
I

Skeletal Biominerali zation:
Patterns, Processes. and

Evolutionary Trends

Volume I

Joseph G. Carter, Editor

@ vAN N.STRAND Rt^lll9lf



Chapter 8

cephalopod shell structure and General Mechanisms of shell Formation

Klaus Bandcl

Gcolosisch-Paläontologisches Institut und Muscum, Univcrsität Hamburg, Bundcssrassc 55'
Di0O0 Hamburg 13, Fedcral Republic of Gcrmany

Contents

L lntroduction.
II. Preservation in the fossil record.
III. Structure of the embryonic sh€ll.---' 

Ä. r'rincr"tirarion of thl organic primary shcll p 99^^

B. Biomineralizatcs covering thc primary shcu' p' lm
C. Mineralization of first scptum. p. 100

IV. Microstructur€ ol the adult shcll.
A. Nacreous and associated sructurcs. p. 102

B. Lamello-fibrillar structure' p. 104
C. Scotal structurcs. p' 106
D. Siihuncular tube s-tructures. p. 107

V. Mineräliz:tion exterior to the shcll walls.
A. Rostrum function. P. 108

B. Aulacoceratid rostra. P. 109

C. Bclcmnitc rostra. P. 109

D. Rostrum honrologi in thc scpiid cuttlebonc, ctc'
o. ll2

VI. Shelideposits rvithin the chambers ond siphuncular
tube.
A. Inu-acameral deposits. P. ll3
B lntrasiohuncular deDosits. p. l14

vII. Niiniralized jarvs, brood chämbcrs snd statoliths'--'Ä. 
Mincratizeä iaws of Nautilrr and aptychi' p' I l5

B. Brood chamür of Argomuta. P. ll5
C. Statoliths. P. 115

I. Inroduction

Ccohalopod shclls arc consructcd of thc calcium carbonatc

""iräomtä 
at"eonitc and calcitc in closc association with

äisänic inatcriall Likc all molluscs, ccphalopods usc their
mätlc o sccrctc thcir shcll. HowCver, various oüer
hardDarts. such as thc jaws, radula' statoliths,^oPqrculum
(aonichi) and brood chafobers, src sccretcd by tissues othcr
iträn' Oi manttc. Tkec diffdrnt mantlc ponions, thc

muscular mantlc, thc periosracal gland zonc-and thc shell
mantle. are rcsoonsibli for thc sccrction of diffcrcnt pans of
ttre sncit. St eti acposition begins at the mantlc cdgc-with thc

iormition of the p^criosuacuä, I hyer consisting of organic

Sk letal Bioninanlizalio : Potl.rns, Proccsras oad EtolttbnÜtTrcndt'
votunt t . togph G. c-t ttt, cdito,. vsn No§tnd Rcinhold' Ncw Yorl'

shccts and fibcn (Gr€goirc, 1987) produccd by sPccialized
cells within thc pcrioiEacal goovc. Thc shaPc of these
deoosits is detcrmined by thc muscular mantlc sdjaccnt to the
sräovc. Mineralized s[cll consisting of nacre and various

irismatic structurcs is added to the pariostracum by thc shell
'nrantlc- which lies bchind thc pcriosu'acum gland zonc'
Manv ceohalooods with an inGrnalized shcll also add

mineiraizäd shiu material of a variety of structures exterior
to the pcriostracum using the muscular mantlc.

Ceihaloood shclls consist of thc primary shcll, which is
mineräizc{i inside the protection of the egg-capsulc, and the

sccondary shell, which'is mincralizrd aftcr the primary shell
has formäd. The sccondary shclt is sccreted largcly after thc
snima.l hatchcs from thc cgg. Thc primary shcll is initiauy
attachcd to thc manüc 8nd ii beromcs mincralizcd only after
rhc mantlc margin dcuchcs from thc shclt margin (Bandel

1982). Thc sec-ondary shcll, in cons'ast' is sccrcted without
anachmcnt betwecn dic mandc and shcll margins.

Durine evolution somc ceDhalopods abandoncd thc ances-
tral miniralizcd chambcrcd shcll för a non-mincralizcd shcll,
ss in modem'squids. Olhcr ccphalopods, likc Jurassic

Trachyreuthis (vainpyromorph octopod) (Figürc l; Bandcl

and Gich, 1986) and Tcniary and cxtant sePiids continucd to
mincralizc onlv the cxtcrior ponion of thcir shcll. The
Lowcr Dcvoniän palacotcuthoirorph gcncn Boletz§a and

NaeJireurhis (Figie 2) possibly rcpresent intermcdiatc forms,
sccrcdne mincralizld shclls whcn young but later searetlng

oreanicihells onlv (Bandcl c, al. 1983).
Äccordine to Bänäcl and Hcmlcbcn (1975) sccrcdon by thc

shcll mantlä rcsults in 'mlc' biomincralizates such as nasre

in ."t ict tt c stt crural arangemcnt is vcry closcly controlled
bv thc orpanism. Prismatiö sructures, usually with basic

ii"..nrs d.2 -ic-ns in width, are also produced by thc shcll
mantlc (Bandel, 1979). In contrast, biomincralizates pro-

duccd bv thc muscular mantlc appear to be lcss subjcct to
bioloeicäl control, and thcv rcsemblc pattcms of inorganic
mineial erowth. Similar pörly organizcd shcll smrctures are

somctimis also formcd by noi'mandc cpithclia, such as thc

arm folds in thc casc of thc Ärg onauta shell' and thc lips in
thc case of thc Ncnrr'lus bcak

II. Prescwation in thc Fossil Rccord

Becausc of thcir gcncrally aragonitic composition' fossil
ccphalopods 8rc commonly sltercd by a varicty ot dtagcncuc
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Jiri.nt,i. pothways leading from thc oriSinal shell lo
,r," lotiii ä" som'etimcs'very diffrcult to trace' but must Dc

ä#;,;;;ffi;iü whe'n analvzing fossil cephalopods'

üä iil".,üiL stucrures can be mismken for Primary oncs'

;ä''rä"r;;;;. 
-For 

cxample, marinc aragonitic ccmens'

iüi.üä utraty necdlc'lilic and commonly grow syntaxl'

air-*irft tnc sanic oricntation as crystallites in the pnsmatrc
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raandel and Dullo, 1988' Text-fig. 9)'
'"fiää"iäri ääialinlsis of alägonitic prismatic structures

a.i,ää"äi"äJ' i#-anä 
-an*gäm"nt öf thc crystal.-lites'

kiß"t+1",1"""'t.fH:J#§ixj;r"i'ffi""J"::l'll{-ü

*tr[ffi1ffi**tr***H,r
ä'ffiä,*,".,',ll*"ffi,'?,lt"d*ll,ääl,"s,ii'iJTll;

f iq'?r.-lfi""l,i*:L:1,,::,*:':1"'1"{,gf*ä.i#j;"äL;ii""."ir"üit *ri uoay su-rrounding it' The

ä'ää':ä;'äütinää-iäai*i'"ttl$^.d'::"§^3Yf Ili";#ä'il;l'ä äi liä-J""'i'e "!i' i: -i:i^*
$i*'#"}iix**:"1*i9""i",.[,9e-rncarrBundenbach'Ge"r-Y. From Bandcl 8nd

.'.1r.. . '. l-..:,:jl',i , . . ,:.-.J;.,;";,ri.'l.i 
"r,i.;;;,.,:, 

, ... :' .: :

' ,:tn.., r,11!!rßrl3l§t,tttt!fl|!'§?L'i!r.!i+r:Jj i:: ]:1i: : 'ri... .

: -1";f.r: i...ij.ji.lj ilra -Ii

$



BANDEL 99

Fis. 3. Skctch of the cut and polished cnd of thc

ohiaemoconc and rosEum of Belemnoteuthis polottcd
?uidälc Jurassic, Poland). Thc phragmocone was traclureo
iu;np lifc but thcn hcalcd. Ponions of üc hcalcd rostrum

.-n-ä*"rüii^riirii" ttt iture (arrows). Chambcrs closc to the

äär #"räü-fiirea-ui siconoar! dcposits' From Bandel

an^d Kuliclii (1988, Fig.9).

devcloo which rcflccr thc ultrastuctural pattcrn of thc

orsaniä shctl containcd in thc mineral marix (Bandcl 8nd

iii"i"r, issS). About six costulcs arc pre-scnt.in €ach

millini,crcr of Arthroplryllwt shell with thls lond oI

äi;ä;;i;, -d th"t.'feätures can bc uscd for taxonomic

;ffisä. ;iti-s;A reason, whcn thcir origin is takcn ino
äccäunt It has-o bc undcrstood rhal lhc finc costulcs wcre

iJää u" üii"t"rion of thc minenl pans of thc shell, so

ihcv rcpriscnt nothing that would bc visiblc on 8lrcsh shcll.'

;;'iih;ili;;; äi grä**', omamcnt, nor microstructural
morphology.

III. Structurc ofthc Embryonic Shcll'

A. Mincralization of the Organic Primary Shcll'

As in manv othcr molluscs thc structurc and morphology of
thc cmbryonic ccphalopod shcU arc rclatcd to thc amount of
,irlr. i.rär.a in'emdoeenesis. Among modem ccphalo
6ods. onlv Salnrla häs-cggs so small that shcll Sland
ifffcicntiaiion and formation of thc first shcll coincidc with
th" ti-rnc?voU t"ao-gcmcnt and morphological lifting. of
thc cmbryo. During üis proccss thc disc'likc cmbryo lrtts
from thc-volkv csg or sctiYcly dcforms it and acqulrcs rts

charactcriitic itraiä. wtrich ii now morc likc that of üc
tr"i"trinn ,oung. bolerzkv (197a) noted thst in ccphalopods
with cs-si sma-llcr üan 2'nrrn (Spirula cggs mcasurc l'7 mm
in maxfäum diamctcr) thc longitudinal axis of thc animal is
pieAiierminea Uv thc iongitudi-nal axis of thc cgg. Herc p9
lmbrvo covcrs about half of thc volk whcn thc outcr and

inneivott msss arc seDaratcd froni cach othcr. Thc mantlc

"."t"t1. - oreaoic sliell whosc shapc reflccts the round'
inncr yolk mÄ. It bccomcs functional snd frce ftom its
iicretäry cpithclium (the Periostracum'sccrctiig cclls)
bcfore it is mincralized.

Mincnlization of thc organic primary shcll occurs in two
phascs (Bandcl and Bolctz*y, l9?9). During thc fißt phasc,

äraqonitic crvstallitcs pcnetratc and pardy rcplacc thc orgamc
o;inrv sheil. Durins sccond phasc, thc Primary shcu is
iouercä bv inncr prisiratic depösits' Mincralizadon of thc

irntrvonii st"tt iÄ Spiruta rcsimblcs thc mode of mincrali-
iriioi oirt 

" "rn-oniielta 
(thc ammonitc cmbryonic shcll) in

all well-Drescrvcd Triassic, Jurassic and Cretaceous

ammonitci so far sodicd (Birkclund, 1967; Bükclund and
Hanscn, 1968; Drushchits and Khiami, 1969, Etbc et al'
1968; -Kulicki, 1979; Bandcl et al., 1982i Bandel' 1982'
Khiini. 1986). A §imilar pattcm is found in thc cmbryonic
shcll of bclcmnitcs and auläcoccradds (Bandel, 1985; Bandel
et al., 19841Bandcl 8nd Kuticki, 1988), and this probably
also @curs in bacridds and onhoccratids, which havc
cmbryonic shells likc bclcmnidds in gcncral.

Äs in Spirzla, the first chamber within thc ammonite
ammonitelli is sphcrical, ovoid or lenticular (spindlc-shapcd)

and it probably- surrounds the embryonic inncr yolk src.
Sccretidn of thi cntirc ammonitclla was completed in contact
wirh thc manüc epithclium Prior to mineralization, bccause

the ammonitellac 
-arc 

dcvoiä of growth lincs, and thc frrst
mineralizaiton affects only their outer walls (Figurcs 4 and 5;
5A: first mincralization, jB: mincralization of inner walls,
5C: shcil bcforc construction of telcoconch). This frst
mineralization appcars as necdlc-shapcd crysta.llitcs aranged
in sliehtlv sohcäilitic oricntations growing from thc inside
ourrrüds. tvhcn a sculpturc of tuberculcs is prcscnt' thc

crystallites show thcir lpherulitic orientation bcst within

these ubercules,
Intcrcsdngly, s.rchacogastroPods initially mincralizc their

orsanic cmbrvonic shcll in a manner similar to ammonltes
anä such ceohalopods that havc an cmbryonic shcll similar in
size to amrionitejlae. The Cambrian ancestors of ccPhalo-
pods and gasropods alikc may havc dcveloped this mode of
ihell mincralization in response to a changc troq,-nce
i*r.r"ing, non-fecding larvac rcquiring 8 tight. shclt to
benüic iuvcniles in nccd of protecuon through mrncrarlza'

tion. ihc vcry rapid growth of nccdlcs 0.2 microns in
äiuä"r"r into rtic oieani; shcll may rrPrcscnt s primordial
modc of initial mincralization in conchifcran molluscs.

Fiq. 4. Thc outer shcll of thc ammonitella' already dcuched
irom the sland cctls of thc mantlc cdgc' but bctorr
mincra.lizad-on has covcrcd much of its initial shcll cup
a;ai;"ti bv thc stipplcd linc). Thc 8mmonitclla was

initialiy unmineratizcd. 
'From 

Bandct (1982' Fi8' 40)'
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lt'ütffiff ff "ü,Häffi"äi"ltfi 
i?}'ärf#fi"r.Jilä

H#ffn;ä;;;ineralization of tht outcr.shell walls' 
-B:ffi;;;ilih "f,* 

deposition of üc f,rst inncr Pnsmatrc

i;;;:"öi V;"il-;#änitc readv.for addins telcconch with
'.ü-lr,r"iuiti-"i nacreous nepionic constriäion' A and B

irom Bandcl (1982, Figs. 46 and 47)'

B. Biomincralizatcs Covcring thc Primary Shell'

ln Natuilus and, Sepia thc cggs arc yolk-rich and muctt

larscr than 2 microns in maximum öametcr' Hcre 
'he 

shell

il,fiä ü;biG a disc'tikc celt ptate resting on the volk
*li' 

srm offtcinolis the primary shell detachcs from the

-*1j" ä-i räiurt of abouio.9 min During.reorganization
i'i-,rr. räL- tt J'"""ch is dcformcd and putlcd inward along a

;ät.iffi;;f .h;u'-Guc äuctrmcnt'Gigur-c 6)' Funher

shell sowth occurs with thc formation ot clelÜ Srowtrl
in"r"rri"nrs. At about 2 rffn shcll lcngth' th9 ly!!.mnerl-
izrtion occurs both ousidc and insidc thc shelt (tslgure /)'
iliücxi"ioia"a irtcrior dcposits arc organizcd in the same

manncr as normal adult shcll, bcing accrctcd onto an orgamc

ffi;;;:J-it;. Therc arc no carlv shcll. structurcs

äomoarable to 
'thosc 

seco in shcll'bearing ccphalopoos wltn

*',i;'m'.*äi3rffi 
a very volk rich ess.within.a rarse

!Bä,!:"rilX?#i,',,"ilJi39ä':#"'ffi,?ffi 'fi !;
:J,ü"j,Jdi'"ffiä"Tl*$ähF,m#ä#^r*t
)i:Lil"iöäi,äi. 

-tö)i -'ir,"-initiurio', bf mincralization and

:1il;''.t;"';?i äi'tt" turge cmbryonic conch arc clcarlv

;ilitüfi l; ;;il;ü",?fi;bgv.' rhc wrinkrcd'. unmin-

äälä itiärii; ,ttJu, fonied bi-Ütc stiu connecrcd mantle

;ä'ffilf;'üä; ;bruptlv and quitc visiblv to thc rcgularlv
äJriiüä.-iiiä r".meä iccondarv cmbryonic- shell' Thc

oriniarv sliell is strctchcd and bccomcs \rmnkled arouno a

ä;äi"jä ü;; ti bccomcs mincratizcd and fixed in shape

äLffi;ä ä;i': islr. rhc initial mincralized dcposits

H"ä.i ;;*;'r'l; ärviiatircs in ttrc strapc of single.needles'

m'$*,{r+5:,rir**mll'äl'r,*ff ffi 
sri"i.fi

ffimffimffiffi*ffim
ä"'iäü."iäiJi i, ,r,c narro'' zonc oi the öicatrix (inidal caP

S"".',';l[Jl#ffi "'ft 
,,]fi :i{:*lätrJ""li!ir"qi.ü

ä;.[ä';ihilih; igg caPsnlc'-but aftcr detacimcnt ot the

;ä"ää;lilom thi-maigin or oc growin g shcll'

C. Mincrelization of thc First Scptum'

Thc first septum of Naurihß altd Sepiais construclcd in the

,"*"-*iv'at irt"it r"tcr scpra Howcicr' in ccphalopods such

ü'äääi"t -a bclcmriitcs with a sphcrica'l fißt chambcr'

ä"'äi.-öffi 
-tifcrs 

considcraÜlv in structwc and

ää'pf"r"ey-r*,'.11-:P.**J}'"ilü','älitl;1,{ffi

i.m,tiq,ffii*lffi;'n;rrä;i4:
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Fis. 6. Cuttlebone of young sert4. A: sepia oflicinalß cuttlcbonc beforc sccrction of thc fifst

-i""iäf f.""i o" tt 
" 

iniidc ;'ho;s thc scar ön thä primary shcll (cicatrix) anqgrow-lh incremglls
äi'if,l-.i"äriuw rt cit. Thcsc arc latcr covcrcd by outci mincral dcposits. From Bandcl (1982'

;i; 'i5;- i, Er autrlcbonc of frcshlv hatchcd Sepia orbignyana wilh rudimcnt of thc sPine

irib*l'"i.iUtc o" tt c roundcd posterioi Part. From Bandcl snd Bolctzly (1979, Fig' l3)'

whorl heisht. Thc DroseDtum is prismatic whereas thc
second scttum is nacicoui (Kulicki; 1979i Bandcl, 1982;

Landman ind Bandel, 1985). Thc microsructurc of thc

Droseptum and the following septa is known from Triassic,
iurasiic, and Crctaceous ammonitcs (Birkclund and Hanscn,
1974; Kulicki, 19?9, Bandcl, 19821 Landman and Bandel,
1985; Bandel, pcrsonal obscrvations). An organic prcrursor
of thc oroseoi.rm is firmlv 8ttachcd to thc walls of rhc
orotocorich ii a orismatic- ridgc, as shown in Baculites,
'scaphites, Quenstidtoceras, and Kosmoccras (Landman and
Ba;dcl, 1985). This organic prccunor is latcr mincralizcd,
wrinkles and all, to form the prismatic proseprum.

This typc of prismatic proscprum, which closcs thc ftrst
chamber tö form the siphuncular systcm, was spParcndy
inherircd bv the ammonitäs from Uoper Silurian orthoccratid
ccohalooods. Thc latter arc also Üälicvcd to have cvolvcd
inio thi fust coleoids (Bandcl et al., 1983t Bandcl and
Bolctzky, 1988). Belemnoids in thc broad scnse (including
aulacocäratids and belcmnitids) havc a similu prismadc
septum which diffcn in shapc from Üte latcr nacrcous_scpta
Büt bclcmnics also havc an organic scptum that is not
Dcncratcd by a siphunclc (thc clo§ing mcmbrsnc of Jclctzky
i966: gandc't ct a-1., 1984i Bandcl and Kulicki, 1988). This
suescsts that bclcmnitcs wcrc sblc to hatch and utilizd thcir
fuiichamber bcforc thcir visceral mass had diffcrcndatcd a

siphunclc. Thc bclemnitid tissucs thcrcfore pumpcd liquid
föm thcir ftrst chambcr in a manncr comparablc to modcrn
§epra. Howcvcr, whcr€as Scpia uscs this Ptmping cpi-
rhälium on thc dorsal visceral mass throughout its life,
belcmnitcs uscd it only during thcir cmbryonic developmcnt.

Thc first mincralized sbptum in belcmnites (thc sccond
septum following lhc first pucly organic onc) is concavc and
hai a mareinal aDcnurc wiih forwaril-bcnt scptal necls. This
differs froä thc iater scpta, which havc bacJ<ward'bcnt septal
nccks. Gystallites wiü'rin thc first mincralizcd sePtum-arc
arrangcd rirpcndicular to thc scPtal sudacc cxccP! in thc

central ponion, where nccdlcs arc oricntcd horizontally. This
indicatis that thc scptum was iniriatcd by 8 mucus-covcrcd
organic shect with 

-mineralization 
bcginning in thc ccnt'al

shäet, followed by needlc-likc crystal growth on both sides of
thc shcct. Thc frnt mineral scptum is attachcd to thc outcr
walls by a minerat ridgc that lies psrdy on top of thc mincral-
attachmcnt ridgc, with which thc first organic scP$m is
anchored to thc outer walls of the phragmoconc.

ln Spirula the apcrturc of thc sphcrical fi$t chambcr
bccomcs constrictcd by 8 prisrnadc ridgc bcforc the
siphuncular tubc is sccrctcd (Bandcl and Boletzky' 1979)
(Fieurc 9. A:'oDcncd first chambcr, B: scctioncd first sePtum
and siphunclc,'C: shelt of §pirda adul|. Thc fust septum
has thus bccn reduced to i prismatic ridgc. Transitional
forms beween this condition n Spirula and more sncient

Fis. ?. Embryo of Scpia oficirulis sotnc timc bcforc
halchins. wiü largc outcr yolk sac which will bc sbsorb€d by
thc timä'of hatch-ing. Ai that dmc, thc animal will havc
doublcd in sizc. Thi shcll has two complctc chambcrs, and
rhc third is bcine fotmcd. Thc fust-formed chsmbcr has beln
empticd of liquid. Frcm Bandcl and Bolctzky (1979' Fig.
'17).

fl;i,,
iitq:; I
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c.nditions arc vet unknown wirh thc possiblc cxccPtion of
tho Uoocr Crctäccous Grocalandibelus (Jclctdry' 1966)' rn

"aaitiäir. 
Oe Eocenc vasscuia is transitional bctwccn thc

düüäraio"t^-spirula organization and the morc simpli'
ää;di; oi'Sepia. in vasscwia rhe sphcrical first
cha.mber has bccn altercd duc to an incrcase in thc content ol
;lk ;a6"cg, which influcnccs latcr calcification of thc

i,.iruw it"tt]-rne siphuncular tube opcns in thc manncr

f,""ä'.,rüäi, ,äi'tilüä bv sandet a'io rotetzry 6rzll'
räv found ihal in SpiruJo and bclcmnitid aulococeratlds a

i,iäJ ä* 
"r 

it 
" 

iipliuncular tubc is occupicd by the pillar-s'

This pillar zlnc is disünct from thc actual chanDer' rn

Srr-,lrlf,o*"tat, thc actual chambcr is lost and thc pillar zonc

ootnsuo into a broad blade. Thc organic shce§' conlnco to

tlii -drior Dart of üc pillar zonc it spirula, now extcno

throuehout tirc chambei of thc cuttlcbonc' Dunng thls

;;;:;;; "t.i"titi.ri" 
biomincralizatcs of thc cmbryonic

ääi",in ä"d-iüF"änptum arc lost and rcplaced bv adult-likc

biomineralizates.

IV. Micrcstructurc of the Adult Shcll'

A. Nacreous and Associatcd Structures.

well-Drcserved ammonoids, bclemnoids and naltiloids
r,"""' ä"lä-tä.i"tuliv similar'shctt r,val.ls' . fheir pc5i-

ät"ä.,i- ii onä"ituii and somctimes ericn infiltratcd-.by
;;;i; 

-;*A;J in sphcrulitic an-angcmcnts, grading

i"ürra ino I sDherulitic irismatic taycr and then a.nactcous

lavcr. Nacrc cömpriscs thc bulk of the shcll matenal 8no ls

i,J,räü, i*"i.a ui 
" 

thin prismadc lavcr on thc inside of thc
:üäiil,LirjEr. ise3j sbccrld, 1e3b; Muwei, 1?q1' -lelo'
iörz.-)S?)U: Mccnakshi e, ol., 1974; Gregoirc' lvoz; ErDen

ei al.-' 1969\. Meenakshi ct al, (1974) demonsEated tnat

IValrilzs scqetes whcar grain-shapcd aggregatcs ot aragonrlc

nccdles iust postcrior to ncwly formcd periosu-acun lncsc

ffi xi::"itr[ä"5" n#*r+::mv:n"li:? "+fl
ffi;1;i;älvmtuv 

""citain 
uv nuct"' But in thc septal

n.rks and whcre thc shell is rcpaircd' a gradual transluon

irom thc spherulitic prismatic laycr to nacreous structuc can

bc obscrvä (Bandcl' 1977).--fi-tr,i 
*r"'rnr"ia pnragirocone ttrc periosracum is under'

lain bv an cxtcmcly üin, aragonitic granular laycr' rnc

^iaso;itc 
srdnulcs incasure about 0.2 to tl'3 mlcrons ln

ffifi;ä"ia.iiäifi a iavcr with a maximum thickncss of
i-#;;- Til'fuulcs üc roundcd to an-gular and thcv

inäi- no'.o"iiti"-trucrural pattem. Thcy form.a dcnsely

oackcd. tig'ht mosaic whcn vicwcd Pamllct-to.tnc Srowln
iurfacc. -gelow this cxtcrior layer, rhc basrc.. Sranular
iiemcns form rows and becomc artangcd into neerle-snapco

unis which arc straighr or branchcd 'l-hc nccolcs 8.rc

iliärr'ää"",i, 
-arraügcd 

and ircgularlv. intcrgrown in I
üickct:likc man'ner, similar to thc dendfluc sEuctur or

ääiäö(iiil;],'rizg, tsgsi. Here thc basic sructural

;"tj$h-f üTjs*h":ff :ä:ffi"#'fl#'1iä1"14*
assumc a mutually parallcl oricnution which ls lnctlneo ar a

ffi;"i";-tltJ Jhell surface' Hüc the basic structural

äiäJ"it 
"r,äiJ-rt";irregular 

granules o rcgular rhombo

hedra which aE oriented in rows not only withrn each nc€6re

but also inctincd to cach nccdlc, extcndrng trom nceole ro

ncedlc. Each basic elcmcnt is üus engaged in lhc composr-

don of two nccdlcs which disseat cach oth at an anglc or

Fis. 8. Schcmatic drawing of thc conch of Hibolithes zs

iä"rt ü,.a-ii,üiütt:" cat"itic--tuu.. The flust scptum () is

orsanic. whilc the following sccond scpom ls pn-smauc nno

th; thira and latcr oncs atc nacreous and minerahzed' lne

ilJotdiJ;Gü iJ in pan aragonitic-, -prismadc and

äreanic (indicatcd in black). From Bandcl' Engcser anq

Rc-itncr (i984, Fi8. 22).

lff,l:*-i"**f ;n,JH,,ff äTi"".lä%"il:','ü'",ii:
;ü;;;ä bv- ido ncedlc dhcrdons' with thc nccdles

orientcd within a planc that is venical to thc aPcnural clge
and to thc ercwdl sudecc. A similÜ structure cxlsts rn
sastrooods. ihcrc it docs not gradc into nacrcous structurc

E;-i,i;;r;;A i"mittur sttirctotc. crossed. prismatic

i*at- *uv also gradc rapidly into sphcrulirc sectors

wherein thc marginal needles dissect cach other' e8' rn

ä['.;"s;;"'p"d; Wc Guil4lordia (Bandcl' 197?) (Fisurc

l% 
n^rtiloids. u*onoids and bclcmnoids frcm thc onset of

rrrJäirriäiJri ö Gii-urvonic shcll, thc nacreous.laver is

inierlcaved bctwccn an outcr crosscd prismatic.or sPherulrnc

Drismatic lavcr and an inner blocky Pnsmauc or aclcular

l;smatic laicr. With continued growth of the conch' nacre

fii,äffi-;dffi; ;Jrägrcssivcl/largcr ponion of the total

itrlctniss of thc shclt walls. Thc naqc Bblets arc a[anges rn

i;ä.-t;"r;;i-E; Jach other bv organic- shces .within
.r'ctr tabltl the basic structural elcmcnr arc lused to lorm an

lr"ls"*rt"ll",xns}*lr,lig's,'*ät9""'n1i,1l:
ä!i'"-riäJiärGr.L. ftresi stacts cxPand laterallv as üev
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Fie-g: sDirula sDirula from the Atlantic ocean near canary Island. A: The first chamber of the

i;,";ä .i;tüii.f,io,-"ipoting thc earlicst part of thi siphuncular rubc with its wdnklcd

-".fiä;;;. ää tt;ffi;räirt iift iin"."'all via tire organic shöet that is roughlv sPa*late. (from

iliäi;ä;ä;;rü.'iiiö, iie. st. B: Thc hrst segnient of the siphuncular tubc of Spirula ends

;üh;;;;i;. ;ä'rsl"pl ifi" irineotircd tube is attached o tlie walls bv a mineralized ridgc

iääi,i Sä',G1. j'SSZ, fig.'SO). C: Sketch of Spirula with the main rctractor muscle bundlc

;ü;;ffi;;il innJ irftu"" of rc "tiving chaniber" with.musle mande that covers the liver.

Muscle mantle coveß the entire shell (from Bandel 1982' Fig' 59)'

rrow, eventually merging latcrally to form thc nacrcous

iameilae. Becairse oi this growrh modc' the nacrc has a

columnar aDDearance in venical fioss secüon (Nathusius-

Köniesborn: i 8??: Schmidt, 1923).
Thä smallest structural units within nacre tablets measure

0.1 ; 0.2 microns in diameter. Thcse can be seen on the

erowinp faces of the nacre tablets, but they are made visiblc
i'n matürc nacrc onlv bv crching (Bandel' 1977). Typicat
nacreous tablets arc'tabülar and-hexagonal in oudine; they

are known from nautiloids, ammonoids and from thc outer
walts of thc phragmoconc of bclemnoids. Mutvei 0970'
1972) describä thi nacreous microstructurc of Nautilus and
other molluscs as consisdng of small crystallinc subuEits.
Bandel (1977) showed üat lhc sma.llcst componcnts. ol
mature n;cre are round or irregular rodlikc elements, which
are oanicularlv visible on thc iides of growing nacrc tablcts.
The'se ctcmcnis combine to form tableis which arg optically
monocrvstalline. The nacre hblets describ€d by Mutvei
Og12a; from thc septum and siphuncular tubc of Na!,il4s
iave a hiehlv variable inracirystalline struch.ue. This
variation is-oänicularlv sreat in-thc ransition from septal

neck nacre tö the orgaiiJsiphuncular ubc. Muwei (1972a)

distinsuished five folrms of'ransitional nacre in this part of
rhe sh'ell. Here thc basic structural units are rcadily visible
and their units assumo arrangements which approach some
prismatic structues. In later Phases of deposition, the nase

tablets lose thqir lamellar arangcment and they gradc into
well-developed spherulitic pri§matic sructure' Similar
transitions fretwee-n nacre and prismatic structure were noted
as early as 1877 by NathusiuslKönigsborn, who callcd such
levers 

-"orismatic 
nacre". Similar transirions from nacrc to

p,itmatit strrcturc are known from many mollusks, especial'
iy in hollow spincs and blistcrs and in shell rcpair structues.'In 

the holloiv spines of thc gasropod G uildJordia, pillaß of
columnar nacrc äxtend into the space of the sPinc. These
nacrcous pillars show incrcasingtj coarse aragonitc crystals
in their irirmaturc, uppennost pan (Figure l0). Lamclladon
conrinues through ncighbouring pilla$, and thc lamellae arc

su-ictlv parallel io cach other. During rhcü gowth thc Pillars
are su-rröunded bv liouids rich in calcium carbonate, and each
nacre tablet groris independently of the neighboring tables
within the iame nacrcous lamclla. According to thc
'comparünent theory' of Erben (1974), thc union -of the-se

tablets to form continuous nacreous lamellae is evidence for
the Dresencc of membrancs surrounding and defining each
horiiontal lamella. However, Bandet (1977) suggested that
horizontallv exDansive lamellae of gelatinous matter,
succcssivc[v secieted bv thc eDithelium, may comPrisc the
medium in'which thc iracrc piarelets form. Thc chemical
comoosition and thc consistcnäy of thcsc gelatinous lamellae
weri believed to dctermine thacomposition and structure of
rhe forming tablets. Bandel and Boletzky (1979) obscrved



104 CEPHALOPODS

;
,l

I

t:

't

L/
.i

t

ti

[*u[l+*ffiiiii+ti;[[ffi f ü'$]ffi 
i;H'"T'*i+Ti'ü,q*'$]ä}*,i#t

ff[,äffi"!*ä::Ti"1lää]i; ;",i!ü, 
""n,",, 

corumns grow 
"i 

tr,ii, .p "t;1lfl,§
sectors, whilc on thcir flanks r*'iüoiir ii"t"' and' further doin' maturc nacrc arl tonne'

simulraneouslv. At thc ngnr' growrLiä1]ö#äätiäG';;bc;;' From Bandcl (1977' Fis'

l).

iffi *ilJll'1""i$,:"iill".rif ,'m§'":TiH'ilHl:ll:
(1977) inrcrPrctanon.

B. Lamello-fi brillar Structure'

Muwei 09?2a) dcscribed "typc 2 nacrc" developcd cspc-

"',ü"ii"Lr,'Jiiänä scptal niiks of Naurilrt' As in t'ue

[HdiiJfr;:F,iä6=*.1"T:""'H'fjm-:älö!ü
ä'ui ii'än"*i ,o truc nacrcous.sructurc' thcsc.granules arc

;äiä'itö ä;"dtlnt crystallitcs or rods which comPnsc

ätm"l:l#*rnllllf ir;l"qk*x:i,J
;#:r*t,;.:.$,ärl41:gs:lt#üä",#i
columnai'nacrcous structurc' l'rol
(1979, Fig' l2)'

lamcllac rather tl$. tablgts ** fl#irffi,ää-."1;:
;fJ:"#:lhff 

"H,',fl 

i,llä,lH3ii*';iää*i'orspi,ur,,

':9:lJf":""#ifs!f, ä'#."üI;,,""herrwarof spirzla

ru+[::**p$;6i5y6ffii1';rffi{

ti-riqgilfld,ffffi ffidä-,":,r,ffi

l}-;+ff !}*"'ffi 'ffi :Ää*[Ä#?,ffk",,*f4}

ffi$#d$lfr:i$i*f#,#iffi#Iffi
ffi äil:,rmmft iH"tiffih,äl"tlitu""*i.f+
#;ffi;iiffit"ion,'ana or very small' iregular unrts'
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Fie- 12. L,onsitudinal scction through thc outcr wall of the

saiarta shclt.- u thc inscnion of rhc scptum (s).on nc
cäarsclv orismatic inncr rim (ir). Thc outcr shctl walt con$st

äIäiiitä, iäeiüiiprismärii tavcr (ol), accnral lamcllo'

Frtnillar laycr (cl), and an inncr Pnsmatrc laycr (rr,t' rnc

,ä* -in's toi"äit thc apcnurc. From Bandcl and Bolctzky

(1979, rrs. 6).

All thcsc comDoncnts show thc samc rcd'likc bgsic srucrurat
irnirs with dirircnsions bctwcen 0.1 and 0'3 mrclons' rnls

ää;ü;f#; Ä*c tttun half of thc thickncss of the

rf;*;{'#t'!;l}""ii'63,'iqtt"1";1,ffi '",Li"Y#

somcwhat variable thickness. This changc is charactcdz€d

bu a r".,'r-gcrnent of thc crystallites into vefücal ncedlcs
Jli"tr in"."itc in width toward thc inncr surfacd'of the

charnbcr. In tangential sections, thcsc nccdlcs aPPcar a§ a

oolveonal networh Muwei' t964).
'-ffü crttlcuonc oi Sepia consiss of a numbcr of organic

*a *i""tair.A layers. 
'Thc ccnral layer ("c1" in Figgrc 13)

aoocan carlicst during cmbryonic dcvclopmcnt. when.rt
niincralizes, its larral ponions refiain purcly organic' but rts

mcdial and venral Doidons bccomc thickcncd with calcar'
iÄrs nrare.iA inteicalated and intcrlocked with organic

t".minal- Tt',rt tl',e 
"atcified 

pan of thc central layü is much

thickcr abovc thc chambcls than ncar thc shcll marSln-s'

Ä"ii" ,tti. cenu-rl laver, thc inncr laycr ("i1" in Figure-I3)
r,hows a lamcllar struiturc, with thc lamcllac forming a low
anEtc-wittr ttrc planc of thc ccnral laycr. Thesc lamcllsc-arc
aüut I microir thick and thcy do not branch' but thcy

ääi"asi i" thickncss near the'purrly organic latcral zonc'

i^Ä-iamcfU within thc inncr lsye! consists of rcd'likc
clements which are usually oPtically idcndcally oncntcd
wiürin cach lavcr. This optic oricntation m8y 9-ha!'lgc
hetwcen differint lamcllac. Sometimcs thc ncedlc-trkc

;;ä[d;ht;h comprisc the lamellac show fcatha-llle

^än-nirnätt, 
oi oev niay bc gcntly curvcd or branched No

[ilä"?i äie;i" streäs appcar-uctwcen thc lamcllac, but thc

;;;ä; ;;'d il";;"tizrd^ihell matcrials arc interlocked with
;;""-;;thr, thus forming a compositc shctl dcPosit'. Duc. to

i"-r,i"i oiiäiJ 
""nt 

nt,-this lariellar laycr in fo-ssil sePiids

llkc iasseiria and Spirulirosta is commonly obllleratcd Dy

boring fungi.

Fie. 13. Goss scrtion through thc Postcrior Pafi of thc §epia shcll' showing thc. inscnion of thc

;ü;;r;;;ö;-*rä ioie-r.sia'eä-trr"'aäts't tt'itta (as)' thc lst.r comPrising th'c lavcrs:

üläifi'"r'ütä?d» tnäienu-aL tavcr (ct), and ürc inncr lavcr (il)' Bcrwt

ä; ffiffi;ä.}l ir,äiti..U"r 
"i..ni 

ri"r'ttri roa< (0. wiihin ihl chambers_,-organic. mcmbrsncs

ioäjä;$;"d;d üwccn thc pillars (p;' From nandcl and Bolctzkv (1979' Fis' 2)'

cl 
-
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ffi xiffi #*[ui:f*iig;,ffiff5gfrffiäf*H+#ffi
ti'rffi,*'itr**rä'qr

Lamcllo-ribdllü structure diffcrs from thc clossedlamcllar

.rffiffi;iil;;p"dt in having morc organic *Y:-l:l-:

ä#.:ri,r,,til,xtr,r*l*':mr6'6':,q

mrul#*;r'ru'**
C. SePtaI Structurcs'

$ffi ffi,N:Nffi

ffi;'#ht#,'$tr"#ffiitrtr#$ffi
n*Hfdlq+äitll1ir-1",*{**'fi,,iffi

n**l',m*u*a+,mffi
*ffiiin*;i$l'"+".i,-r*-i*ir'*',r-m

äit'.l*.t,.#s-,trn,#ä1ffi s,t,tl;n
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Fie. 15. RcconsEucted serdon of thc conch of Dcvonian
Aihrophyltun. The fust chambcr (1) shows lincs of gmwth
on thc'shitl surfacc. Thc sccond chambcr (2) is opcncd and
rhe rhin shccs of its interior 8lc rcmoved to show thc
siohuncular tubc with its vcntcral altachmcnt mcmbrarc.
Thc third chambcr (3) has an outcr wall, which in thc fourth
chambcr (4) is omincd to show shcct attachmcnt to thc inner
sidc of ttig wall. Thc fifth chambcr (5) lics closcst to thc
aocx of thc onhoccratid shcll. From Bandcl and Sunlcy
(i989, Fis. l).

thc chambcn 8re vcry much sprcad out and thc scPtac arc
suooortcd bv numcrous pitlars and mcandcring walls ("c2" in
Fiiirrc l3). 

-Bandel 
and Bolctzky 0979) obsCncd that thcir

sröwlh is mcdiatcd by stratificd gelatinous laycrs' Round
iiuars arc initisllv sct on thc solid. mineralizcd vcntral sidc
öf the crnbryonic'strcU. Pillas grow only by apposition of
aragonitc iri thc lamcllo-fibrillar structut on thcir tops,
whcreas farthcr owards thc basc, thcy do not incrcasc in
thickncss. Bctwccn thcsc pillars thc chambcr roof is usually
covcrcd by thin organic shcca which may also cxend
venically bctwern the pillars. Similu organic shcbts
suspcnded within thc chambcr arc found in quitc unrclated
cephatopods wirh mincralizcd phragmoconcs, a.g. in thc
nautiloid Lrujtes @andcl, pcnonal obscrvation), in the
orthoccratid Arthrophyllum (Bandcl and Stanlüy, 1988)
(Figurc l5), and in various ammonitcs (Schindcwolf, 1967;
Wcitschat 8nd Bsndcl, in prcis).

ln Sepia, aftct thc chambcr pillsrs havc grown to a lcngth
of 15 to 30 micrcns, an additional organic shcct is cxtcndcd
horizontally bctwccn thc pillars so thst caQh chambcr has
scvcral horizontal organic larncllac bctwccn its bounding
scptal walls ("om" in Figurc l3). Whcn vicwed from thc
vcnral sidc of thc shcll, this shcct may covcr most of thc

chambcr cxcept mrginally. In the first chambcr of Sepia
ofrcinalis as wcll as in S, pharoonß,4 to 7 organic -;hects
mav bc formed in thc ccnu'al pan of thc chamber. The actual
scpium is then sccrcted as a wclt-mineralizcd layer of
lamcllo-frbrillar strocNrc. This samc structurc also com-
poscs thc Pillaß.

D. Siphuncular Tubc Structurcs.

Thc siphuncular tubc is prcduccd by mantlc cclls dcrived
from thc covcr of thc visccral msss, of which thc living
siphuncular cord is an cxtcnsion. Likc all mantlc cclls, thesc
siphuncular cclls producc organic and mincralizcd secretions.
They can also dissolvc shell and deposit organic and
mincralizcd subshnccs within thc siphunclc as cndosiphun-
cular dcposits. In addition, thesc cclls arc crpable of
pumping salts from thcir surrounding liquid and scrrsting
liquid with salts into thc siphuncular spacc. Thesc liquids
and salrs can sccp into thc shell chambers and thus indirectly
inducc camcral deposit formation, sometimcs at subsuntial
distancc frcm thc living cclls.

Thc siphuncular tubc of Nalrirrs is thc unmincralized
continuarion of the nacrcous laycr of thc scptum (Appellöf,
1893; Muwei, 1972a). Each tubc scgment has s porous zone
jusr bcforc it tcrminatcs at thc immcdiatc apica.l scptal neck
(Bandcl and Boletzky, 1979) ("ss" in Figurt 16). Living
tissuc is atrached in thc siphuncular tubcs only in thc scptal
necks (Bandcl and Spacth, 1984). Blood vcsscls scrvc cach
tubc segmcnt separately, and thcy conncct thc liquid-
collccdng channcls of the mantlc pumping laycr to thc
ccnra.l sipho vessel. Liquid within thc shcll chambcr
connects with liquid in thc 'pillar zonc' of thc siphuncular
rubc bv mcans of a 'wick' which covcrs thc intcrnal chamb€r
walls i"ct" in Figur 16). Thc 'pillar zonc' is a zonc of
looscly meshcd acicular crystallitcs adjacent to thc pomus
zonc of thc siphuncular tubc ("p2" in Figurc l6).

Thc chatky siphuncular tubc (sphcrulitic prismatic laycr of
Muwci, 1972a), in addition !o acüng as I wick, slso scrvcs as

a small reservöir of liquid closc to thc siphuncular cpi-
rhelium. Thc chal§ laycr covcrs thc cxtcrior of thc tubc in
its molr antcrior pais. Whqc thc tubc cntcrs thc apcfiurc of
thc ncxt olde! scptum, it contacts a zlnc of pillas that arc
clcaJly scparatcd by inrcrsticcs. Thc singlc organic shccs
which composc thc homy siphuncutar Nbc arc calcilicd closc
to thcir apical cnd within thc scptal ncck of thc ncxt oldcr
scprum ("ir" in Fig'.uc 10, Hcre thcy arc solidly fuscd with
rhe innu srdc of thc scptal neck by a mincral ring composed
of aragonitic sphcrulitic pdsmaric crystallitcs. Thc horny
rlbe splits inro thin organic shccts before it rcachcs the non-
poroui calcareous artachmcnr ridge ("ss" in Figure 16). This
pan of thc organic tubc has inrrspcrsed irrcgular prismaric
crystals tikc thosc prcscnt throughout lhc chalkly laycr. of thc
siphuncular ubc. Howcvcr, thc spongy structurc of this zonc
is morc porous and pcrmcablc than othcr ponions of the
siphuncuier tubc. ln thc pillar zone insidc thc scpul ncck,
u,idcly spaccd pilla$ contact thc sponry cnd of thc
siphuncular tubc in thc antcrior adjacent chambcr.- In comparison with Naüirrs, thc siphuncular tubc of
Spinrla has a much morc cxtcndcd pillar zonc ("p2" in Figurc
17). Hcrc thc scpu arc similarly continuous with thc
siphuncular tubc, but thc siphuncular Nbc rcmsins
nT ineralizcd with lamc[o-fibrillsr structurc thoughout thc
chambcr ("sn" in Figurc l7). The outcr ponion of thc

; ....."ri'."1
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Fis- 16. Lonsitud.inal sccrion of thc siphuncular tubc of
iäui)us oonoitius. Thc arrow points toward thc sPerturc'

Thc nacäus'lavcrs of thc septum (s) continuc irto thc.sePtal

neck (sn), thc oiganic pans of which arc cpndnuous wttn thc

homv tub€ fto' Thc sepul ncck and thc nomy tuDc arc

"or"iea 
Uv tire'chalkv tayir (ct) which is a Porous structurc

consistini of ncedlc sggrrgatcs and organic she!ts'- lnc
aoical cnä of cach scction of thc siphuncular ntbc ls lumiy
aitachcd o thc inner sidc of thc scPhl ncck by a solrd m-ner

ridec (ü). In front of this lics 8 Porous spongy structurc (ss)

.nä.-oi manv discontinuous organic membranes lnler-

io"".a *itt älcmcnts of thc chal§ layer. Thc spongy

i'nucturc brings the liquid contained in the Pillar zonc Qz)
into contact iith üe siPhunculü tissue' From tsandel ano

Bolctzky, 1979, Fig. 21).

siohuncular tubc passes into organic shects, thc more cxtcrior

"f *rri"rr i" ncwiv formed chamben closes the cntrancc o
ür'ii.Ci in "tät thc siphuncular pillars lic'- Thc central

oonian of thc siphuncular tubc is continucd by a zone-ot

ii ars covcring ihc inncr surfacc of the siPhuncular tubc'
Thc morc antciior pillars cover thc concave suüacc oI tne

*"iuä *tit" it niccts rhc scPtal neck Thc pillar zone

iJf,"init"i *iit thc fonnadon oi thc postcrior part of a.ncw

siohunucular tubc. Organic shccts cxtend betw*n tnc pltra§

o,ilv in thc aoenural pafi ofthc Pillar zone ("o" rnlrgurc l/)'
riäic ii,J piilars form' solid bico-ncial structurcs with tcrracc-.

iltü'riä,r!ää-s iüt, of which rcprcscnts thc continuation of
;; ü;ih;iih; antcrior pan 6f'thc siphuncular tubc', In

rtrii oosition thc pillar bascs arc fuscd wlth elch omer'

;;1Lää; ti;.';;;"' thc pillus arc morc columnar in

if;;;;;-d liil;i- scparatcd bv wider spaccs Pillaß havc
-s-träehi 

sidcs'on whigh 50 to 60 lamcllar laycrs can be

coun'icd. Each of thcse lamella is continuous wlth a layer

*-i-,rri,iär" r. iuä-nbrillar structurc of the ccnral pan of.the

;ä;;i;fi;*tt iubc ("cc" in Figuc 17)' Thc lamcllo-

frbrillar srircturc ofthc pillars is similar to that rn thc ccntral
iir"iäi§piü.7i't phraimocone wall, 8nd consists. of .short
nä:dlc or brick'strapcd crystallitcs arrangcd pcrPcndrcuur ro

thc Dillar sxis. ThL cnds of thc pillsrs, with thcu radaung
crysiats aäa crystal aggrcgatcs, form a porous' rntcflocKrng

syslem in which numcrous thin organic shce§ arc rans-
virsclv susocnded. This porous lavcr is covcrcd by a smooth
rhick äreariic shcct whicf, is thc organic continuation of thc
inncr oän of thc lsrlcllc'fibriltar laycr of lhc anterior
siohunöuhr tubc. Transidon from tlp mincralized anterior
o6nion of the oosterior organic ponion of this tube is quite

äbrupt. The orlanic tubc liis in Contact with thc living dssuc

of thc siohuncle.
A se.ctibn tluough Spinrla's doublc-walted siphuncu.lar tube

thus shows forri tay-ers; an outcr lamcllo-fibritlar tayer' a

oiitrr tavcr. 8 tavcr;f intcrlocking ncedle aggrcgates at the

intemal ends of üie pillars, and an inner organic layer.
Dcnton (1974) figured thc siphuncular tubc of the cndo-

ccrir;/lc. otäeroierÄ. In this animal, thc mineralized portion

"i tr," iiot uncrt"r tubc cxtends into the previously formed
siphuncuiar tube, passing halfway into ahe, -next older
cliamber. In this case thc pcrmcable zone would be conllne!
i" ttre small resion lving- beuern thc sePtal neck and the

mincralized tuü, vcry much as in Rcccnt Spirula In the

arlococcratid Dic»oionites thc siphuncular tubc is in pan

aouUtc-watea and is sructurally iimilar to rll ;t of Spirula
re;dit. tsesl (Fisurc l8l l: näcrc,2: mincralizcd tub€,3:
oiu., ,onc. 4: orianic tubc). Similar siphuncular con-

inuctions havc bcci reponcd by Fischcr (951) for a Triassic

Ucfimnoia. Micrcrc'Atuia iroduced a double-walled si'
rfru-n"utar tuUe wiü an outcr näcrcous ponion which extends

ihc scoul ncck and crosses onc chünbcr, plus 8n cxtcnsivc
wick-l'ilc inncr ponion whicb contactcd lhc dccouPled

chambcr liquid (Wud, 1987, Figs. 7' 18).

V. Mineralization ExErior to thc Shell walls.

A. Rostrum Funcdon.

Modem endocochlcatc cephalopods havc terminal or sub'

tcrmiä nns (Nacf, 1928). This was ccrtainly also.the case

in fossil cndocochlcatcs. Fins arc anchorcd cither duectly to

tir" itiit s"" or to thc rnantlc surfacc, and their bases.ar. e

iliri,i.i uv i canilaginous platc. Guard and guardJike

*Ä.i*"r. '*t etlr". cniüely organic or mincralized, rcflect
iri" irtirnätc loiriuon bctwäcn cätilaginous fin bascs and rhe

surfacc of ihc shcll sac (Bandel and Bolctzky' l9üE)'

üä*Ju"t, tttt absencc of luud'likc sEucturcs does not

inäiciicä ract or rrns, but ra6er a less massive development

äi r* ia-tiinc" attuched to thc shell sac, or cven detachment

oi Ur n" citilagc from thc shclt sac by ahc formation of

a,niculatcd Pouchcs.- -ir,"' 
"oäriiation 

of thcsc idcas to thc Lawcr Dcvonian
pr"ii'irlä'iüü <sandct et al.' 1983) suggcq§ that its. fms

werc atBched o a relatively lon8' flattened ridgc on erner

sidc of üc Dhragmoconc. ln bclcmnitcs, lhc fins arc rns:neo
bchind thc 

-Dhraimoconc, 
8nd thcy probably torfle! I closco

caniiaeinoüs tuibc around thc guard' with tln anacnmerl
ridscs-rcsting in thc longiodinal guard dcPrcsslons' PosslDly
iä-t'J-u"" itäut .ucss. Ii this picturc is rcalistic, the prcscnce

ür'u iuti'tiii.caphrugmoconican be regarded qs- a buoyancy

clemcnt mainiairicd rö counlcract thc considcrablc wclgnt or

;ffi;ä: äü ,t un i pissiuc counrcrwcighr dcvcloped in

;;ä;;" i;- th; tilting cffect of a terminal phragmoconc

iä'surc l9). Thc widCvaricty of Suard shaPcs manücslco m

Ü"üäiiää,orutlon mar ttrci uc cxntainea u1*fffiffäl
lifc swlc and swimming Perforrut
iils"diäijrd;ä ,üi'.ussi"" terminal guard rcflccts the
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Fig. 17. Horizontal section through thc siphuncular zone of Spirula' Thc laycrs of thc septum

ir\" 
"äi.,ir^iJ^ 

i"iäiric ült rn"ural"tuü. 
-Äi'ttri 

intron"" ro thc scptal ncck of thc ncxt oldcr

ä*n si"*ti#'w1*'*:*t"ts,'lifi *IFJ:'}üöü;j!#- 1S: l*lr#i:{lii :iü
mincral ncck, and finatty tnc organrJä-nä ätytt"j io"ti i""l of ihc pillar zone composc thc tubc'

t'i'J'#"öätitä**<i tt c apäT i' F m'Bandcl and Bolctzkv ( 1979' Fig' 7)'

oresence of powcrful tcrminal fins similar to Rccent

il;;.räühfu;. Thc presencc of such guards in different
groups, like somc aulacoccrids and many bclcmnltcs' can Dc

explained by cvolutronary convcrgcncc'

B. Aulacocsratid Rostra.

The rostrum of aulacoccratids such as Dictyoco-nires

"ontüii 
oi.-U"."t taver and overlying laycrs which diffcr.in

momholosv and conitruction, but which aT 8ll araEonltlc'

Thc'carliät formed basal laycr covcrs mosl or dl or thc

räi "iää"äits 
of thin, stiarp longitudinal ribs separated-

bv flat intcrsDaccs. These ribs foml on the Srowlng concn oI
ttie iuvenilc iust hatchcd ftom thc cgg and supPlied with only

" 
iilmotc. stiott conc-like primordial rostrum. This slendsr

ir"lräJ i rir". initiallv clonsists of stacked, pointed cones

äitachcd to thc cxtremc apical cnd of üc Pfuagmocone
(Fieuc 20). With furtllcr growth, this rosEal layer
encioachcs ono thc phmgmoconc 8nd its basa'l laycr'. I nc

carlv. ncedlc-li.kc rcstnrm consiss of intcrcalstcd organlc and

miniral lavcrs. whcrc8s thc laEr, morc massivc rostrum ls
ä"i"iu caicuious. Thc msmrm of Djctyoconircs wzs

äri"inättv co.po..a of aragonitc (Bandcl, 1985)' ,Th-c samc

is i'lso Äre ofits closc tclatve Austoteuthis (Jclctzky 8nd

Zapfc,1967).

The dorsal and vcntral §urfaces of thc adult rostrum of
Diciiconitcs arc wrinkled by thrcc scts of ornamcntation
*iiiti r"pr"s"nt i.prints of th; blood systcm of thc muscular
mandc. Similar fcatulcs also occur on thc rosEal surtaccs ot
the belemnitcs Belem nitella arld Gonioteuthis.

C. Bclemnite RosEa.

Thc orimordial rostrum in bclcmnites was dcposited on top
of thc'first sohcricat chambcr of thc phngmoconc. In thc

t tiddie Juraslsic Hibolithu, thc Primordial rcstrum of thc

embryonic or carly juvcnilc consists of wo portions, a lower
araqoniric onc and an upDcr (morc aplcal) organrc onc
(Fiiurc 8). Thc organii lavcrs gradc lsErally into thc
min'eralizä hvers. Incnupdons in üc growth of rcgular
orisms in ulre äost apicsl pohons of this primordial rostrum
icsutt in sphcrulitic $owih of necdlcs. All othcr lragonitic
necdles cdmorisinc thc primordial rostrum 8rc simpl9 qnd

anangcd pcöcndiäular to rhc surfacc of growth (Bsndcl e'
a|,,1984).-- in moit belemnitcs, with thc cxccption of Belemnouwhb'
rhc orimordial rostrum is ovcdain by a calcitic onholostum'-
ii..'ri,i-äuiirosrrm. This consisis of conccnric laycrs of
äatäitic nccdtcs. In frscturcd tostra thc necdlcs apgear ro
änrini,i *i[ mt"t ption ftom thc phragmoconc wall to thc
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Fis. 18. Rcconstruction of the siphuncular tubc of the

Middlc Triassic aulacoccratid Dic§oconites from lhe St'
C-assian Formadon of thc southcm AIps. The longitudinal
secdon of the tubc shows that the lamello'fibrillar sructurc
irt oi tt" seplum continucs into thc long, mineral scptal

iät<s anO orlanic tubes (4), which arc sttachcd to thc inner

Ja" oitt 
" 

sEptal nccks Li a scction of Prismadc tubc-(2)'
Borh walls of thc tubc arp hcld apan by thc prismauc Plllars
ofthc pillar zoncs (3). From Banilcl (1985, Fig' 10)'

outer surface of the rosuum (Bandel and Kulicki' 1988)'

ö;;;ti-ii"; which *n pcricndicular to thc prismatic

n'äie. 
-Aliocntiutc 

taycri whictr originally conuincd
varvins a.mounts of organic material.'?"tiä 

t"o"ir.A Uv iijurcd individuals consist of sphcrulitcs

arranccd siofund s' ccotra.l axis in such 8- way that lhcy

reconiuucted thc damagcd rostru[r scvcral stePs ln rcpalr

;;'ie;;i.rJ ttbaoia ana Kulicki (1988)' In thc first
steo- thc Aacturcd Dhragmoconc chamber is scalcd over Dy

;;ä-i; ,hd;ä ihin 
-aragonitic crusts. The rosrum isclf

;i*,h;;;;t-fi"t d aftci rcpaü and regrowrh of rhc apical

tissuc of thc muscular mantlc. Beginning wlth scvcral

sohcrulitic ccntcrs arranged dong a mcdial line' aragoNul
;;il;lü; scw untit ricv ioucica cach othcr and could

ä!ä,i- üJ- "-**.a 
by a' condnuous laycr of prismatic

arasoütc.--"ääü'lotas.ic and Crctaceous belemnit's covcred thc

uÄäJ iJittu* with a sotid' smooth, calcitic onho-

iäiäi" 
"t-iü, 

-i" 
somc cascs, likc in Middle Jutassic

uä-äufii, i"" to morc than 60 cm in length and 6 cm in

Fic- 19. RcconsmJ crLor. of Belemnites paxillosus' a typical
ueiemirc from lhc UDpcr Lias of rcuthcm Gcrmany' wtth a

äiifii- so cm in lciiü (rctal lcngth of animal ca 70 cm)'

From Bandct and Bolc-tzky (1988' Fig. 5).

width. and extended far backwards ftom the end of thc

#;Ä;;";. -i; ;nrast, üe Lrwcr Jurassic Nannobelus'

iläi;ää; u' jrnat' d,in rostral cover over is ap-ical

f'ü;""oäi; a* Figurc 2t, A'C: various.spccies of the

belänites acuarius gtotspl D: Dactyloteutus.irrcgutar$i E:

iäiäliäiiii ä. eietiteot i: Neohibotitcs minimus)'
'-ifiäuiiä'"i"iüa"onhoäsuum was originallv composed of

calcitc, and it is generally still prcscrved ali calclte' tnls

t

,rtT

\

,1

4
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FiE. 20. Skctch of carly onrogcncdc mstrum of thc aulacoc .ta:d/d Dictyoconircs from thc Middlc
t iäsii §i Cjas.ian Fr5nnatiön. Thc rcsts.,m is vcry slcndcr and is 8ttachcd only to thc first
chambcr. From Bandcl (1985' Fig. 24)

c

f Orthorostrum
Eplrostrum:
ffi! cotcilr

ßl Arogonile

Fi9..21. A. Bclernnitcs acubtius longisulcatofuom thc upper_Lias of solthem Gcrmany, with_a

ffif,;h;;";Ed;d lons aragoniüc cpirostrum surroun-d-cd by a calciric covcr (7 cm long)' B'
B;;;i;;;;r*l^ from ürc u"ppa UÄ of southcrn Gcrmany, with a mcdium-sizr (5 cm long)

;ä;;;ä; ;;;;ä-iä a itigi'tly to"gcr cpirostrum. Thc calcitic covcr of thc aragonitic corc

of üc cDirostrum docs not covgr the apical portion. Thc srsBonidc co- rc-commonly § drssorvc{l-

and thirostra aDDcsr to bc cmpry. e: Belemnites acuariLt tubul&rß f'om thc -upPcr Lras or

ilth;;-Gc;ä'v: with a thinbithorosrum and long, slcndcr c-pirostrum' Dudng diagcncts'
ffi-ä;ffti;-ä;' äi ürJ cpirostrum collapscs dr recrystallizcs as bloc§ calcilc' D:

öä"it"üüü iiüi4-* tom Uppcr Lias of southem Gcniany has a-thumb-litc onhorostrum.
-_ äl-" uäiali Eüiiitiänat ,osri,., and a shon cpirostrum. Ei Me.gotc[tus cf.. gigattea
(Middlc Jurassic, northcrn Gcrmany) has a 3Gcm-long rostrum consrsunS o.t.l PuJlty gll9luc
önhorosrum and an cpirosrum thar is aragonitic only ncal i§ cotc. -l.i Ncoht6ogrhcs mtnunus

ä\äe1-j?i;tä;, t'io.oJ* c"t -y) hä a shon Lpirostrum (total lcngth of rcstrum 4 cm)'

From Bandcl and Spacth (1988' Fig. l).
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Fic. 22. Lonsitudial sddon through rhc cultlcbonc of thc cmbryo of S,p ia Plaraonis frcI,r. thc

Rä Sc& Fiv; chsmbcrs ari complctcd and thc spinc (s) is prcscnt with la.mcllst struciurc. lhc
ihr.i* äori.t iivn (dl) forms iphcnrlitic aggrägatcs nc8r thc postcrior rim of thc shcll. Thc

äät.tlarcr icl) tliat ii iurclv o.danic in thc rcgiön of the carly cmbryonic shcll l8tcr bccomcs

;ä"-;jGüä. tn ttic siptrunäulu zonc (sz)-of thc sccond Chambcr, thc sP-scc bcrw*n üc
i[f.äliparttv ftucd with äragonitic cryslais rhat show 8o inorSsnic tyPc of cry$al Srowth'
hrom ganäcl aira aolcuky 1979, Fig. 14).

oricinal mincralosv is prcscrvcd in thc casc of thc Middlc
üÄtti" iioou*ä frori Lithuania (Bandcl ,, al.' 1984) ard
i"äritatiization changed it vcry lilllc (Dullo and Bandcl'
i-s8är. Soacü (1971,-f975) deäonstratcd that much of thc

int""iat iämcttai poriion of thc onhorostrum was unmincr-
;iiä. Vcizcr' (1974) analvzcd biochcmical dau on

u"i..nitr .rr anä intirprct«i ücir original mincralogy a§

low-Ms calcitc. wiü 8t lcast l0% organic m8lcnal or
o".oiiti. mcrc'is no indicsdon that Kabanov's (196-7) idca'

äJä1i5ärä bv Dauphin 0984)' is corrcct, thar thc

iääro-iui "r 
i[ bclc'.nircs- wcrc comPoscd o.f prlg]{y

arasonitc and that thcir calcitc is only diagcnctlc' wcu'
Drcicrvcd bclcmnirc rosua ccruinly would nol bc 8s common
'.r tt.y ue in for.ttic and Gcuccius srau if this hyPothcsis

wcrc corrtat
rrri orismatic calcitc in bclcrnnitc rostra was sccrctcd in

srötrr'r"vt" which cxactly rcflerrcd thc original, smooth

cowth surfacc. Organic laycrs wcrc conccntratcd at Srown
ärfaccs which sho-w fcw är no calcitic prisms'- In many

bclcmnitcs, thc complctcd calcitic rc§trum (onhorcstrum)

;; *r;d bv an idditional rosmrln (cPircsrum) wtich
commonlv diffcrcd in'morphology' strucluc, and lrulg'
alow. Tf,c cpirostrum corfsistcd mainly of aragonilc whrch'

tträüeh diascncsis, is now commonly transformcd- inlo
calciG or isässolved, lcaving 8 cavity lilled witi scdimcnt
or ceEcnt (Bandcl 8nd Spacth' 1988)' Thc galcium carbonatc

;i ä;]i".fi; diff*t'in boo crvsut suitcturc and crvsul
arranscäcnt fonn ürc calcitic rosmlm. Whcrcas thc cslcluc
;iüäaE rrr lrows in finc prismatic laycrs with parallct

crystal ne.cdlesl üc aragonitc of thc epüosrum is commonly

arranscd in sDhcruUtc scctorc. In thc ToaEian bclcmnites
Satoiirotcutiis, Younghelß, Acrococlitcs, a d Dacrylo'
rc!iär'; ana in thc Aibian Ncohlbolltes, thc butk of thc
cDirostrum was arasonilic with cxtcrior longitudinal ridgcs
aird funo*s rcflädng rirc consruclion of spherulitic
prismalic gowth ridgcs parallcl_ o thc long axis of thc guard.

Bclcrnnitcs gcncrally covcl thcu üago trc cProstrum wlln
sn cxtcrior öalcitic iaycr. This laycr givcs evidencc for thc
comolction of thc ciirostrum, and it may not hsvc bcen
fornied in all sDcciei wirh ul cpirostrulo. Many belcmnitcs
from thc Lias ihow a stcp on 

-thc 
Prcscwcd calcitic onho-

rostrum which indicgtcs ülat en aragonitic cpirosrum was

orcscnt but is not prcscwcd Transidons from sragonitic !o

äalcitic lamc[ac aic cornmonly obscwed in cPirosm, ind!
catinc that calcitc was bcing dcpositcd in closc Proximity to
araso"nilc. A simitar rapid transition from sraSonitic lnto
calöidc structurcs is alio rcsponsiblc for thc so called

'oscudalvcoh'in thc UDDcr Creuccous bclcmnitcs Actino-
iarai- ooniotewhis, ';;d Bclcnrolbcanax (Bandcl and

SpacO, t98S). Thc sngutsr apcnural cavity 9f $c 'p9eup'

alvcola' is a prcducl of posunoncm dis§oluuon ot thc

ariiäiriti" ph-i.a"nc and the aragonitic apcnural ponion

of thc rosmtm.

D, Rostnrm Homologs in üc Scpüd Cltdcbon€' ctc.

In Seaia's cuttlcbonc thc formsdon of Ürc dorsal layer
ucines rdlhcr larc in embryonic dcvclopmcnt (Bandcl ard
Bolc-rzky, l9?9). ln Scpto öfrictrulb' this layer fust appcus
in rhc förm of an incgulu crystal covcr on thc organic outcr
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surfacc of thc shell ("d1" in Figure 22). ln Sepia pharaonis,
thc dorsal tayer initially consists of nodular spherutitic
structures, but with funhcr growth spherulitc secton form on
this dorsal sidc of thc ccntral organic layer. fic dorsal layer
srows oycr thc surfacc of thc widc ccnlal organic laycr
ihrough thc formation of ridgc- or bump-likc spherulitic
structüres surroundcd by organic matcrial, or with thc for-
mation of a zonc of iregular 6nc crystal Fowth. This may
differ among individuals as wcll as betwccn gowth stagcs of
an individual.

The Jurassic vampyromorphid Trachycahis shows similar
dorsa.l calcffication. In this gcnus sphcrulitic aragonitc
dcposited on thc dorsal surfacc of thc gladius rcscmblcs that
of modcm Scpra @andcl and Lcich, 1986). Although this
squid lacks a chambcrcd shclt, thc gcnctal shapc of its
gladius and Ihc morphology of is fins (Figurc l) wcrc
simila, to modcm Scpia (scc also Figurc 23, A: laligosepla,
B: Traclrytcuthis, C: liptoteuthis, D: Plcsioreuthis, E,F:
Ce laenokurhis, Ci Palaeobligo),

Retuming to Sepro (Figurc 24), üc dorsal laycr may bc
abscnt near thc spinc on thc postcdor part of thc cutdcbonc,
as in Sepic oficinalis; it may sunound thc spine, as in §.
orbignyana; or it may bc rcprcscntcd by a vcry thin crysu-l
covcr on lhc ridgc which rcprcscns thc spinc in S. elegans.
Structurally, this postcrior spinc must bc rcg8rdcd ds pan of
thc ccnral laycr, although it generally bcgins to forri on thc
cmbryonic dorsal laycr. Thc strclls of Sepia orbignyana and
S. phoraonis havc soongly calcified, solid spincs. From thc
margins toward thc ccntcr of thc spine, lamcllac bccomc
continuously thicker and show an incrcasing arnoun! of
calcarcous matcrial. Thus thc spincs consist of-conical laycrs
pilcd upon onc &nothcr. Each of thcsc conical laycrs is
thickcst at its ccntcr and is continous with a purcly organic
laycr at the sidc of thc spinc. Thc spinc isclf is a purcly

lamclla, structurc ('t" in Figue 22), whcrcas ii is suroundcd
by organic contlruations of its lamcllac which intcrdigitatc
with calcificd malerial of thc dorsal laycr.

VI. Shcll Dcposits wirhin rhc Chambcrs
and Siphuncular Tubc.

A. Inracamcral Dcposits.

Inracameral dcfosis commonly occur in thc phragmoconc
of fossil ccphalopods, but thcy arc unknown in lVaurilrc,
Spirula and Sepia. Thcsc dcposis arc rcmctimcs dillicult ro
intcrprct with rcgard o thcir timc of formation, snd somc
may rcPrcscnt pos, morrrrn ccmcntation.

Thc following cxamplcs illusratc thc diffcrcnt functions
and structurcs in camcral dcposits in thrce fossil spccics
which ccnainly formcd thcsc during thcir lifctimc.

Thc phragmoconc of thc Middlc Jurassic bclcmnitc
Belemnoteuthß polonica is usually frec of intracamcral
dcposis. Howcvcr, inracameral dcposis wcrc formcd whcn
thc animal sustained damagc at thc apcx of its chambcrcd
shcll snd was obliged to rcpair thc guard as wcll ss thc
phragmoconc @andcl and Kulicki, 1988) (Figur 3). Aftcr
loss of thc apical chambcrs of thc phragmoconc thc musculat
mandc tissuc hcaled and thc tcrrninal chambcrs of thc
phragmoconc wcrc floodcd (at lcast 15 chsmbcrs in thc
studied cascs). Liquid secping into thc chambcrs through thc
organic siphuncular tubc camc from thc muscular mandc
surrounding thc shcll as wcll as from thc siphuncular tissuc.
This was apparcntly rich in CaCQ and it prcipitrtcd an
sragonitic ccmcnt which cortcd thc inErior chambcr wslls.
Thc siphuncular tubc itsclf rrmaincd frcc of dcposits, and it
may latcr havc pumpcd thc chambcrs cmpty sgrin rftc8 lotat
hcaling of üe tissuc and rcpair of thc drrnagcd ü8gonitic

Fis. 23. Gladii of Jurassic "vampyromorph" squids. A: loligosepia adlcnsis frcm thc upPer

Liis, B: Tracl»teurhts hasriformü wiü a aalcsteous covcr on thc dorsal shicld; uppcr Malm. C:
I2Drotcuthis plnar from thi upper Malm. E. Celaenoteuthis sp. from thc uPPcr Malm' F:
C;laenoteuhis'scur?rldrJ frori 

-thc 
uppcr Malrn G: Palaeololigo obloaga fuom thc upPcr

Malrn Notc thc various forms of ccntrsl and latcral ficlds and thc morc or lcss distinct "conus
ficlds".
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Fie. 24. Vcnral vicw of the cuttlcbonc of ,tepia, 'xith flat

"h'"mucn 
sccrctcd in thc dcprEssion of thc donal shicld'

suard. Near thc siphunclc, thc dcposits 8rc thickest; they arc

t-in*tinÄ u" aörsal side, thusicflccting thc orienution of
Belemnoreühis during lifc. Shcll rcpair is not -uncommon
amons bclcmnitcs but, in forms with rostra latgcr than

EiliänoreutNs löis usually includes only thc rostrum and not

rhe Dhracmoconc. Thcsc largc forms howcver, may havc sull
."""i.d -o shcll damagc by flooding of thc Po-steno'
chambcrs of thc phragmoconc in ordcr to comPcnsatc tor losl

*,:fimf :.gXT:,ä11T"","',:üi,{ffi ,"#He
belemnitc phragmoconcs may havc originatcd rn thls manncr'

Höwcvsr, orhcr rcponed ca§c§ Eay mcrcly rcprescnt post
norrern ccmcnts (Bandcl 8nd Spacth, 1988).

Thc onhoccrstid (lamcllorthoccratid) AnhroPhr un had a

simDlc siDhuncular tubc which was conncctcd by many wcll
araiecd. suspcndcd orqanic shclts to thc scpta and chambcr
*"[s-rrieuri 15: Fisrfo 25: orsanic shccs sccdoned, A:
b;al ciraäbcr, s: cciml chsmbär, C: upPcr chsmbcr). Thc
chambcrs wcrc apparcndy pumpcd cmpty &nd in thcü postcr-
ior ponions larcr-floodcd again. Whcn rhc siphuncular tissuc

ccaicd pumoinr. liquid sloülv sccpcd into thc chambcrs and

filled dcm'agäin. 
- 

T'ttc C8++ anii COr- containcd in this
rcrumins lioui-d prccipitatcd on thc casrral organic shccts

and ctraäUci' wails wjth thc cxccption of a small arca that

rctaincd a small bubblc of gas. In-trscamcral dcposits in rhis
casc wcrc ca.lcitic, and dong with thc associalcd liquid' ücy
scrvcd to wcigh down thi postcrior part of üc slender

conical shclt. -This facilitarcd mainrcnancg of 8 horizonnl
oosition durins swimming and rcsting @andcl, 1985; Bandel
änd Stanlcv. 1-988). In üis casc intracamcral dcposits wcrc a

normal modc of shell sclrction rathcr lhan I rcaction to shcll
damaPe.

In 
-thc rhird examDlc aragonitic deposit§ wcrr laid down

durins rhc tifc insidi rhc shClt chambcrs of Carbonifctous to
Üooü frdssic pscudorthoccradds (Risledt, l97l). Hcrc

oiimatic sphcrulitic gowth of aragonitic ncedlcs occuned

än thc innci walts of thc chambcrs, continuously filling thcm'
Liouid rich wiü calcium-carbonaE must havc sccPcr
rruäush üc siphuncular tubc for a long timc until thc
posteior cham6crs of cach phragmoconc bccamc fillcd with

ihesc rclatively disordcrcd chambcr dcposits'

B. Iotrasiphuncular DcPosils.

C)uitc a numbcr of Palcozoic ccphalopods dcposited mincr'
aliicd marcriats within thcir siphuncular tubc' Unfonu'
narcly, thc original mincraiogy 8nd structüc of thcsc

a"ooiiu is stitl ii'oorlv known. -Änong modcrn ccphalopods
wirlilus rarclv ilueiis siphunculü tübc with solid organic

-ireria taanäci ani Spacri, 1984)' Howcvcr, this is not thc

,i"ii i.tä. Normallv ürc siphunclc in Naullrc remains open

;d ;;dr; irom tnä nnt 'to thc last chambcr during thc

anirr.t;t *tit" lifc CiVüd, 1987). Pluggcd siphunclcs may-

reprcscn! I very simplc soludon to cncrgy consumpuon oI
siihuncular dssuc which was commonly usco dunng Inc

ABC

üi$ffi ;tti$xffi f i#fl #fr l[#intrJ,dffi;Hrxiiä*s;*]":r-4
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Paleozoic. Thcsc plugs pcrhaps consistcd of simplc ca.lcitic
dcposis in cndoccratids and more complcx oncs in
acünoceratids. Both cxamolcs rtouirc a much closcr look
bcforc thcy can bc adquaicly eväuatcd (scc Dzit, 1984).
Scpae wcft uscd to clos:c thisiphuncular tubc, 8s notcd for
thd eUcsmcroccalid, Picrctoccras by Mutvci and Stumbur
(197r).

VII. Mincralizcd Jaws, Brcod Chambcrs and Statoliths.

A. Mincralizcd Jaws of Naalilas and Aptychi.

Cephalopod mandiblcs consist primarily of I Protcin-chitin
complex which, in thc casc of Naulilus, is mincralizcd only
in rhi cxposcd, oral ponion of thc jaws. It is nor yc! clcar
whcrhcr iaw mincraiization is rcsricted to Naarilrs and
related gäncra, or whethcr other cephalopods dcvelopcd
mineralizcd mandiblcs as wcll (Lchma'ln, 1972; Tanabc'
1983; Tanabc and Fukuda, 1983; Bandcl, 1988).

Thc aptychi of ammonitcs havc bccn inlcrprcted by
Lehmann (i9i2) as lowcr jaws, slthough Schindcwotf (1958)

and Bandet (1988) prcf6 to rcconstruct thcm as oPcrcula.
Aptychi consist of calcitic laycrs deposited ovcr an organic
uäsi. Tlc structurc of thc aptychi rcscmblcs that of thc
Artonautd brood chamber: both consisl of calcitic prisms
oriintcd pcrpendicular to thc surfacc of growth. The
inrerprctaüon of aptychi as lowcr jaws is madc difficult by I
non-mincralircd ccntral line, whcre thc cntirc apparaos
could apparcntly bc folded. Rcconstructcd as opcrcula
coverini 

-thc 
h-cad, the aptychi could fold and unfold

pcriodicalty to pcrmit brrathing ü[ough thc vcntral funnel
when thc snimal was rrtractcd inlo its shcll. On thc othcr
hand, Lowcr furassic ammonitcs such as .Arrdoccras havc
rcpeatedly bccn found with thcir uppcr jaw rcsting in thc
apychus'in a positon rcsembling a lowcr jaw (Lehmann,
1987).

Thc mandiblcs of Nar.ril.§ arc covcrcd by minera.l dcposis
only in thcir sntcrid pans ncar the biting cdgc of thc jaws'
A hycr of spherrlitiC prismadc aragonitc lics.bctwccn the
orgairic bcak-and thc biting cdgc of rhc bcak which consiss
oiMg-calcitc (lowcnstam ct al., 1984), Crystallitcs in thc

uppcr jaw arc morc rcgularly organizrd than thosc in thc
lower jaw, but both sEucturcs 8rc raücr coarscly tcxturcd
Clanabc and Fukuda, 1987). Pcrsonal obscrvation ofNaztilus
bcaks rcvcal acicular prismatic, sphaulitic prismatic and
sphcnrlitic arrangcmcnb of calcite nerdlcs, in agrcmcnt
with Tanabc and Fukuda 0987, Figs. 3 D-F).

B. Btood Chambcr of Argonaüo.

Thc shcll of Argonaua is produccd by thc fcnules as
protccdon for üc cggs, and as a refuge wherc thc individual
usually rcmains throughout ir daily activides. Unlilc
normal ccphalopod shclls, thc lrSorada shcll is formed by a
sccrctory cpithclium situated in folds in a spccializcd pair of
arms. 'Ihcsc two a.rms cxtcnd ovcr the posErior ponion of
thc body whcn boat sccrction bcgins, and thcy initially
producc a cap-likc fust shcll. This first shcll is thcn r"gularly
enlarged by additions to is margins (Nact,l92Z).

T\c Argonawa shell is composcd of thrcc calcitic laycn,
thc outcr of which is thickest. Dcpositon bcgins with a
ccnEal laycr composed of fibrous organic thrcsds into which
calcitic sphcrulitcs 5 to l0 microns in dismctcr arc dispcrsed.
Thc inncr 8nd thc outcr laycrs rcprcscnt continuations of thc
growth of thc prismatic nccdlcs mmprising thcsc sphcrulitcs.
With condnucd growth, thc sphcrulitcs gradc into sphcrulitc
sectors, 8nd Iatcr into parallel nccdlcs arrangcd pcrpcndicular
to the surfacc of thc shctl. Fossll Argonauro shclls frcm
Teniary dcposits havc thc samc structurr as Rcccnt oncs
(Bandcl and Dullo, 1984).

C. Statolirhs.

Ccphalopod statocysts contsin mincralizcd clcmcnts which,
in thc casc of rVaur'llr, consist of numcrous smsll sphcrulitic
statoconia (Iawcnstam .r a/., 1984), and in modcm dccapods
and octopods consist of I pai, of staloliths with Exonomi-
cally spccific shapcs (Clarkc, 1978). Fossil statoliths of
dibrsnchiaE ccphalopods sI! Lnown from E ccnc strau on-
ward. Thcse bodiep arc Iragonidc rnd sphcrulitic prismrtic.
Thc intcmal structurc of thc oldcst statoliths Eportcd by
Clarkc (1988), frcm üc Jurassic Pcriod, is not prescrved.


