (001) face of a ragoni tぞ crystalg四 insin the nacre of Pil川 α向 附 rteεUω仰I1S灯S1がf江idur汀山r命寸ln

Ap戸l'‘i口1tωo Dec白embe灯r命 Thぞiたedgesta剖r抗凶t刈tin唱gf仕1'0111a di路slおoc悶ationr、O抗ta幻teωss叩pi仕1'a11片ytωowa訂rda 

crystal cdge clock王干'ぺS巴 or counter-clockwiseフas shown in figur勾es121 and 122. In 
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the most case， the shape of thぞspira1exhibits hexagona1， as seen in figure 121， depend・

ing upon the growth rate on crystallographic directions， but a circular spi1'a1 seems 
to occur when an individua1 crystal is round (Fig. 122). The step heights of the growth 

spira1s will be divided illtO two types as follows; th巴oneis ullequa1 f1'om one por開

tion to anothe1'， and the other equa1 in every po1'tion of the 1edge. The resu1ts ob-

tained by metal shadow同castingshow that the step heights of these po1ygona1 spirals 

are 1ess than 50 A in the center of the growth spira1， though they are measured about 
1000-5000 A at near part of the crysta1 edges. But it is not possihle with e1ectron 
mic1'oscopes to measure accurate1y the step heights， because organic substance， which 
is about 200 A in thickness， grows on crysta1 surface (Fig. 122). 
There is often found concave dissolutωn on the (001) face of crysla1s，出 seenat 

the upper 1eft in figure 118， and convex growth wilI be seen occasionally under ab-
norma1 physio1ogica1 conditions of the anima1 (Fig. 129). Both of them show the 

appearance with disso1ution and etch pits， and come to occur under simi1ar physiolo・
gica1 conclitions of the anima1s. A 1arge number of etch pits is 

face of c1'ysta1s at an early stage of crysta1 clisso1utioll， as seen in figure 123ぅandin

more advanced stage of disso1ution， crysta1 shape is round and finally is undistin岨
guishab1e by a general retreat of the faces， edg巳s，and corners (Figs. 125 a吋 126). 
In the process of etching， etch pi ts may occur a10ng such weak points invo1ved in crys・
talline solid as surface cracks， dis1ocation and the boundary between micro凶crysta1s.
Sometimes mosaIc structure consisting of micro咽crysta1aggregation is visib1e on the 

(001) face of a 1arge crystal as the succession of very small oriented etch pits under 

electron microscopes (F早 124))though crysta1s are protect代1from dissolution by 

the presence of the organic suhstance. On the other hand， in a certain time after 
hibernation， ncw growing crysta1s show indefinite shapes bounded by imperfect faces 
as in figure 112. There occurs a cli民p1'obahlycons日 1時 ofth巳(110)and (010) faces， 
on the inner su1'face of the nac1'es， because growth of the certain faces of crystaJs is 

inhibited by some facto1's. And we can see the 1aye1's extending f1'om portions insid巴

the face bounda1'ies， 01' from the corners and edges of crysta1s (Figs. 127 and 128). 

Besidesラinwinter to sp1'ing， growth hillocks of round form often take p1ace on the 

surface of a cliff and basa1 p1ane under low supersatulated solution， and growth and 
aisso1ution of crysta1 are repeated on the inner surface (Figs. 109 and 127). It is 

conceivab1e from these electron micrographs and text-figure 4 that in the process 

of shell minera1ization， ionic exchange and recrystallization occur on the exposed 
surface 01' minera1 cryata1 and in lamella which are in contact with the mother 

fiuid. 

In such variety of crysta1 growth of shellsラitis considered that impurities are 

int工、oducedinto the mother fiuid around growing crysta1s through the mantle tissue 

in a definite time of a year. In every case， the p1'esence of impurities seems， there圃
fore， to be one of the most important factors dete1'mining the size and shap巴 ofcrys剛
ta1s as same as the degrees of supersaturation. The form and size of aragonite are 

different among various species of Lamellibranchs) suggesting that the mother fiuid 
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in the ground of crystallization is more or 1ess different in each species. 

4 Calcite crystals grown on the surfaces of the prismatic 

layer and calcitostracum 

763 

Calcite crysta1 of shells has occurred aョindividua1particle， or as aggregation in 
prismatic 1ayers， and is in need1e， spincl1e， 01' hexagona1 tabu1a1' fo1'm. As men同
tioned in chapter II， the prismatic layer of Pinctada martensii shows a beトhivestruひ
ture consisting of many prismatic chambers. On the inner surface， a 1arge number 
of minute crystals of these chambers comparatively regu1arly aggregates， elongating 
1'adially from th巴centerof each chamber to the boundary， or parallel to a definite 
di1'ection of the chamber. According1y， a1most all prismatic chambers show similar 
extinction of the sing1e crystal 01' spherulite unde1' c1'ossed nicols of the pola1'izing 

microscope (see chapte1' IV). The form and size of calcite crysta1 particles are not 

distinct in the prismatic 1ayer of Pinctada斤wrtensii，though they are fundamentally 
seen to be in extreme1y small tabula1' or spind1e form， as shown in figures 130 and 
131. In the g1'owth process of a prismatic chamber， the organic substance is formed 
befo1'e the mineralization of the 1ayer， and seem日toaffcct the deposition of micro-
crystals of mineral substance as in the case of nacreous layers. It may probab1y be 

impossible to exp1ain the spatial 1'elationships between cη悦 allitesand organic suト

stance in the prismatic chamber without the above mentioned idea. Figure 100 is 

an e1ectron micrograph of hedgeho子likedend1'ite of calcite crysta1s grown on the 

surface of a fragment of glass coverslip p1aced between the mant1e and shell， indicat-
ing that they a1'e not sing1e crysta1s， but consist of the order1y aggregations of micro剛
crysta1s re1ated close1y with the organic matrix. Micro-crysta1s in a large mosaic 

crysta1 exhibit tree-1ike formationぅasseen m五gure131. However‘in the for・m日ttion

of the prismatic layer， a large number of the needles of calcite with organic matters 
deve10ps as the prism and large crystal in dendritic 01' pa1'alle1 growth under crystal-

10graphic and bio10gica1 rules. And neighbouring prisms come to combine together， 
and thus a po1ygona1 prismatic chamber is formed. New 1ayers supplied on central 

portion of the crystal surfaces sp1'ead towa1'd the corne1's and edges， ancl there are 
so often found concentric patte1'ns like "Liesegang 1'ings" 0乱 thegrowing surface of 

p1'ismatic chambe1's; their surfaces being the (0001) face of calciteフasseen in figures 

8 and 96. The form and size of calcite c1'ystal seem to be rema1'kably varied by the 

di仔e1'enceof calcification in loca1 areas of the prismatic 1ayer rather than by the varie司
ty of the mother fluid with the seasonal changes of its environments. Though， 
of course， chemica1 and physica1 conditions in the grounds of crystal growth are 
assumecl to be important factors determining crysta1 fo1'm and size. For instance， 
in the periphery of the growth p1'ocess of thぞprismatic1ayer， the thick membrane 
of organic mat1'ix is fo1'med first， and so the new micro剛crysta1sof mine1'a1 salt appear 
to precipitate depe吋 e川 1yon underlying sunstances (Figs. 6 and 7). The1'e a1'e 

found orientecl deposition and dendrites of calcite crystaJs in or on the organic matrix 

in the earlyヨtageof mineraJization. In any case、thegrowth and the arrangement 
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。fmic1'o-c1'ysta1s of individua1 chamb目 seemto be independ!ent of each othe1' du1'ing 
the g1'o¥Vth. 

On the othe1' hand， calcite c1'ysta1 g1'aius in Chla!fグsnobilむandOstrta gl~~~as a1'e 
deposited nearly pa1'alle1 to one another， though the o1'ientation of elongation is mo1'e 
01' 1ess different f1'om one po1'tion to another. The fo1'm and size of crysta1s a1'e diile1'ent 

maked1y arnong va1'ious species: fo1' examp1e， in Ostr<!a and Anomia， c1'vstal particle 
exhibits tabula1' formぅwhi1einCI山fり勺thatis needle-shaped (Figs. 132ぅ134and 135). 

These facts appear to suggest that the moth巳l'fluid a1'ound g1'owing cr下sta1is specific 

in each species. As seen in the case of a1'agonite c1'ystals in the nacre， ve1'y small c1'ys・
ta1s are scatte1'ed hぞ1'eand there on the g1'owillg faces of a 1arger crvstal of calcite 

(Fig. 133)， and there sometirnes dendritic growth is seen clearl)・ Thegrowth and 
disso1ution of crystal faces are sensitive to the change of chemical and physica1 condit-

ion in the mother fluid th1'oughout the development and seasonal changes in the 

secretive activity of a mant1e. The corner growth and spherulite of shelllirne sa1t 

have been detai1ed in chapte1' 1V. 

5 Discussion 

Since old times， fo1' the investigation of crystal growth and dissolution pheno-
n1enaラ va1'iousparticu1a1' apparatus have been devided by diffe1'ent ¥νo1'ke1's， who 
have attempted interesting expe1'iments in the laboratory. Thus such particu1ar 

phenomena as dendritic， corner ancl paralle1 grovvth have been eXplainecl by their 

theoretic呂lide丘町 anda special attention has been paid to the influence of impurity 

added to the g1'ound of crystal gro.，，，th on the separation of a solid phase f1'om a SOILト

tion 01' mclt， and on the c1'ystal habit. These ideas have been utilized fo1' the explana岨
tion of the crystal growth of minerals in the inanimate objects. On the other hand， 
in the deposition of shelllirne salts Schmid t (1923) f，白O飢u吋 r陀eClαααr♂符下、

tioωll， フtwinni泊ngラovergrowthand paωr司allelgrowth. Thぞdendriticgrowth of lime salts 
was obser刊 dbγWatabe(1955). HO'vvever、severalworkers have discussed on the 

crystal g1'owth of shells only on the c1'ystallographic viewpoint， and have not taken 
into account ve1'y important other factors influencing shell formation. The autho1' 

(19.57) h乱spointed out that the mode ancl thf' velocity of c1'ystal growth in t11e shell 

are vari代1hy physio1ogica1 conditions ancl age of anima1s， different 1でgionsof the 
shell and the seasonal changes of its envi1'onments. And the author thought that the 

chemical and physica1 variatio11S occurred in the solutio11 arouncl growing crysta1s 

bv the difference in the s巴cretivefunction of the mantle correlated with the abovc 

m巳国10町 dfacto1's. Later， the autl削司 (1960)has a150 confirmed that， such mecha-
nical force as the e1ongation and rnovement of the mantle has a cli1'ect efTect on the 

ar1'angement ancl growth of 1ime salts of the shells. 

The ahove observations show that crvstal QTowth of shells is 110t different from 
b 

that of inanimate objects except bioJogical char抗 teristics;suc11 as the biochemical 

reactio11S by which calcium is supplied throughout the mantle tissue from outsicle of 

a body to the inner surface of a shelJ， a direct effect of organic matrix on the sepa1'aド
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ion of the solid phase from the liq uid phase， and the role of a mantle. The mode and 
velocity of crystal grov¥!th will be governed by divergent degrees of supersaturation 

of calcium carbonate in the mother孔uid. However， the form and size of crystals 
are different clearly between Bl and B2 under nearIy sarne value of the observed 

concentration of calcium ionsぅasshO¥vn in text-figure 4. This seerns to mean that 

the other elements in the臼uid，fo1' instance， the true concentration， pH value， visco-
sity and etc.， are also varied with the difTerence in the biological conditions in each 

period. Furthermore， it can be expected that impurity which is introduced in the 
grounds of minerali?ation through the mantle tissue in definite times， interferes on 

the crystallization of lime salts and on thc crystal habit. T11e presence of impurity 

pre¥.iously described appears to be Sll竺gestedby thc growth of imperfect cry日ta15，乱nd

aJso by the illteresting experiments of Sawada (1959) for color change of the she11 

exposed to γ.ray. Chemical conclitions ancl calcium carbonate concentration of the 

Illothn Huid are controlled by the v<lriation of physio10gica1 conditioll of a11 anima1 

throughout its 1ife and by seasona1 ch::mge3 of its environments， andう inaddition， by 

thc variation of its vitality. Under a norma1 condition， crystals grown on the irmer 
shell surface develop in twinning会overgrowth，parallel and dend1'itic growths乱ss巴en
in iuanimate objects. Dissolution of crystals occurs under low cOllcentratioll of 

ca1'bonate 01' llnder vcrv low vaJu巴ofpHofthe丘uid. Frequent1y， we can see screw 
dis10cation eme1'ged 011 the (001) face of a1'ago吋tc，and etch ]Jits arranged alollg the 
weak points involved in crystals unde1' a11 elcctron microscope. The author thf1'ト

fore conちidnsthat nearly all c1'ystals in the nac1'cs wiU contain dislocations by the 

reason of that they g1'ow at low supersaturation， and tbis hypothesis will be prcved 
by Xィayanalysis， and bγthe investigation of etch figure llnder electron micros-
copes in the flltllte studies. 

Par叫lelgrowth of calcium carbonate crystals in the mineralized tissue of mol-

III虻 swou1d be explained by t11e following theo1'etical idea. /¥t the fi1'st step of miner-

alization， th巴 tensionand the mov一ementof tbe shell-forming tisslle inHllence 
directly the orientation of growth of so-called conchiolin， the structure of which i呂
町 sumedto a恥ctthe deposition of mine1'al matters. Two sllbstances consisting o[ 

ditferent constituents as o1'ganic matrix and mine1'al salts are sepa1'ated from a same 

mother flllid， and show ord廿 lyalternate deposition. 1n this case， crystallites of 
ml口e1'alsalts relate closely to the molピculιt1'stnlcture of conchiolin ancl g1'ow in parall樹

el orientatioll with the mat1'ix; i.e.， shell salts are considered to develop by epitaxial 

g1'owth白 P1'actically，aragonite crystals in the nacres seem to have their orthorhom-
bic b司axisrelated closely with the fiber axis of conchiolin， and calcite crystals in the 
p1'ismatic layc1' have their c-axis coincided with that fibe1' axis. !vforeover， it seems 

to be possible that colloidal organic matter in the mother Huid has al1'eady revealed 

definite o1'ientatiofl b¥1 the movement and the tension of the mantlc. 1n the shell 

fつrmationフ theor号anicsllbstance， how円でrぅisfo1'med first and has a direct inHuence 
on che deposition of the mineral saltち. 1'1ロotherrole of organic matrix appears to 

be the protection of lime salts against general dissolution phenomen乳， thou号hthe 
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matrix may have sometimes interfered on crvst乱1growth as if it is impurity. Ir， the 

case of the prismatic layer， the form and size of C1γstals seem to vary at di汀erent
stage of calci!ication. Of courseぅtheyc1ifier among various species. 

Generally弓peaking，the growth of indivic1ual crystal in shells appears to be es-
sentially similar to that of rninerals in inanimate objects， but the biological and bio-
chemical factors infiucnc守di1'ectlyon the c1'ぅ叫a1growth until the liquid phase chang-

es to the solid phase‘ He1'e， the author should propose an idea that the mine1'al and 
organic matters in molluscan shells develop by epitaxial g1'owth. In the epitaxy 

of the she11 substances， the autho1' wishes to 1'esolvで theproblem on the cOIlnection 
between organic ancl mine1'al mate1'ia1s. 

6 Summary 

1) Clysta1 growth of shells was observed undcr lhc elcctron microscopes， and the rでsultswere clis-
cussecl taking inlo account the biological factor尽.

2) There were found twin， screw dislocation， ov町growth，recrystallization， dendritic and parallel 
growth on the inner shell surulce. And 5he11 salts were dissolvヒclunc!er low concentration of 

calcium carbonate anc! acic!ification of the mother fluid. But the form and size of crystals ap-

peared to be almost constant under similar conビlitionsof calciLlln metabolism. l'vloreover， in 

the investigation of the crystal g-rowth o[ shel!sフ itis nece回aryto take into account thc effect o[ 

impurity introducecl through the rnantle. 

3) In the proce問。fcalci五cation，the organic matrix was formecl first ancl seemcl to have great ef[乙ct
upon the cler;osition of mineral salts. Here〆specialattention was paid on such clynamic force as 
the tensio口 andmovem白 lt01' the mantle. 

4) The mothcr fluicl arounrl growing cryポalsmay be charact目lZ吋 bvthe season且1cha時 esof calcium 
metabolisrn， ancl 01' course， by the cli紅白でnceo[ species 
5) Pa悶 llelgrowth of shcll salls woulcl be eXplainecl by thc lheory o[ cpitaxial growth. 
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Chapter VI 

THE l¥1ECHANISM OF FORMATION OF THE SPIRAL GROWTH STEPS 

1 Introduction 

In the processes of formation of the nacres in molluscan shellsラ spiralpattern 

call verv often be found on its inner surface， but it has been known that the pattern 
is different arnonξvarious specie~ or e¥'en in 1けcalareas of the same shell. Cenera11y， 

the central part of the spi1'al is the highest， and the ledge of a spiral wi11 descend out. 
ward fl'om the celltral to the rnarginal part of it 旬rone step iJJ悶 chcomplete turn. 

Thereforeラ thespiral growth is very similar to the geomet1'ical pattell1s observed 

on the crystal surface grow11 by the screw dislucation. The nacre is a complex system 

consisting of both organic and inorganic substances， which are sepa1'ated f1'om the 
particular solution p1'oduced by the secretive activity of a rnantle tissu亡・ Crystallites 

of mineral matter in the layer are arranged l'f'gularly In the third dimensIul) of space， 
as mentioned in chapter II. The mechanism of growth of c1'ystals in the nacre 

may be eXplained by the theory of growth of single crysta1. Of course， the ground 
of crystal growth is produced by the particular function of a living thing. Accord閉

ingly， the development of :::piral steps is effected by the variation of its function follow-
ing seasonal changes of the environment surrounded the pearl oyster. Genera11y 

speaking， the parallel pattern is seen in the marginal region of a nacre， and spiral 01' 

ci1'cular pattern is found in thf: central 1'egion. Since crystal growth of shclls takes 

place onlv in a life， it is very difficult to resolve the mechanism of t!1(:' spiral growth. 
I t wiU be described in this ch乳ptecthat the spiral growth of the nacre is verγsimila1' 

to the one by the screw dislocation under low supe1'saturation. The possibility of the 

extention of the scrでwdislocation theo1'Y to the present case wi11 be' discussed below. 

2 為.faterialsand Methods 

Almost a11 experiments in this chapte' were carried out on Pilldada mal'tensii， 
which was collected at Ago Bay， :r-..fie Prefecturc in ]apan. 
The works described in this chaηter we1'e dune bv the techniC1ues shown in chaD‘ 

1~ -，，-.. ----.----.~、1-."-'-----..-- --- ---~l 

te1' V. Celluloid replicas were p1'epared according to the Suzuki、smethod. Th，で
growth pattern of the口acrevvas observed easilv under thc optical microscope by 

the help of lhe ab()ve replica. 

3 Observations 

In general) 1ぞn[!lhand vv'ci号htgrowth of ，he11 are recognized th1'uughout the 
developmenl of animals， and g1'owth stcps a1'e formed certふinly011 thc inne1' surface 
fo1' the grmvth of sh巴11. As described in chapter II， the step is provided by the eme1四
gence of the growth fronts of crystallamellae 011 the inner she11 surface， and the step 
patterns have va1'ioU3 appea!:'allces due to the different mudes of growth and arrange帽

ment of lime salts. TalコleX shows the 1'datioJl bet"veen the spi1'al growth and the 
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Tab!e X Variation of the growth pattern in different species. 

Pattern 

irregu!ar and paralle! 

paral1e! and spira! 

Species 

lVIe:γetriJ児meretγixlt日oriα T.αpesvαγiegatα Corbiculα 
1α:ponica， Notovolaαlbicαns， Chlamys nobilis， Ostrea 
gzgαs， Anomiαlischki 

Pinctαdα 明artensii，P. mαγgαγitljeγα P.叩αxima，
H.αliotis disc叫s，Mytilus edulis， Pinnαattenuαtα， 
HY1'iopsis schlegeli， Unio ma~呂田itifera ， CγistαγM 
plicαtα spatiosα 

1961 

kind of thc molluscs and indicates tIlat spiral growth is absent 仕omthe inner surface 

of shells consisting of calclte (i.e.， Ostrea gigas， J'.ialowla albicans， Ch!anl)!o' nobilis， Anomia 
listhki)、andin the aragonit巴 shcllsvvithuut any pearl luster (i.e.， jん'vieretケTZαxmη7eretriぴx 
Jん白5均on♂α，Cor止仏i主t印 laJ日j戸j川0仰月iたca，Taj戸lJesvariた6昭q伊atα叫〉居 1n the bivalves with the spiral steps， the 
spiral cau not be Seen in the prisrnalic layers山 doccurs in the limited areas of lhe 

nacI羽ラ九SShOWll in chapter 11. 1t has already been known that the spiral growth 

can 1l0t be observed in the rapid growing portions. It seems that in animal kingdom 

general concentration of the solute in the muther fhlid is usually lower than che 

criucal point of sup亡rsaturaLion. From th巴factthat the growth steps asccnd gradu・

ally by one step toward the central part of shell， it is supposed that the ]Jarallel pλttern 
ob，erved in the rnarginal part of nacres is rcsultcd 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 surf:九ceof sllJglc crystaJ. The凶urfacemade hy the dislocation mechanism 

and norトclos巴岡packedsurface of perfect crystals exhibits a step pattern. Molecules 

absorbed on the crystal宅urfacean<i thc steps can diffuse ;;dong the edge of the steps 

tOV-lard kink positions， and thus the steps can advance. On the othC'r hand， the 
growth spirals of the nacres may not be advanced by a.dsorptiun and diffusion of 

thC' molecules but can be developed by台positionand additio日 ofcrys talli tes of 

lime salt~ ・ Since the nacres are considered to be a mosaic crystal， tIte spiral growth 
of the nacre would be explained by thc mechanism of the grov¥;th of single C1下sta}.

A llumber of spiral pぅ'ramidsis found on the inner naじreomsurface of Pinctada 

martensii、andthe rotating of ~1)irals is e1.ssorted into the clockwisf' typc and the counter-

clockwise type， as seen in figurでs'26， 136品nd137. Thc shape and dcnsity of grov"th 
spirals vary， depending upon the 11Iother fluid which is char司cterizぞdunder various 
physiological conclitions and upon the locality in thc llacγ仁 1n 日仁klitionフ either 

clockwise or countcr-clockwise type is largely predorninant when they occur densely， 
thOLlgh the frequ(，llcy uf these both， as a wholε， is almost equal. 1ndividual spirals 
con当istof a llumber of growth steps spreading from the respectivc sources， and their 
sphere of influencc 1S bounded dearly hy the hyperbolic curves of intersection be圃

tween each spiral (Fig. 136). If one spiral grows in the nearest clistance from ano・

ther， the sources of the adjacent spirals will be lllvolvea in a growth pyramid an 
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they show the simi1ar behavior seen in the interaction of two or more screw dis曲

10cations uf the same Sigll or of th巴 oppositesign， as shown in figures 26 and 13弘
Thus， when one spira1 in a grovvth pyramid consisting of several sources is rnore 
predominant than the others， all spira1s except the well-deve1oped one diminish and 

at 1ast wiU disappear. 

Crystallites ofaxagollite in the growlh spira1 grovv paralle1 to one another except 

間 vera1crysta1sラasSf'en in figure 13:3， and it is proved by comparison with the resu1ts 

shown in chapter II that their orthorhombic b-axe日arealike in the direction paralle1 

to the horizonta1 growth of the shells (Text-fig. 19). The cr)stal arrangemem ill the 

growth spiral is mct with n問 1ちparallelto 01' at small angle to that in neighbouring 
spirals (Figs. 139 and 140). 1n addition， the crystal arrangement of their orthorhorrト
bic b-axes in the whole area月ofthe nacre relates closel y to the growth ，'ector of 
the shell. 

寺田園田 DlrCdlDIl or grovdh 

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 b-axis of aragonite. 

The source of the growth spiral is 8ssorted 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 starti時 fromthe dislocation which emerges on the (001) 

plane rotates aω1 

dis10cation can not be f，おounda抗tt出hec印en叫te町r. The gro耳ヘrthfronts emitted from the 

center of one spiral may interfere by those of other spira1， and so， if the step 
height is unequa1 among each spiral， a number of cliffs takes place on the surface 
of 1edges near the intersection， irrespectiv巴 ofsomewhat different orientatio日 of
crystal elongation in neighbouring spirals. If the step height and the crystal arran-

gement show similar states to each otherョthegrowth fronts originating from various 

sources come to combine perfectly at the boundary of the growth pyramids. 

By the application of metal shadow司castingtechniquesフthestep heights of some 
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spira1s are examined on the nacre of Pinctada martensii under e1ect1'on microscopes， 
and are measured to be about 1000 - 5000 A which is equa1 to the thickness of a 
1amella. By the same manne1'， the step heights a1'e determined to be diffi巴1'ent

among various species from such va1ues a5 5000-8000 A fo1' P. maxima， 5000-8000 
A fo1' P. mar伊 ritifera，4000-6000 A fo1' Turbo cornutus， 4000-8000 A for Haliotis 
discus， to such va1ue as 18000 A for QJladrula開 data. In any case， the step height is 
equa1 to the thickness of a 1amella in the nacres. 

The shape of the g1'owth spira1 will depend upon the p1'ope1'ties of growth f1'onts 

and such bio1ogica1 factors as the growth of anima1s. The most spira1 patterns 

o1'iginated from screw dislocationsフexhibitpo1ygona1 shapes which are attributed to 

the growth 1'atio of the 1edge upon crystallographic orientations. On the othe1' 

hand， the 1'atio of advance of g1'owth fronts in the spira1 growth of the nac1'es呂ppears

to be independent of the crystalline structure of the 1ayer. H巴nce，circu1ar spira1s 
will 1'esu1t without exception. Howeve1'， the shape of g1'owth spirals does not va1'y 

with the crystallographic orientation in the nac1'eous surface， but is e汀ectedst1'ongly 

by the vecto1' of the tension and movement of a mantle tissue. This suggests 

that a small exte1'nal force during the movement of a mantle has di1'ecting influence 

on the adso1'ption and ar1'angement of c1'ystals. In addition， the concent1'ation of 

calcium carbonate in the mothe1' fluid will become locally unhomogeneous in the 

ground of crysta1 growth by the external force. Thus the advance of the g1'owth 

fronts is succeeded at a different ratio in various orientations， and spirals will be 
distorted a10ng a certain direction. In practice， the growth pY1'amids a1'e me1'ely 

disto1'ted along the horizontal growth di1'ection of the 1ayer， and exhibit a simple 

e llipse， as seen in figure 141. The 1'atio of the distortion seems to be increased in 
propo1'tion to a increasimg magnitude of its elongation. 

Since molluscs is a poikilothe1'ma1 animal， its Ca metabolism varies 1a1'gely with 

the seasonal changes of the temperatu1'e of sea water. If we wish to examine succes凶

sive stages of the development of the growth spiral on the nacres， it may be fully es-
tablished by the observation for seasonal change of the spiral growth. Crysta1 

growth of shells begins 1'apidly as Ca metabo1ism normalizes afte1' hibernation (see 

chapter V). A new crysta1 of lime salts is formed first on the po1'tions consisting 

of appropriate surfaces fo1' adhesion of them， 50 a number of c1'ystals will be deposited 

continually around a fi1'st adso1'bed crystal. Fo1' instance， filaments of algae which 

encroaches the shells may perform the 1'ole as a c1'ysta1 seed. As seen in figure 143， 

it is very often recognized that if the growth point of Conchocelis-filaments eme1'ges on 

the inner shell surface， new crystals grow白rstnear that point， from which growth 
pattern spreads 1'adially. Figures 142~ 149 are the typical p1'ofiles showing succcssive 

stages of the deve10pment of the g1'owh spiral at all seasons， although the growth 
pattern is quite different unde1' various conditions of the mother fluid. In an early 

stage of formation of the laye1'， individual c1'ystals a1'e scattcred here and the1'e， and 

the growth pattern is indistinct， 01' irregular. Soon after， the end of the growth steps 
1'otates as clockwise 01' counte1'-clockwise， and small growth spirals occu1' at the 



Table XI The relationships among the concentration of Ca ions in the mother fluid， the amount of CaC03 deposition 
and spiral growth in central region of the shell in Pinctαda martensii during the year (1958~1959). 
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larg巴densityin 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齢developedgrowth spi-

rals will result (Fig. 147). The growth spiral diminishes under decreasing concenト

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司

cess of calcification. The relationships between the spiral growth and physico-

chemical elements in the mother fluid are summarized in table XI. After hiberna-

tion， the observed concentration of Ca ions decreases successively， and will reach the 
minimum value in the period b巳tweenAugust and October， in which the d叩ositsof 

calcium carbonate show the maximum value. At the beginning of calcium carbon帽

ate deposition， in the portion B1 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フ ISvery 
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-figurで 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 Cl and C2 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 motherβuid increases step-by-step as decreasing rate of the deposits， 
at the part B2 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 b巳replacedgradually by the spirals with wide spaci口g
of the step， as seen in figure 148. As mentioned above， irrespective of the increasing 
or the decreasing process of CaC03 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 CaC03 depositions， and the obs巴rvedconcentration of Ca ions in the 
mother fluid which is produced through the mantl巴 tissue. In additionぅitcan be 

inferred from table X that those factors themselves keep up the definite relationships 

with the pH values of the mother fluid and th巳bodyHuid. The curve of CaC03 
deposition runs relating to the pH curve of the mother fluid as has been shown in 
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chapter 1. The variation of pH is assumed to give direct influence not only upon 

the solubility of calcium carbonate， but aIso 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剛crystalsin 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 uacres seems to be quite similar to the resultant 

pattcrns 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. It 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 thc critト

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. 

1n Pinctada martcl!Jii 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 crystaIs. 

If the crystal growth of shell salt is attempted to be elucidated only the fact that 

individual crystal particles are surrounded by the organic material， we may draw the 

conclusion that the growth of crystals has no rclation to each other. However， a 
large number of very fine hole is recogniz吋 0日 theorganic membrane， as has been 
pointed out by Gr句。ireet al. (1955)， and some calcium in mineral matter is assumed 
to combine in an ionic bond with the suitable parts of the organic matrixフO町rt出h巴Cαrγy戸s司

tal山l日lt伐es0ぱflime sal t on the 0ωr‘ganix 王m瓦tれl'‘ixse問emtωo be developed rcgu叫dar匂 byep戸itax幻iall 
g伊1'0、owt出h(作se世巳 chap戸te白r喝V)トIfthese 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. 
c cliff. cl crystal lamella. gf growth front. h hollow. i inter-
section of adjacent growth spiral. ic isolated crystal. I ledge. om 
organic matrix. sd screw dislocation of unit crystal. 

" 
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the schematic drawing of the relationships between the growth spira1 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 crγsta1-

lographic orientations in the nacre，乱llda circular spiral will result. Butぅsincethe 

arrangement of the orthorhombic b-axis of the crystallites is affected great1y by the 

magnitude and the e10ngation of a mant1e tissue， the shape of a growth spiral may 

extend merely a10ng the elongation of a mantleぅandan oval spira1 will result. 

Besides， we shall take note of that the spiral growth can be seen on1y in aragonite 
shells but is never observable in calcite ones. The spiral growth is， however， not rト
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 a1so appears to depend upon the di汀erencesof the mineral constituents 

and the mode of crystal growth. Dawson and Vand (1951) observed on a si時 le

screw dis10cation emerging on the (001) plane of 10ng酬chainparaHin， C3G H74， by 
using the electron microscopes， and pointed out that the step height is 43土 5A
which is equa1 to the X引 1yunits ce11. Ame1inchx (1951) with silicon carbide cryト
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 spira1s emerged on 
(0001) planes of CdI2 crystals often is 

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 spira1s on the (0001) 
p1ane 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) p1anes of aragonite crystals in the la yer) 

are about 1000，....， 5060 A which are not of monomo1ecular thickness・ However，
since the step height on the crysta1 faces grown by screw dislocations is not on1y an 

unit cell and monomolecule， the spira1 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 町 ighbouri時 spira1sare very simi1ar to those of the adja-

cent screw dis1ocations. The concentric pattern of the growth pyramids seen on the 

nacres can be eXplained by the e汀ectof counter balance of two dislocations. 

Sears (1959) has shown that the cylindrica1 growth of tobacco mosaic virus 

molecu1e would be e1ucidated by the dislocation mechanism. He h且spointed 

out that the pH of its circumstance will relate closely to cylindrica1 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 1arge1y near the pH of 8.0. However， it 
is clear from the above data that in the process of Ca metabo1ism， the pH of th巴

mother fluid direct1y affect the growth of crysta1s in calcification， and its value is 
somewhat different between various animals. 

As discussed above， the mechanism of the spira1 growth of the nacres is eXp1ained 

reasonab1y accurately by deve10ping the theoηof the dis1ocation mechanism of crys-
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tal growth. 

5 Summary 

1) The growth spiral of the nacres w出 investigatedin connection with physical and chemical con・

ditiom of the mother fluid for resolving the mechanism of the spiral growth of Pelecypoda. 

2) The general concentration of the mother fluid transported through a mantle tissue seerns to vary 

usually below the critical point of its supersaturation， and to be characterized by different physio-
logical conditions 01' animal. Accordingly， the shell sa!t may b巴crysta!lizdfrom low supe内抗日ra-
tion of the solution. Under such supersaturation， the greater the concentration， the morc rapid 
the development of lhe growth spiral progresses 

3) The surface of the nacre corresponds to the (001) plane o[ aragonite crystals， and the orthorhom崎
bic b-axis of which is arranged regularly in the third dimensio日 ofspace. Hence， the nacre is 
considered to be a mosaic crystal. 

4) General!y speaki時， it appears that the growlh spiral of shells exhibits the cir 

rate of advance of the 宮rowth f白i'ontωS1おSH口ldepe口ndentin diffe白I巴nt cry，叫刊tallographicorie白ntatio口 o[ 

the na抗cr陀e. Since the distortion of the spira! elongates along the vector of the ho1'包ontalgrowth 

direction of the layer， the elongaすionof the distort;on agrees roughly with the orthorhombic 
b-axis of crystallites in the nacres. 

5) The development and the counter balance of the growth spiral with same sign 01' opposite sign 

are quite similar to those obsereved as the screw dislocations. 

6) The step heights of the growth spiral， in Pinctada marte町ii，are about 1000-5000 A and are not 
monomolecular tbiclmcss. The step height is di庄erentwidely between various species. 

7) The growth spiral can not be observed ;n calcite shells. 

8) The growth spiral cletected in animal kingdom is assumed to be co山 olledmore or less by the 

value of pH in the ground of crystal growth. 

9) 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: antenorラ as:aclcluctor mllscle scare， cnl: central regio日 ofthe naCl'eous layer， cl: clorsal， g: gilJ 
gc: the grouncl of crystal growth， hl: hinge line， hy: hypostracum， icm: intercrystallinic mem-
brane， ie: inner epithelium. if: inner folcl， ilm: inter1amellar membrane， ipw: inter・
prismatic wal!， li: ligament， 1m: longituclinal rnuscleフ ma:peripheral area of the mantle雫

mb: pallial area ofthe mant!e， mf: miclclle folcl， illnl: marginal region ofthe nacreous layer， 
n1: nacreous layer， 0: ol'ganic membrane， oe: outer epithelium， p: posterior， p!: prismatic 
layer， ps: pallial musc1e scare， sf: shellluld， tm: transverse muscle， v: ventral. 

Fig.l. A micrograph showing the grollncl 01' crystal growth in the shell 01' Lamellibranch. Trans・

verse section of the cleca1c泊ec1shell of Mylilllf edulis. X 48 

Fig.2. Transverse section of'the mantle of Pinctad，αmarte凡，ii.X 18 
Figs. 3 ancl 4. Microincineratecl mantle of P. 制的即日 showingclistribution of inorganic granules. 

x 18‘x .54 
Fig.5. The outline o[the inner sicle ofthe valve in P. marte!lsii. X 3/5 

Fig‘6. Large ancl small round crystals in clefinite orientation on the growth仕ontof (h巴 priSlllatIC
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lamina. Prismatic chambers are laid down uncler thick conchiolin membrane having the 

orientecl fibrous structure， ancl the bounclary of the unclerlying chambers is observecl as a groove 
on the mcmbrane. X 3300 

Fig. 7. Dcnclritic growth of mineral substance clepositecl along the bounclary of unclerIying polyー

gonal chambers. X 3000 

Fig.8. The edge of a growth process showing rouncl mineral matter.s in oolitic aggregation on 

thick organic membrane. X 150 

Fig.9. Oolitic aggregation 01' mineral matters on the prismatic layer near the nacreous Jaycr. 

X 140 

Fig.10. Rosette shape of prismatIc substance. X 170 

Fig.l1. PrismatIc chambers themselves in the upper layer dIvicling into several smaller ch旦mhers

cluring the 1ayer rormation. X 150 

Fig.12. Pattcrn near the bounclary 01' prismatic ancl nacreous layers. The prismat;c layer shows 

honycomb zone. X 90 

Fig.13. Prismatic lamina of Pinna atlenua(a stainecl by von Ko日a'smethod. X 150 

Figs.14 ancl 15. Chambers with rouncl shape in prismatic region near the nacrεOrganic sub-

stance sanclwichecl between chambers climbs up mineral part， ancl in the encl， covers perfectly 
on minera! substance. X 4000 

Fig.16. Polygonal chambers in the miclclle part of the prismatic layer. Conchiolin walls running 

as grooves betwecn mineral portiom. X 3000 

Figs.17 ancl 18. Polygonal chambers of the prismatic layer under cr03sed nicols. X 350 

Fig .19. Dircctions ima宮eof the chambers of the prismatic layer in P. martensii and Pinna atten'1:zta 

Fig.20. Vertical section of the prismatic layer etched with 0.1 % HCI， showing thick conchiolin 
walls ancl thinner ones rUl1ning perpenclicular to the inner shell surface. Minet.ζ11 sub3tance is 

clel1sely compactecl in the polygonal prismatic chambers bounclecl by conchiolin walls. X 6000 

Fig.21. Positive replica obtained from fl'actU1'e surface of the prismatic layer showing lamin剖γ

structure ancl clistributIon of organic matrix. X 3000 

Fig.22. Vertical thin slIce uncler crossed nicols. X 350 

Fig.23. Round crystals scatterecl in thick organic layer belween the prismatic al1cl nacreOllS layers. 

The l1acre can be founcl in upper part. X 3000 

Fig.24. P孔rallelgrowth pattern of the naCre. X 37 

Fig.25. A highly magnifiecl portion il1 Fig.24. X 2000 

Fig.26. Spiral growth ofthe nacre. X 37 

Figs.27 ancl 28. General change of growth pattern under abnormal conclition of P. lIlartensii in 

summer. X 190， X 440 
Fig.29. Dissolution phenomena uf l.he shell salt in the same conclition ancl species as al旧Vc.

X 2000 

Fig.30. New crystal grown 011 the etching surface of the shells of animal rεC0V白 inghealth. 

X 2000 

Fig.31. Riclge-like aggregation of lime salt 】nthe shells of animal recovering health. く2000

Fig.32. Laminary structure of the nacre in P. martensii， showing spatial relationships between 01'-
ganic ancl mineral matters. Organic matter is seen as reticu!ated membrane between in:iiviclual 

日 ystalsancl between minerallamellae. X 15000 

Figs 33 ancl 38. Laminary structure of the nacres in尺vrlOtの schlegeliX 8800， Turbo COlnlltllr 
x4400ラ Q_uadrulaundata X 4400， Unio rnargαrtれfera X 4400ラ Pinr.:tada margaritij川 7 X 4400， 
ancl Haliotis discus >く8800、問中ectively

Fig.39. Nacrでoussurface fracturecl obliquely. X 3000 

Fig.40. Directions image given by the parallel thin slice of the nacre in P. m引 tensii.

Fig.41. Thin slice of the nacre under crossecl nicols， showing three zones which aγe clifferent iI'om 
each other in extinction. X 60 

FigsA2 ancl 43. Xraγcliffraction pattern given by parallel thin slice3 o[ thc prismatic layer i印

Pinna at!erwata (Fig.42) and the nacre in P. marlen川 (Fig.43).
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Fig，.44 and 46. Rotation photographs of the nacre in P. marli!flsu. Fig.44 rotatecl arouncl the 
axis parallel to the horizontal growth clirection o[ the layer; in Fig.4-5 the direction 01" the rotation 

ax日 isat right angle to the axis in Fig.44; in Fig.46 the clirection parallel to the vertical growth of 

the laver is seJected a， rotation axi，. 
F;gs目47and 4-8. RcBexion spots producecl by the clifferent wiclth of the same preparation， with 5 
mm  in wiclth in Fig町4-7ancl 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 obtainecl with 1-0.5 mm  in thickness and Fig.50 with about 0.2 mm  in thickness. 

Fig.58. A living mant]e tissue of 4 days after operation. x 30 

Fig.59. Sbowing the eclge ofthe same graft in Fig.58. x 250 

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

line structure of the nacre secreted by the rearrangecl行pitheliumclerivecl from a graft. The 

point 0 is comidered to be the adhered part of the grafted mantle piecc‘and the dotted area in-
dicates the deposition of prisl11atic substances 

Fig.61. X-ray pattern g;ven by the organic matrix ofthe nacre. 

Fig.62. Topography of organic l11atrix in the decalcifiecl prismatic layer shown by the phase 

contrast microscope. X 900 

Fig.63. The distribution of inorganic component~ in the organic matrix obtainecl from clecalcifiecl 

prismatic layer byすhetechniques ofmicroincineration method (horizontal section). X 120. 

Fig.64. Ultra thin section o[the decalcified prismatic layer of P. mar!，msii showing sub-micro struc-

ture of the organic matrix. l¥IIineral substances are compactecl in positive parts before cleca!ei-

五cation，and the negative part inclicates the presence of organic sllbstance. Striation is fOllnd in 
the eorcls. X 5200 

Fig.65. Sub-l11icro structure of the interprisl11atic conchiolin wall in the prismatic layer of P. 

mart明、口;i. The conchiolin wall consists of many corcls of conchiolin about 0.1-0.5μin wiclth 

X 6200 

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

Fig. 67. Vertical section of the decalcifiecl nacreous layer under the phase contrast microscope 

showing topography of the organic matrix. X 2800 

Fig. 68. Topography ancl structure of the organic matrix in the nacre. Striation of the corcls of 

conchiolin. X 17000 

Figs. 69-80. Electron mierographs and cliffraction patter口sfor the shell substances during the 

clevelopment of P.martensii; D-shaped larva in Figs. 69 ancl 70， Umbo larva in Figs. 71 ancl 
72， by young shellless than 1 mm  in shelllength in Figs. 73， 74，75 ancl 76， ancl young shell 

between 1 mm  and 2 mm  in shelllength in Figs. 77， 78， 79 ancl 80. X 9000 

Fig. 81. Organic matters grown on the glass， insertecl between mantle ancl valve. X 380 

Fig. 82. Mineral substance depositecl on the organic matters on the similarly insertecl glass. 

x380 

Fig. 83. The same preparation as usecl in Fig. 90 uncler crossed nicols. X 520 

Fig. 84. Deposition of organic and l11ineral components on the insertecl glass in Pinnaαttemωtι 

x390 

Fig. 85. Rosette-shaped organic matter which is cleeply stained in the test of metachrol11asia reac-

tion. X 520 

Fig. 86. Showing well-developecl rhol11bic form of calcite deposited on the inserted glass cover-

slip. X 520 

Fig. 87. Unit crystal of calcite which is considered to clevelop by corner growth. X 520 

Fig. 88. Spherulite of the shell salt formecl on the insertecl g!ass. X 520 

Fig. 89. The sal11e part usecl in Fig.88 uncler crossed nicols. X 520 

Fig. 90. Reticulatecl structllre of organic mel11brane. It is worthy of notice that there are relation-

ships between the networks of the organic matter ancl cleposition of small crystals in the 

middle part of the五gure. Arrows indicate these small crystals. X 10000 

Fig. 91. Dendritic growth of mineral matters on the organic matrix. X 3000 
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Figs. 92 and 93. Electron micrograph and di仔ractogramfor the first formed shell substance on 

the inserted glass. N-pattern is given by mineral matter. X 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. X 5000 

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

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

Fig. 98. Radial pattern on the surface of the spherulite of shell salt. X 19000 

Fig. 99. Successive processes of growth of shelllime salt in the spherulite formation. X 10000 

Figs. 100 and 101. The crystalline structure and the shape of the spherulite by using extraction 

replica. The eledron micrograph and diffraction pattern suggest that spherulite composed 

of calcite is analogus to hedgehog dendrite in strllcture. X 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 1-0.7μ111 Slze 
X 13000 

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

Figs. 105 and 106. Aragonite crystals deposited during the period from August to early October. 

Since they have rounded cornero and coverd edges， their shapes exhibit circular. The 

boundary of crystals is found clearly in Fig. 105 (x 6400)， and new growing crystals are con-

nected with the underlying crystallamella by the bridges of shell substances in Fig. 106 (x 

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. x6500 

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

nation. X 16000 

Fig. 111. Dissolution of aragonite crystals in hibernation. The edges and corner become round 

with dissollltion. X 4500 

Fig. 112. Triple twin of aragonite and indefinite shapes of small shelllime salts occurred in spring 

x4500 

Fig‘113. Growth and dissolution of new crystals deposited on the old lamella formed before hi噌

bernation. X 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. X 210 

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

Fig. 116. Parallel growth of aragonite crystals in Pinctadαmartensii. X 2200 

Fig. 117. Oriented growth of small crystals on the edges and the corners of larger ones in the pe回

riod from January to early February. The crystals arεdissolved slightly， and exhibit round 
shapes. X 17000 

Fig. 118. Small crystal adsorbed along the boundary between crystals in the underlying lamella， 

and concurve dissolution of a crystal in the upper left. X 4500 

Fig. 119. An example for dendritic growth of aragonite crystals in P. marte町 ii. X 6700 

Fig. 120. A branching consisting of a group of aragonite crystals which join with each other on 

the (010) plane. x9500 

Fig. 121. Sσrew dislocation with hexagonal shape of unit crystal of aragonite grown on the nacre岨

ous surface of P. martensii. X 9500 

Fili. 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 bOllndary of crystals can be found as the straight lines on 
the surface. く13000

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

Fig. 127. Round growth hillocks on the side faces of aragonite， and layers extending fτom certa1l1 

positions of the (001) face. x 15000 

.Fig. 128. Steep cli仔ofcrystallamella. X 11000 
Fig. 129. C'lrve surface of aragonite seen in weakening shells. X 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. x6000 

.Fig. 132. Parallel growth of calcite in Anomia lischki. x 450 

.Fig. 133. Calcite crystals with tabular forms， and micro-crystals growing on the (0001) plane of 

larger ones in A. lischkei. X 6400 

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

Fig.135. Needles of calcite seen in the calcitostracum of Chlamys nobilis. x6500 

Fig. 136. A typical feature for growth spirals of the nacre. The center of the spiral is the highest， 
and the ledge goes down gradllally toward the perimeter of the spiral j ust like th~ contour-

line in a map. )( 85 

Fig. 137. The opposite sign spirals in the llpper part and the same sign on~s in the lower part 

x85 

Fig. 138. Photograph showing the relationships between the crystal arrangement and the growth 

spiral in the center of a growth pyramid. x 300 

Figs. 139 and 140. The relative arrangement of arag:mite crystals near the bOllndary of two吋ja-

cent growth spirals of the same sign (Fig. 139)， and those of the opposite sign (Fig. 140). 
x300 

Fig. 141. The distortion of the growth spirals in posterior of the shell. x 50 

Figs. 142~149. Seasonal changes of th号 growthspiral of the nacre in P. mαrtensii showing follow-
ing patterns The irreglllar growth pattern newly grown on the old one which is formed 

before hibernation as seen in Fig. 142; concentric pattern developing around COl1chocelis-

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 Allgust in Fig. 146; that pattern during the 

period from late Allgllst to early October in Fig目 147; that pattern in winter in Fig. 148， and 
the dissolution of growth pattern in hibernation in Fig. 149. x 60 
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真珠漁場における餌料基礎生産と

漁場の海洋構造について

1. 密殖と食物連鎖の関係*， 1)， 2) 

上野福三・井上啓晴3)

三重県立大学水産学部

緒
ヰ
= 
E司

養殖真珠の中心地である三重県英虞湾は，近年密殖とか，漁場の老化現象によってアコ

ヤガイ (Pinctadamartensii)の異常大量発死や真珠品質の低下などが見られる。しかるに

真珠養殖漁場の環境解析は長期にわたって組織的に行なわれた例が少なし古川等 (1958)

によるもののほかはほとんど断片的観測にすぎなかった。このためアコヤガイをめぐる環

境，特にその餌量生産機構の解明は真珠養殖技術発展のために特に望まれていたことであ

る。著者等はこの問題について解明の端絡を求める目的を以って，漁場の基礎生産力に及

ぼすアコヤガイ養殖の影響について観測，解綜したので報告する。

アコヤガイ，カキの餌料については内海区水産研究所，国立真珠研究所などの研究によ

り微細有機懸濁物質であるとされている。しかしこの有機懸濁物質の由来について考える

と，当然漁場の食物連鎖の-環になければならず，人工的に手が加えられたものではない

のであるから，漁場の基礎生産力に負うべきものと考えられる。一方真珠養殖業は農業と

比較するとすこぶる幼稚な段階にあり，餌料を人工的に制御することなく，天然の生産に

依存している。すなわち草食性二枚貝であるアコヤガイの餌料は全くその漁場が持ってい

る基礎生産力に支配されることになる。したがって異常大量弊死，漁場の老化は寄生虫の

異常増殖のごとき突発的事故以外は，まずアコヤガイを中心とする食物連鎖の回転に異常

が生じたと考えられる。しかしながらこの解侭には海水の物理化学的要素，植物プランク

トン，アコヤガイのすべてにわたって検討する必要があり，非常に大がかりとなる。この

* 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. Pearl Res. Lab. 7: 829-864. 1961. 

(国立真珠研究所報告 7: 829-864. 昭和36年7月)
1) 昭和34，35年度農林省漁業試験研究費補助金による研究(沿岸浅海資源の増殖を目的とす沼環境
改善方法及びその生産効果見積りに関する研究)報告書
2) 昭和33年度財閲法人東海学術奨励会奨学資金の補助も受けた
3) 現在井上物康株式会社勤務
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ため著者等は19四年に主として一般海洋観測を実施し，夏季の停滞が食物連鎖の廻転に大

まく影響していることを予察し，引続き1960年に基礎生産力，クロロプイノレ量，栄養塩量，

アコセガイ漉水量等を測定して密殖漁場における停滞と基礎生産力との関係をさらに深く

解椋した。

1. 測定漁場ならびに測定方法

測定対象漁場としてはl均年共真珠養殖の中心的漁場である英虞湾を主として選び，これ

も比較的良好な漁場と，密殖の影響があるとされている漁場の2点を観測した。 1959年は

Fig. 1. Location of Stations in Ago Bay. 

前者として多徳島を，後者として神明を， 1960年には前者として越賀浦の湾口の北方約 400

mの英虞f毎日に接する問水面内を (St.B) ，後者として枝湾である越賀ìl~の内部 (St. A) 

を選定した (Fig.1)。近年真珠養殖業が発展するにつれていかだが密集し，神明及び越賀

補では航路筋を残すのみとなっており，養殖貝の成長はあまり見られない様な状態である。

一方多徳島及び St.Bではいかだの密集度も前述ほどではなく， 比較的良質の真珠を生

産する漁場である。

観測実施期間:当初はill'E寒漁場から養殖貝が帰り，湾内で多数の養嫡の開始される 5月

から始め，避寒のためいかだの撤収の行なわれる11月までを計画したが，準備や整理が思

うにまかせなかった上に伊勢湾台風やチリ津波という大突発事故に見舞われ，観測回数は

少なくなってしまった。 1959年の多徳島は6月14日， 28日， 7月24日， 8月16日， 18日，

9月13日， 11月29日の7回，神明にて 6月14日と 8月17日の2回である。 1960年は両地点

とも 6月19日， 7月12日， 28日， 8月10-11日， 9月1-2日， 18-19日の 6回である。

以上の地点とは別に近年開柘され，現在では相当の生産額をあげている瀬戸内海漁場中よ

り， 1959年は愛媛県伯方島の2漁場(森，北浦) (Fig. 2)を， 1960年は岡山県白石島の

2漁場(高島，鳥の口) (Fig. 3)を選定， 参考として盛夏中にそれぞれ一回あて(前者

は8月25-26日，後者は8月17-18日)観測した。

観jJllJ項目:1959年は水担，塩素量，酸素量，珪藻量でこのほか酸素法による基礎生産量
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のをコミIflfiしたが，植ブ、ランクトンが

非常に少なく， 11'1)]烏のほかは成果が得ら

れなかった。 19601'1三はと記のほか，透明度，

，亜硝酸態窒素，

硝 I~主態吉宗素， クロロプイノレ昆"

Fig. 2. Location of stations in Hakata-jima. Fig. 3. Location of stations in Shiraishiづlma.

C14による基礎生諸量について測定した。また 4:]'1ニ貝 1001閣を両漁場観測点に金制かごに

入れ，全観測NJ間を通じてつるし，観測刊に排illt物を集め，そのクロロプイノレ量を測定し
た。なお白石島if.f¥f易についてはクロロブイノレ定;単操作に失敗したためその結果を得られな
かった。

処理の方法:7Katit， .t111 透明度，酸業量，燐自主l起，亜硝酸塩については海洋観測指

針(気象庁， 1958) によったC アンモニア態窒素については Witting-Buch1:去 (Barnes，

1959)に基づいたが沈澱を完全に避けることが困難となり，観測の後半には測定不能とな

った。硝酸塩については北村 (1958) によったO クロロブイノレの定量及び C14による基

礎生産量の測定は四条 (957)により，プランクトンの鴻過はがl者は主主ilfNo. 5Cを，

後者は東洋?1~~紙 No.5C を月3 いたのち一部の試料についてさらにその鴻波をメンプラン

プイノレタ-No. 1で漉過した。全炭肢の定量は猿橋 (1955) による微量拡散分析法を菅

原子会 (1960)により改良された方法に基づいた。植物プランクトンのJ采集は採水J去により，

100ccの試水[f:rより濃縮，検鋭，算定した。アゴヤガイ排出物中のクロロブイノレ測定は前。

記潟水の場合に準じた。アコヤガイ消化活!勾でクロロブイノレが全く分解しないと仮定する

ことにより:-(~下問の海水，IJ のクロロプイノレ量と排出物中のクロロブイノレ量とからアコヤ

ガイの溶水量を求めた。観測期間中の試験只の成長による影響は4年貝のため既にほとん

ど成長が止まっており，ないものとした。



832 自立真珠研報 昭和36主ド

本研究の実施に当つては終始懇切な御助言，街j鞭提を頂いた上，両年の内海漁場の観測

には観測船「かもめ」を提供された広島大学水畜産学i部長松平康男教授，ならびに同学部

小山治行助教授に深甚なる感謝の忌、を表する次第である。 1959年の観測に当つては臨海実

験場及び試験し、かだ使用の便宜を供与された上，両を通じ碍:々御助言を原し、た l~l立真珠

研究所長高山高i夫氏に会jし心から謝意を表す00 このほか，観測に協力された悶立真珠研

究所員各位， またイ白方島i魚、j易観測の便宜を供与された志摩沫協同組合ならびに同社作業

場員各位，1960年の観測実施にさ当って作業場，作業船を提供されるなど種々の便宜を供与

された井上物産株式会社社長井上太市氏並びに観測その他に御協力]買いた同社養殖場従業

員諸氏，白石島漁場観測の便宜を与えられた笠岡真珠有限会社社長佐藤忠呉氏及び観測に

御協力民いた同社専務竹中喜久三氏他同ネ':1:従業員各位に御礼申し上げる次第であるO この

ほか観測や分析に当つては，広島大学水音資産学部遠藤拓郎氏，本学学生三符勝次，森安良，

白木弘一，萩田健二，高旧征司の諸君;の御協)Jを頂いたことに感謝するO

2. 観測結果

a) 1959fド

予備的観i切であったので概要のみを記す。各要素の鉛直分布は代表的な 6Jj 14日， 8)~ 

16~18日の英虞湾と 8 月 25日伯方島森のものについて Fig. 4 ~ 7及び Table1に示した。

位:藻の検鏡結果は省略した。

γト¥科i-5304ーとてエここ七二kニァ刊一 1円引ト
¥い// ~! Lt ¥}〆ーにア‘ ;1 つ〉斗仕/JJ I[!( ;1 
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Fig.4. Vertical distribution of temperature (T)， chlorinity (Cl)， dissolved oxygen (02)， 
and total cell number of diatoms (D: actω1 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 (02)， 

and total cell number of diatoms (D: actual observation， D〆 meanvalue 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 (02)， 

and total cell number of diatoms (D: actual observation， D': mean value in the sea south off 
Honshu referred to U yeno 1959) at Shinmei， Ago Bay in August 17， 1959. 
Fig.7. Vertical distribution of temperature (T)， chlorinity (Cl)， dissolved oxygen (02)， 

and total cell number of diatoms (D: actual observation， D〆 meanvalue in the sea south off 
Honshu referred to Uyeno 1959) at Mori， Hakata-jima in August 25， 1959. 
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i) ;jd品

水iIiiiは6月14E:1には上ド届ほとんど差が見られない。その後徐々に上下差を土佐し 8月

16~18 日にはその差が 50C を不した。その後は急速に回復し， 9 JJ 13日には約 lOC と

なり， 11月29日には全く上下差がなくなっている。表而;j(ir¥rlの段高は神明の 8月17日に見

られた 30.0~ 30.soC であるo J氏l爵も同日，同地点で 26.70Cであったo 1~l)j"烏は両地

点共Ii':Jll'i26.2 ~ 26.4 ocである。
ii) 素量

塩素量は内湾であるから多少の上ド差が見られるのは当然であるが， 8)J 16-18臼の観

測時には台風のため表層で 5.7-8.0Cl話。という低い値を記録している。この時には中層

以ドも 18Cl%o 以トとなっているが，他の観測刊はいず、れも 18.5Cl仇前後を示しているo

Aノ引自力島は全問 17.0-17.1Cl仇である。

iii) 酸素量

的素量は多法，村l明l可地点共7月24日までは 4.5cc/L前後 80箔以上の飽和|量;を示し

ているが， 8月16日には 2，4m屈に低ードが見られ，養殖只の呼吸の影響と忠われる。村1明

ではこの低下が底層まで及び，飽和度56%となっている。これは上述のほか排池物の分解

による消誌がれ!当大きくなっていることを示すものである。 9)j13日には上下差は極めて

少なくなり，上層より補給のあったことを示している。伯方烏では接夏にもかかわらず上

下層ほとんど差が見られiない。

iv) 佳藻量

桂潔総細胞数は 11当りの細胞数の対数値で示し，上野 (1958)による本州南岸におけ

る種々 の;j(iHit及び取素主主の組合せに対する半均位藻量備と比較した。この平均位:藻最は表

国の資料に基づくため，光合成の極大層ではこれより大さくなるべきであるし，深層では

{尽くなるべきfであるが，比較的深度の浅い地点のみをたl象としたため，光の影響は無視し

た。当初J6月14，28日には上!習に多く，下層に少ないが，その廷は比較的少なく， 7)( iRit及
び塩素最より求めた平均伯ーより多いが，傾向は全く並行している。平均値より多いのは

Chαetoceros compreSSllSや L&ptocylindrusda河ZC1tSの段な小型積が多く，また C.affinisな

どもいちじるしく小型の細胞が多いためと思われる。その後 Nitzschiaseriataや Thalas-

siothrix frauenfeldiiの様な比較的高かん(鹸)性u五水揮に主体が移行するが，量的傾向は表

層から漸次平均儲より少なくなる傾向が見えはじめ 8月16-18日には全層，全地点が平

均伯より少なくなる。また最も少なくなるのは 4m層で， 底層ほど平均値に近くなる。

この11寺は全般に低かんとなっているため C.affinis， Skeletonema cοstatum， C. laciniosusな

どの低かん性種が主となっている。この観測11寺は表層が著しく低かんとなっていたが，淡

水石ti:草の Cyclotella sp. (C. glomerataりが大I曽錯して海水が白濁した。細胞数は最大

109cells/Lを越えた。 9月13日には酸素量，水温が成層状態からやや回復を示しているの

に対し， なお平均値より著しく少なくなっている。優占樺は Bacteriastrumvarians， C. 

radicansで‘I向かんになったことを示す。 11月29日には Asterionellajaponicaが大楠殖し，

Skeletonema costatumなど小型種が多くなってふたたび平均値:より高くなった。伯方島で

は低かんのため，Skeletonemαcostatum， lVitzschia paradoxa， A. japonicα が優勢で，細

胞も大きいものが多い，量的にも全く;1¥:州南岸の平均値と同量である 1:，上ド開問に量の

去が全くない。
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b) 1960子手

各観測時の各要素の鉛凶変化を Fig.8-23に，観測値を第2表に示した。

i) 7JdltiI 

水漏は前年同様6)-J 19日には両点共ヒ下層ほとんど差が見られなかった。その

は漸次噌し， 7月128には St.Aでは 4.90C，St.Bでは 4.50C となったが観測同の天
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Fig.8. Vertical distribution of temperature (T)， chlorinity (CI)， transparency (T. Pふ
dissolved oxygen (02)， phosphate-P (PO+)， ammonium-N (NH4)， nitrite-N (N02)， nitrate-N 
(N03)， chlorophyll content (Chl.) and tohl cell number of diatoms (D: actual observation， Dノ:
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 temperature (T)， chlorinity (CI)， transparency (T. P.)， 

dissolved oxygen (02)， phosphate句P(P04)， ammonium酬N(NH，)， nitrite-N (N03)， nitrate-N 
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(N03)， chlorophyI1 content (Chl.) and total cell number of diatoms (D: actual obseryation， D〆:
mean value in the sea south off Honshu referred to Uyeno 1959) at 8t. B， in Ago Bay in June 
19，1960. 
Fig.10. Vertical distribution of temperature (T)， chlorinity (CI)， transparency(T. P.)， 

dissolved oxygen (02)， phosphate-P (P04)， ammonium-N (NH4)， nitrite-N (N02)， nitrate-N 
(N03)， chlorophyll content (Chl.) and total ceI1 number of diatoms (D: actual observation，。〆:
mean value in thc sea south off Honshu referred to Uyeno 1959) at 8t. A， in Ago Bay in July 
12， 1969. 
Fig.11. Vertical distribution of temperature (T)， chlorinity (CI)， transparency (T. P.)， 

dissolved oxygen (02)， phosphate-P (P04)， ammoniurrトN (NH4)， nitrite“N (N02)， nitrate-N 
(NO:l)， chlorophyI1 content (Chl.) and total cell number of diatoms (D: actual observation， Dノ:
mean value in the sea south off Honshu referred to Uyeno 1959) at 8t. B， in Ago Bay in July 
12，1960. 

Fig.12. Vertical distribution of temperature (T)， chlorinity (Cl)， transparency (T. P.)， 
dissolved oxygen (0ル phosphate-P(P04)， ammonium刷N (NH4)， nitrite-N (N02)， nitrate-N 
(N03)， chlorophyll content (Chl.) and total cell number of diatoms (D: actual observation， Dノ.
mean value in the sea south off Honshu referred to Uyeno 1959) at 8t. A， in Ago Bay in July 
28， 1960. 
Fig.13. Vertical distribution of temperature (T)， chlorinity ICl)， transparency (T. P.)， 

dissolved oxygen (02)， phosphate-P (P04)， ammonium-N (NH4)， nitrite-N (N02)， nitrate-N 
(N03)， chlorophyll content (Chl.) and total ceI1 number of diatoms (D: actual observation， D/: 

mean value in the sea south off Honshu referred to Uyeno 1959) at 8t. B， in Ago Bay in July 
28， 1960. 

!俣の影響もあって以後上下層差はきして大きくはならないが，底層の水ifLは徐々に高くな

り， 9 JJ 18 日まで 27 0 C 前j去を示した。 8 月1O~11 日には St.A では上下層 2.9 0 C の去

に対し， St.B では 0.2QC と沿っている。 これは組側同に台風の影響を受けたためで，

St. B の方が問水面占のため撹持が大きかったことを示している。この観 iJ[lJ時から 9 月 1~2

日まで両点共 0，1，2mの3fi'"iでアコヤガイの!臨界lJ<.i誌とされている 280C 'i'越えてい

る。この間前年の多徳や神!珂で見られた 30ハC 以 kの布施は観測されかったが， St.A rjJ 
近で行なっている井 l~.物産養殖J君の観測によると， 8rJ 2 1"1以降 2m周 280C 以上，去!日

で 300C 以上を示し， 8)J 8日まであtいたことがある。 0.2m屈が 280C を越えたのはそ

の役 8 月 24~27 日がある o 9 月 1~2 日の鋭測時以降は下降するが，阪めてわずかで St.

A の中!語以深は逆に上昇している。このため I~.'1;;"属差は極めてわずかとなった。

白石鳥漁場は前年の伯方島と同校上ド差が全く見られない。全属 27土O.4OCである。

ii) 塩素量

は英虞湾に大きなlift入河川[がないため，降水があってもその影警はほとんど表胞
のみで，前年の台風後に見られたtRな2mT日1目、深の低下は全く見られない。むしろ外洋水
の流入で中層以深がいちじるしく高かんとなることが多く， 6)j 19 日の有JUl~ 1I寺から 8 刀 10

日まで 2m層以深で 18Cl 以下となることはなく， 3月10日には 18.5CI払)以上となっ

ている。 9 )J 1~2 日以降は台風，前線の停滞の影響を受けてやや{尽くなり， 9 )j18日に

は 17.5Cl %oli(fむまでド砕する。しかし St.A の底!部付近は影響を交けず， 18 Cl %，刀、一l二

を保っている。

一方自石島では内海のため比較的大きな上下層えらが見られるが，全!員;低かんで， 17 Cl ?6o 

をl也えるのは底j留のみであること，上層からドfEjまで徐々に変化していることから考え，

t下差 1~2Cl 協ということは内海としては少ないと考えられる。
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6月19日 St.A の 6m層以深が幾分低く，底!爵で 4.48cc/L，飽和度 85.0%を示した

が， 7);1 12， 28日にはその様な傾向はなく，全屑比較的平均している。しかしながら 7月

28日には St.A では全勝にわたり飽和度が 100%以下伽となり， St.B との間にまが生じて

いるo8月10日には St.A1，2m騎に著しい低下が見られ前年同様アゴヤガイの呼吸によ
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Fig.14. Vertical distribution of temperature (1')， chlorinity (Cl)， transparency (1'. P.)， 
dissolved oxygen (02)， phosphate~P (P04)， ammonium-N (NH4)， nitrite-N (N02)， nitrate-N 
(N03)， chlorophyll content (Ch1.) and total cell number of diatoms (D: actual observation， D〆:
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 (1')， chlorinity (Cl)， transparency (1'. P.)， 

dissolved oxygen (02)， phosphate-P (P04)， ammonium♂ぜ (NH4)，nitrite-N (N02)， nitrate聞N
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(NO'J)， 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 (CI)， transparency (T. P.)， 

dissolved oxygen (02)， phosphate-P (P04)， ammonium・N(NH4)， nitrite-N (N02)， nitrate N 
(N03)， 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 (02)， phosphate-P (P04)， ammonium四N(NH4)， nitrite-N (N02)， nitrate-N 

(N03)， chlorophyll content (Chl.) and total cell number of diatoms (D: actual observation， D〆:
meaロ valuein the sea south off Honsh~1 referred to Uyeno 1959) at St. B， in Ago Bay in 
September 1， 1960. 
Fig. 18. Ver吋tl児caldi目st汀nゐbutior口1of te剖mpera拭tur陀e(T)入， chlorini北ty(Clη)， tra剖nsparency(T. P.) 

dissolved oxyg伊en(02け)， phosphate-P (P04)， nitrite-N (N02)， nitrate-N (N03)， chlorophyll 

content (Chl.) and total cell number of diatom， (D: actual observation， D': mean value in the 
sea south 0庄日ohshureferred to U yeno 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 (02)， phosphate-P (P04)， nitrite-N (N02)， nitrate-N (N03)， chlorophyll 

content (Chl.) and total cell number of diatoms (D: actualobservation， D': mean value in the 
sea south 0仔Honshureferred to Uyeno 1959) at St. B， in Ago Bay in September 19， 1960. 

るものと思われる現象を示している。!点層でも減少が見られ， J:Jr.7陛物などの有機物分解に

よる消費と思われる。 9)J2日には異常が最も極端で， St.A では全層， St.Bでも 5m層

以深で飽和l量90%以下となっている O 特に St.A4m属目、深では減少が著るしく， 8m屑で

は 2.91cc/L，60.2 %を示している。この織な現象は前年の神明で見られた偵よりやや高

い。 9)J18~19 日には岡地点とも飽和景85%前後で低いが，前回の観測時 St.A の中層以

深で見られた著しい低下はやや回復し， 8， 10m層の底層附近のみそれぞれ 3.74，3.29 

cc/L， 77.6， 68.6箔となっている。

瀬戸内海，白石島漁i易では同地点共)え層が幾分減少しており，前年の他方島漁場よりよ

ド差が見られる。しかしながら最低備といえども 3.94cc/L，80.4郊である。

iv) 燐酸塊

;燐酸塩は内湾では一般に夏季に減少し，法j霞ではほとんど検出不能となることが多い。

本観測でも 6月19日には St.Aの底層にわずか見出されているのみで，他はほとんど検出

されなかった。しかるに 7月12日に St.A で全層， St.Bで 1-3mの垂下層附近と底層に

わずかながら検出される様になり， 8月10には St.B も下層にやや多くなって来る。 9月

2日には St.Aではさらに増加し， 4-8m層には非;者に多量となっているのに対し， St. 

Bでは微量となっている。 9月18日にはふたたび7月の状況附近まで回復し，両地点とも

I~下層附近に多少検出される程度となった。

一方白石鳥では両地点とも少なく，高島ではヒ下層ほとんど差がないが，言の IJは;多少

が多くなっている。

v) アンモニア態窒素，亜硝自主態窒素，硝高実態窒素

観測の当初~6 月 19 日にはアンモニア態窒素が多少検出されるが， I也の1臣哨酸態窒素， lii'i 

酸態窒素はほとんど検出きれない。その後7)j 12日には[l可点共全国立主硝酸慈及び硝酸態室

奈川が検出される様になり，アンモニア態窒素も増加が見られるつ 7月28Flには事:下車;のア
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ンモニア態窒素の増加が白立つほか8):110日まで各要素共徐々に増加している O しかるに

9月2日には St.Bがふたたび減少し， .illî硝酸態窒R~がほとんど検出されなくなっている

のに対し， St.A では 4m回以おそにきわめて大量に検出されるに至り全屈のアンモニア態

び，亜硝i唆，硝般の樋大居1の絶対値は測定不能となった。しかしながらアンモニア

においては鉛直分布の傾向は検知され，ifE硝殴，硝肢と会く同様と忠われた。また
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Fig.20. Vertical distribution of temperature (T)， chlorinity (Cl)， transparency (T. Pふ
dissolved oxygen (02)， phosphate-P (P04)， ammonium醐N (NH4)， nitrite-N (N02)， nitrate-N 
(N03) and total cell number of diatoms (D: actual observation， D〆 meanvalue 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 (02)， phosphate-P (P04)， ammonium-N (NH4)， nitrite-N (N02)， nitrate-N 
(N03l and total cell number of diatoms (D: actual observation， D〆:mean value in the sea 
south off Honshu referred to Uyeno 1959) at Torinokuchi， Shiraishi-jima in August 18， 1960. 
Fig.22. Vertical distribution of primary productivity. Thin lines showア thedistributions of 

microplankton (residues of五lterpaper Toyo No. 5 C) and nannoplankton (residue of mel11-

brane filter which is filterated the filtrate of filter paper). 
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で幾分検出さげたの

大えなく微畏検出

アンモニア態窒素も他のこつと令観測を通じて故大(症を示したと考えられる。最も多

量に検出されたのは 8mJ~i であるが， 4 ， 6m 屈にも多く， 2~4m 崩すなわち垂下回を境と

して大ぎな総崩が存在している。 9月18日には St.A も凹復し， St.A では前回の観測11告

とは逆に 4m回以深ではほとんど検出されていないのに対し 2m層以iJi:で検出されてい

る。この浅居での検出は河)117](よりの供給と考えられる。

1!1石島漁場では亜硝l設態窓素は全く検出されず，

は附近に大肥料 :-1~JØ}があるためと考えられる。アンモニ

さ*1-ている。
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vi) クロロブイノレ量

6月19FJには岡地点とも 2m に極大他が見られるが， 7 )]12日には St.Aの 1，2m 同

に減少が見られ， 7)j28日には両点とも減少し， St.A では上下回の去がわずかとなり，

St. B では表尉から炭層まで徐々に減少する傾向を示す燥になる。 8 月lO~l1 B にもこの

傾向は統抗して現われているが，9IJ 1 ~ 2日になると同点共浅j百，特に養植民の'I[I'下情

附近の 1~ 2m J:rl は減少し続けるのに刈し 4m閥以深は培"iJU の傾向を示す。 9 月 18~19

日には全般に絶対倣はまわめて11¥いが，分布傾向はおおむね!刊に復している。しかしなが
ら St.A ではなお 2~ 4m陪での減少が目立っている。

vii) 

総細胞数 (D)については前:ir:のj話会?とfp:/紋 J=.野 (1953)による本州南岸表回の、f'均値
(D')と比較した (Fig.7 ~22)。当初は rJ，)によって多少平均値より増減はあるが， 全観測

/1寺にわたって平均値の変化とほとんど同傾向を不している。しかしながら前述のクロロフ

ィル量と同倣に時を経るにしたがって "frt~~ では増加して平均偵より常に多くなるのに対

し， {5;日Iは減少してこの~となる傾向が見られる。特に 9 乃 1 日は 1 ， 2m回の減少が明確

となる。 St.A ではこの傾向が7)J 28臼には既に見られ 9月18日に設も顕著となる。白

石烏では前年の伯方島同校 L:.下F居ほとんど去がなく，かつ平均値とほとんど一致する。英

との総細胞数の去はが]10倍である。

山現荷は当初]6 )j 19日には Chaetocerosaがηis，C. comtressllsを主とするが量が比較的

少なく ，Rhizosolenia s tolteげothii，Bacteriastrum variansなどの比較的自かん性の内湾種

が多く出現した。その後水田の[二J斗と塩素量の降下によって 7月12日には C.affinisが増
加し，Skeletonema costatum， Nitzschia seriataなどの純肉湾性障が増加したが， 7月末よ

り!なiかんとなったため，全般に減少してふたたび主体は C.a.所msのみとなって減少した0
9)'J 1~2 日にはふたたび低かんとなったので， S. costatumや Thalassionemaηitzschio-

idesが増加した。 9n 19 [lには組成灼にはこの傾向が継続するが St.Bでは患がいちじる
しく減少した。また鞭藻の Ceratiumfurcaが仁jlJ\~ì で増加している。 一般に St.AとSt.B 

で組成的には大差ないが， St.Bのが多少外{引いバGl'iII'Jを示ている。

白石島で十土前年のイ1'1方島町桜，出現湿の細胞も英l実湾に比して大きく，色素置も多い

に見受けられた。低かんであるから S.costatum が圧倒的に多く T.nitzschioides， C. 

compressus， C. pseudocurvisetus， C. affinis， lV. seriata等の純rJ']湾種が多い。

viii) C14による

8)J 10日の観測時より実施した英虞湾問地点の生産宣の鉛直変化を!こl石島両地点のもの

と一括して Fig.23 に示した。絶汁1~n主観測時の天候に大きく左右されるので傾向の変化

についてのみ述べる。 8月10日には雨天のため絶対{It'lが小さく，またメンプランプイノレタ

ーによる n乱nnoplankton及び St.Bの測定を欠いたが，その鉛変化には明確に 1，2m

J留での突出が目立っている。 しかるに 9 Jj 1~2 臼と 18~19 日にはこの突出部が 4~6m

屈に認められる。 これは nannoplanktonでも同様である。一方白石島では諸紙の場合は

1~4m 掃に明確な突出部が見られるが， メシプランプイノレターでは上下情にほとんど差

が認められない。結局クロロフィル量の場合ほど顕著ではないが，ほぽ同様で盛夏になる

にしたがって|開の生産量が減少し， TJi員特に11fT厄?のl1'Iドがプミ念くなる傾向を示してい
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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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る。なお英虞湾と白石島の生産量を比較すると，東洋溶紙 No.5C では 3~4 倍，メンプ

ランプイノレターでは1.5~2 倍といずれも白石島が大きい。しかしてメンプランプイノレタ

ーの方が鴻抵 No.5Cより差が小さい原因は判明しないが今後の餌量問題解析上興味ある

ことである。

iX) アゴヤガイの法水量

前述の様な方法で排池物仁|コのクロロブイノレ最より櫨水量を求め，垂下層のクロロブイノレ

量及び水温との関係を検討した (Fig.24，25)。 この結果環境水中のクロロブイノレ量が

5mg/m3以下，水温260C以上になると漉水量が急速に増大することがわかった。小;休・

必井 (1953) によれば紙の繊毛運動及び心臓の持、動からアコヤガイの最適水温は 12~230C

であるという。しかし両氏の測定値では繊毛運動の段高は7Jく j昆 28~300C に見られているO

これは水損と鴻水量に関する仁記の事実を裏書するものと考えられる。しかしながら値物

プランクトン量との関係については従米の研究例を見ないので， ;Jくj品と制物プランクトン
量のいず‘れが大きく影響するかについて推論し得ない。また白書:水量が最i臼23L/nr/indを

示しており，辻井等 (1957) の結果に比し著しく大きくなっている。これは潟水中のクロ

29 

q 
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20 25 
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 

ロプイノレ最の測定に漉紙(東洋 No.5C)を用いたために徴細なブラシクトシが脱落した

ことによると忠われる。前述の段に 5Cを通過する nannoplanktonの光合成量が，英虞湾

では 5Cに洩る microplankコn とほぼ同室:あることから考えると，掛 i!ft物は粘液に包まれ

ているためにほとんど完全に 5Cで集められるから， i慮水量は[:述の約%であると考えら

れるo ì1~[凶内海漁場では分析の手違いから測定出来なかった。

3.考察

以上を綜合して考察すると， では夏季表屈の7)(~品 i二タjI と共に表層では栄主主塩， tl主

物プランクトンが減少するのに対し，下胞では栄主ニ塩の著しい土台)Jil，植物プランクトン量

ならびにその光合成主主の増加，酸素最の減少が見られる。この変化は 8)]rjl匂までは徐々

に行なわれるが，以後急速に15化し，校持， i考奥では栄養塩の増加は傾度に達し，はえ立は
だしいところは酸素量が極度に減少する。しかるに問水面ではこの様な極度化の起る前に

凹復している。一方蹴戸内海漁場では盛夏といえども上下層に各要京、ともきわめて変化に

之しく均ーとなっている。この上下両層の械端な差は 2~4m 屑に見られ躍層としてきわ

めて急激な変化を示している。これはアコヤガイの股下f爵と一致している。したがって浅

屈に植物プランクトンが少ないということは餌料が不足していることを示すわけで， Fig. 

24に現われている段に;急激な熔水量増加を示した部分では明らかに餌料不足になってい

るのではないかと考えられる。

いま真珠漁場における食物連鎖について考えてみると，一般的には Fig.26に示すごと

く，アコヤガイの排出物は栄養Jおとして組物プランクトンに供給される。しかしながら
酸塩のように溶出の早いものは比較的容易に供給されるが，バクテリアによる分解を必要

とするため総出の遅い窒素源は同形物として沈降し，底!留に堆積する。!まj爵は純物プラン

クトンの光合成に有効な光にJ乏しいため，植物プランクトンの不IJ泊に供 Fるためにはこれ

を表屑間近まで運びとげる必要がある。かくして表胞の植物プランクトンは有効に光合成
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を行ない増殖する。この植物プランクトンは直接アゴヤガイの餌料となり，一部は死滅後

分解してふたたび栄養塩に帰する。またこの分解過程において有機懸濁物質となりアコヤ

ガイの餌料にもなる。したがってアコヤガイ飼育量を一定とした場合，その餌料が充分で

あるためには，封1:池物の栄養塩化及びその表層への運搬ならびに植物プランクトンの増殖

が充分でなければならない。もしこの一部分でも欠ければ循環は停止し，停止部分で物質

の蓄積がおこり，その先では欠乏がおこることは当然である。

いま上述の1960年9月2日の英虞湾 St.Aの状態を考えてみると，栄養指が下層に蓄積

しており，不足しているのは餌料たる植物プランクトシであるということになる。この両

者の聞に介在するのは鉛直混合による栄養塩の上層への運阪であるから，結局停止してい

るのは鉛直混合ということになる。この場合栄養塩はこの部分で停止すると完全に循環し

ている状態と幾分様相を異にして来る。すなわち英虞湾の観測当初や瀬戸内海漁場ではア

ンモニア態窒素以外ほとんど検出されていない。これは燐酸塩の場合は溶出がJ早く，また

吸収も早いため検出されないのである。また窒素化合物の場合は有機物からの溶出がまず

アンモニア態窒素でなされ，植物プランクトンに吸収されなかった余剰分がバクテリアの

作用により亜硝酸，硝酸と変化する。したがって循環がすみやかに行なわれている問は亜

硝酸，硝酸は検出されないことになる。もし鉛直混合による運搬が停止した場合には，ア

ンモニア態窒素は底層附近に停滞し，亜硝酸，硝酸と変化する。また燐酸;塩も分解が王手い

といっても吸収されずに蓄積するものが見られることになるO これが9月2臼のA点の状

況と考えられ， 1959年8月17日の神明は更に進行した状態と思われる。この場合もちろん

底膚附近といえども水深が 10m前後であるから，透明度が8-9mあることから考えて

補償深度以浅であり，植物プランクトンの光合成は行ない得る。しかして栄養塩が豊富で

あるから増殖し得るので，本州南岸表層の平均値と比較してもなお多い値は示しているが，

光度の減少は対数的であるから光度不足の影響は大まく，これが制限要因となるため蓄積

された栄養墳を底層的近だけでは利用し尽くせない。その結果栄養塩は増加の一方をたど

ったことになる。

この場合アコヤガイ及び附着生物の成長十こ使われた物質量及び海潮流で外部に持ち去ら

れた物賀量は循探せず，不足することが考えられる。アコヤガイによる消費には 2種あり，

その 1は実際に増肉として使用されたもので， 1也は新陳代謝に必要なエネノレギーとして消

費されたものである。これら損失の補償については現在まで論ぜられたものを見ないが，

上述の循環系に外部より来る物質補給も当然考えられる。そのうち大きなものとしては河

川水よりの栄養塩補給およひ光合成に供される太陽のエネノレギーがある。これらの補給が

損失と見合っているかどうかは今論ずるには資料が全くなし、。しかしながら河川水からの

補給は低かんとなって現われ，表層に補給されるのであるから英虞湾の様に流入河川がな

く，盛夏の観測}時にはむしろ高かんであったことから考えるとこの補給は英虞湾の場合さ

して意味があるとは思えない。しかるに同内の非常に近接した 2 点で-"~~方は底層附近

でおびただしい栄養塩の蓄積が見られ，他方はその傾向は見られたが極度化以前に回復し

ていること，かつ一方は枝湾内にあり，他/庁は開水面にあることから考えて，両点ともほ

とんど物質循環が閉鎖しており，外部との損失ならびに補給はさして問題にならないので

はないかと考えられる。もちろん白石鳥の場合は栄養塩，植物プランクトン量には上下差

がないが，塩素量値に上下三告が見られ，河川水の補給が大きいのではないかということが
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考えられ，必ずしも循環系のみを考えるわけにはゆかないと思われる。また伯方島の場合

は強潮汐流のため晦素量値すらも上下差がなく，白石烏も潮汐流が相当大きいことから考

え，これらの瀬戸肉海漁場ではアコヤガイの大量飼育で物質循環量が増しているというよ

り，むしろ漁場臼体の肥沃度が高いためにアコヤガイ飼育の影響がないと考えて然るべき

と患われるO

次にこの様な鉛直混合停止による水質悪化の程度について考えると，校湾内のA点の 9

月2臼の場合，飼育しているアコヤガイ自体に刈し蓄積された排1ill物，これの分解によっ

て生じた酸素欠乏が影響を与えているかどうかという問題がある。今凹のA点は作業場附

近にあり，この附近のいかだに全期間を通じて歪 lごされていたアコヤガイは試験貝しかな

く，養猫貝は常時 B点附近に置かれ，子術その他の作業上一時置かれるものが多い地点で

あった。この試験貝は観測終了時までに死滅したのは100個体LIJ3個体のみで，死亡率が

高いとはいえない。このことから考えて 9月2日の状態がその前後何日間継続したか分ら

ないから断定的結論は下せないが，アコヤガイにはこの程度ではさして影響を与えなかっ

たのではないかと考えられるO しかしながらさらに極度化した場合には無酸素状態，むい

ては硫化水素の発生が考えられ，過去に湾奥部でその様な事例も見られたのであるから，

この鉛直混合の停止が悪影響を及ぼす可能性は充分考えられるO また組物プランクトン増

殖にとってアコヤガイの排池物蓄積は栄養塩の補給になるのであるから好条件といえるの

であるが，光度不足のためこれを利用し尽くせない状態にあった場合，かえって抑制的な

働ぎをしないかという問題が考えられる。これはクロロブイノレ量，世藻細胞数，光合成量

が一般的な:形態より底属附近で増加していたり，表層の平均値と比較して多かったりする

事実から考え，好条件下にあると考えられるO しかしながらこれとて無酸素状態や，硫化

水素発生の場合には悪影響が予想される。

また下層での過度の栄養塩蓄積に到る時間的経過についても問題がある。前述の様に栄

養塩の増加の経過をみると，当初は A，B両点ともほぼ同程度に徐々に進行している。し

かるに8月10日-9月2臼の間にA点は極度に悪化したのにB点はさした変化なく，むし

ろ回復しているO この事実は変化が当初徐々に進行し，後に急速化することを意味する。

これは前述のアコヤガイの漉水量と水損および垂下層のクロロブイノレ量との関係をみると

双方ともある限度を越すと急速に櫨水量が増していることから考え，この限度に達すると，

植物プランクトンの捕食による減少，排出物量の増大，すなわち栄養梅の下層での蓄積が

急磁化することが考えられる。しかしてこの急滋化に見合うために物質循環の速度を急速

化せねばならず，そのためには栄養塩の上層への補給の急速化が要求される。一方日射に

よる表面水温の上昇は鉛直安定度を高め，鉛l白:混合を妨げ，むしろ逆効果を示す。すなわ

ち館料の減少は停滞によっておこり，その停滞は表面水温のと昇によっておこる。しかる

に表面水温の上昇と餌料の減少はアコヤガイの鴻水量を増大せしめますます餌料を減少さ

せるという結果を生じ，停滞がある限度に達すると悪化が急速化するのは消費と補給の双

方を活発化させるため当然といえる。この癒:水量の急増のおこる限度は一応クロロブイノレ

量 5mg/m3以下，水温 26
0
C以上と見られるが，相乗的効果のあらわれるものである上，

資料数が少ないので今後さらに実験によって確かめる必要があると考える。また St.A は

栂度化したのに St.Bはその様なことがなかったので，著しい思化は校湾内のみの現象と

考えられる。このことは英虞湾でも問7](1市は盛夏といえども比較的校湾部より上下回の水
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の混合が行なわれやすいといえる。

次に回復についてであるが 9月18日の観測時を回復した状態と考えるかどうかについ

ては多少疑問があるO というのは 9 月 1~2 日の状態より水温の上下差はなくなって多少

鉛直混合が行ーなわれたであろうことは想像されるO しかしながら全要素が正常に復したと

は断定出来ない。栄養塩は表!日:では両点とも増加しているが， B点では下層においても前

回より増加している。砧涼量は尚点共，本州、i南岸の平均値よりいちじるしく少ない。 C14

による基縫生産量は 1~2m 隠に増加の傾向は見られるが， 4~6m 屑になお大きな突出

部がある。これらの事実は下!爵に蓄積された栄養塩が上回へ運ばれたか外部へ流出した

か，とにかく散逸したことを示している。またクロロブイノレ量が表層附近で増加の傾向を

示していること，表H主jの栄養;砲が増加していることから，表!首附i庄の状況がよくなったこ

とも示される。しかしこの栄養塩は鉛直混合の結果のみとは考えられず，当時見られた降

水に起悶する陸水の流入によるとも考えられる。しかしながら 9 月 1~2 日の St.A の状

況が St.Bには見られなかったのであるから前述の厳に校湾内の幌地現象と考えられ，も

し水平か鉛直かいずれにせよ混合が行なわれれば容易に解消するであろうということは想

像される。この出合は恐らく今回は低気庄の通過による撹伴と想像されるが，この季節に

は大なり小なり台風の影響を受けることがあるほか，比較的降水量の多い季節であるから

9月に入ると比較的急速に回復が行なわれるであろうと忠われる。この回復の速度は全く

撹持の行なわれ方によると思われるから，いつから凹復するとは一概にはいえないが，恐

らく 9月中には回復するものと思われる。しかしながら忠化の程度がさらに板端となった

場合は底質に多くの作機物を含む結果，その上部の海水が混合で、平常状態に近くなっても，

j志賀の浄化がj生まず翌年まで持ち越すこともおこりかねなし、。この様な湯合は漁場の老化

現象ということになる O

4. 結論ならびに要約

目、 kを綜合すると，英僕湾では盛夏に文湾1)']&ひ湾奥で鉛直!18合の停止と密殖のため物

質街E誌に阻害がおこり，下脳に栄養;塩の蓄積がおこって水質が悪化し，上層では餌料似た

る植物プランクトンに欠乏を来すことが考えられる。 湾口11ft近の間水面ではこの様な現象

のおこる以前に回復しているO また変化は当初は徐々に，後には急速に現われ，期間は 8

月中旬より 9月初旬までと思われるO 急速悪化の原因はアコヤガイの議水是正i大が水品と

餌料不足の双方によって増大するためと考えられる O

これらのことから盛夏期以外は校湾内といえどもおおむね現在の養殖量でも食物連鎖上

をほぼ物質術]誌が完全に行なわれていると;考えられる。しかしながら盛夏には少なくも枝

湾内は完全に物質循環に阻容がおこり，極度化したi易合には大量奨死や漁場の老化を起す

だけの京地は充分にあるといえる。また間水証iiの混合も極度化はしていないが同一傾向の
変化は微弱ながら現われている。一方瀬戸内海漁JOjの場合は資料が少ないが，強い市潮]汐流

による上 F

とおぼしさ.変化がE環束境要因[中わに見られなしい、O

上述の織に物質循慌の阻害による水質忠化はその期間が短いこと，現象が極地的で

湾!勾ですら装所によって著しく違うことから，以土の問題のみに限ればその対策は技術的
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に解決 Fべきこととも考えられる。本質的には盛夏期に k下層の潟水を人工的に燈伴して

下層の栄養塩を上層へ補給してやればよし、のであるが，校j者といえども水深 10m前後も

あるのであるから問題は大きい。したがって現在一部で行なわれている様に余力の充分あ

る瀬戸内海漁場などの他の肥沃な漁場へ盛夏のみ養殖貝を移動さすことを考えるのも

決方法ではないかと考えられる。しかして極地性があるということは，対策も漁場個々の

に基づいて立てられるべきものと考えられる。

Summary 

Many of the pearl culturists have their farms in Ago Bay. Sometimes the unexpect-

ed death of many pearl oysters and senile d巴cayof farms at the innermost parts of the bay 

occur. The al日thOr3confirmed that these phenomena result from inharmonious rotation of 

nutrI巴ntsubstan己芭ヨ in th= foo:1 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 suト

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 m'ly 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 it is very 

di伍cultbecause 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欄summer. Some culturists 

have already put this plan into oper.ation. 
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Tatokll-jima， Ago Bay. Jllne 14， 1959 

Table 1. Results of oceanographicaI observations in Ago Bay and Hakata-jima in 1959. 
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Table 11. Results of oceanographical obsenァationsin Ago Bay and 5hiraishi-jima in 1960. 
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5t. B， Koshika-ura， Ago Bay Date: July 12， 1960. Transparency: 6.5m 
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St. A， Koshika-ura， Ago Bay Date: Julyア 28，1960. Transparency: 6.0m 
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真珠の黄色色素の研究*，1)

沢 出 保 夫

閏 './:真珠研究所

L宝珠の(日lî値を決定する要因のラち色~JÐJ は最も主要なものである。この真珠の色調を解明

する目的で多くの研究がなされているが1)2) 3) 米だ決定的な報公はみられない。著者は

既に_Ci珠や真珠貝貝殻の色調を構成するものと推定される克珠屑中の微量1m機元素や4)ボ

ープイリン5) について研究を行なったが， いずれも真珠の'夫態色の主要因ではないこと

が判明した。またピンク系の色は色素によるものではなく，光の反射や「渉その他の物理

的な原因によるものであることを認めた。しかし，クリーム，イヱロ一等の名で呼ばれて

いる黄色系の真珠には色素の存在が倍。定されるが，これに関する報告は未だみられない。

著者は黄色系の真珠の色素をとり出すことに成功し，ある程度その化学的性質をたしかめ，

更にこれが真珠の実態色に関係する主な原因の一つになっていることを認めたのでここに

報告する。

実験方法および実験結果

試料として用いたl'L珠は，同珠研究所において養摘されたí~f筏 6~7mm のもので，

白色系および黄色系の2種類を選別して，水槌で紋壊して核をとりのぞき，真珠!認のみを

集めて実験に供した。

1. 黄色色素の抽出:このようにして得た黄色真珠の真珠痛の 100gを 2NHCl幽メタ

ノーノレの等容混合液で真珠!慢の主成分である炭酸カノレνワムを溶解した。液は酸性を保っ

ているうちは黄色を是しており，不溶の粗ゴンキオリンが浮遊してくる。 真珠層が完全に

溶解した後粗ゴシキオリンを癒:iJIJし，溶液を減圧でメタノーノレおよび HClを除去すると

不溶性の黄色物質が沈澱する。沈澱を遠心分離し再び HCl・メタノーノレに溶解し，先の操

作と同様に減圧でメタノーノレとHClを除去後生成した沈澱をアルコーノレ，エーテノレで乾燥

させ， この精製を数回くりかえずと濃褐色の無定形沈澱が得られる。 収量は 100gの黄

色真珠より精製物 21mgであった。これと向厳の処理を白色系の完成について行なって

も黄色沈澱はほとんど認められないので，この黄色沈澱が黄色系真珠の色素成分であると

推定される。また，この物質は水や多くの有機溶媒には不溶であり， HCl酸性のメタノ

ーノレのみに溶解する。化学的に非常に安定な物質らしく酸化奔IJや還元剤によってもその分

光特性には変化をみとめられなかった。

* YasllO Sawada. Stlldies on the γellow pigment of the pearl. Bllll. NatJ. Pearl Res. Lab. 
7: 865-869. 1961. 
1) 国立真珠研究所業績 No.88. (悶立真珠研究所報九一 7:865--869.附ね[136年7月)



866 国立真珠研報 昭和 36年

2. 黄色色素の分光特性:黄色色素を HCトメタノーノレに溶解し，その分光特性をみる

と，紫外部より可視部にかけて全く特異な吸収がみられず，第 1[習に示したごとくわずか

に 320mμ 附近に弱い吸収がみとめられるのみである。またその赤外スペクトノレは第2図

に示すごとく， NH伸縮 CH2伸縮，アミド I(C二ニO 伸縮)，アミド[(NH変角， C司N

伸縮)， CH2変角が認められるが，水酸基や燐酸基およびエステノレ結合は全くみられない

ので，糖やリピド系物賀の結合を予測することができず，ペプタイドではないかと推定さ

れる。

第1除1. i宝珠より抽出した黄色色素の分光特性(紫外部~可視部)

100 

80 

bO 

40 

20 
( C"N沖品1

NH伸‘偏

日

2" 3 4 ) b 7 8 q 10 11 12 1) 14 1) 
WllVe lengTh cμ) 

第2凶. 真珠より抽出した黄色色素の赤外スペクトノレ.

3. 黄色色素の加水分解:このようにして赤外スペクトルの結果この色素の構成成分と

してぺプタイドが期待されたので，加水分解して構成アミノ酸の検出をおこなった。すな

わち色素を封管中で濃塩酸を用いて約40r時間加水分解をおこない，減j王fで充分に乾燥し，

全く HClを除去して後少量の水に溶解し， ペーパークロマトグラブイーにかけた。すな

わち a次元展開はブタノーノレ・酷酸・水 (4:1: 2)の混合溶媒を用いておこない，更に二

次元はプエノーノレ・水 (8:2)で展開して後ニンヒドリンで発色させると第3闘に示した

第3悶 真珠より抽出した黄色色素
のペーパークロマトクラム.

試料:黄色真珠より抽出した色素の
出酸加水分解物

一次元展開:ブタノーノレ・酷酸・水
(4: 1: 2) 

二次元展開: ブエノーノレ・水 (8:2)

発色:ニンヒドリン

。ON 
(J07 
Cむ〉、

@ 

ε〉

おutanO&

3: Alanine 

J。4・?
F、5L£ 5・ Glycine
6: Glutamic acid 

7: Asparatic acid 



7 n 沢田一一真Jj十の黄色色素つ研究 867 

ごとき Rf値を示すアミノ肢の呈色がみられる。これを標準アミノ殺の Rf値と比較した

結束5個のスポットは， ロイ Vン，アラニン，グリi/ン， グノレタミン酸，アスパラギン敢

に A致するが，他に未確認のスポット 2個が認められた。従って黄色系真珠の色素成分は，

これらのアミノ肢で構成された一種のベブタイドであることが認められる。

4. 真珠層に含まれる鉄と黄色色素との関係:先に著者。)は淡水真珠や海産真珠の真珠

!函仁j:1に含有されている Feや Mnについて検討したが，これらの冗京は含空化分物としば

しば着色の錯化合物をつくることが知られている。従って真珠の黄色の色調が前記のぺプ

タイドのみならず合有微量金属元素とも関係をもっと予測されるので，黄色真珠および白

色系真珠の真珠層に含まれている微量知機元素について分析をおこなった。すなわち，

珠層を常法によって灰化した試料についてロダン塩として比色法により Feを定量した結

果第 1 去に示したように黄色系の真珠のガが白色系の~\[珠よりも多く含まれていることを

第1表 白色系および黄色系真珠の成分比較

白色系真珠 O.3 

黄色系真珠 O.3 96. 0 I 34. 2 O. 6 

黄色系真珠の黄色色素*0.5 

* 黄色色素中に0.5%含むことを示す。

認めた。また，前記の黄色色素について同ーの土法で Feの含量を測定すると 0.5%とい

う多量の Feの存在が認められ，この合有率は色素の溶解沈澱をくりかえして精製をおこ

なってもほとんど変化しなかった。この事実は黄色色素がぺプタイドと Feの錯化合物で

あることを示唆する。何となれば，アミノ酸や分子量の特に大きくないぺプタイドは水溶

性であり，且っその水溶液は無色であるのが通性であるにかかわらず，真珠の黄色色素は

酸性の水にのみ溶解して，且つ強い黄色を呈するからである。

黄色色素がぺプタイドの錯化合物であるとの推定を確かめる一つの手段として，アミノ

酸およびぺプタイドの水溶液に-定分子比の鉄塩を添加したi品市合におこる分光特性と溶解

度の変化をしらべた。種々の第一および第二鉄塩を黄色色素の構成アミノ酸の水協液のい

ずれかと共にか1泊すると，直ちに発色して茶褐色となり，更に長時間加温を続けるとつい

に茶褐色の沈澱を生ずる。鉄塩のうち Fe2(S04hのごとき第二鉄場は最も反応性が大き

く冷時においても首ちに茶褐色の溶液となる。第4図より第8図に示したものは，穏々のア

ミノ酸に重量比 1:1でFe2(S04hを混じたものの分光特性を Fe2(S04h自体のものと

対比したものであるが，アミノ般の重量比が増加すると次第に発色が強くなる。その発色

の強さはグリi/ン，アラニン， グノレタミン酸，アスパラギン酸， ロイ νγの!慣に低下して
いる。またグリ νノレ・グリ νγ，グリ乙/ノレ・グリ νノレ・グリ νン， アラニノレ・アラニン，
アラニノレ・ロイ νン，グリ乙/ノレ・ロイ乙/ンの水溶液について同様の処王監をおこなうと，直
ちに茶福色の沈澱を生じ，水溶液は無色となり，また塩酸自主性とすると沈澱は溶解して黄

色溶液となる。これらの性質は真珠より得られた黄色色素の挙動と酷似している。この実

験結果は黄色色素がぺプタイドと Feの錯化合物であることを支持するものである。
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第7図 Fe-Glutamicacidの分光特性.

考 察

以上ーの実験結果を綜合すると，真珠の黄色色素は Feとぺブタイドとの錯化合物と

される新しい色素であり，その構成成分よりみて;貞珠や貝殻の成分であるコンキオリンと

密接な関係にあるものと考えられる。この黄色色素の克珠rljにおける分布は真珠層に均一

に年在しており，また白色系の真珠でも色彩測定器で測色すると 7)，y.炎黄色を帯びている

ことを示すので，この新しい Fe-ぺプタイドが真珠の実態色の主因の一つであると忠われ

る。

終りに当り，この研究に終始御指導をいたどいた京都大学田中正三教授および国立真珠

研究所高山田夫所長に深く感謝する。
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要約

1. 真珠より黄色色素を抽出し，これがロイ乙/ン，アラニン，クリジン，グノレタミン酸，

アスパラギン酸等のアミノ般より構成さわしたぺプタイドと Feとの錯化合物であるとの結

に達した。

2. 更にこの黄色色素は真珠の実態色の主|木!の一つであると推定したっ
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