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Abstract. The structure of the shell septa and wall of

which the animal can underrake vertical migra

the siphonal tube in Nautilus pompilius L. is described

tions from the surface of the sea to the depths of
probably 500-600 m. (Denton and Gilpin-Brown,

on the basis of scanning electron microscope studies.
Considerable

structural variations of the shell

layers,

above all in the septal neck are recorded. Owing to these
variations, it is, in places, difficult to distinguish the

1966). For the latter function, the shell structure
is more complex than that in other molluscs. Thus,

nacreous layer from the adjacent prismatic and spheru

the shell cavity is divided by calcareous septa into

litic-prismatic layers. In all, eight varieties of the nacreous

numerous chambers which are traversed by the

crystals are described.
It is demonstrated that the inner conchiolin layer of
each connecting ring

originates

from the

structurally

modified nacreous layer of the contiguous septal neck.

siphonal tube. This tube is formed by a fusion
between funne! shaped prolongations of the suc
cessive septa. In each chamber the siphonal tube

This conchiolin layer can therefore be regarded as an

is camposed of the

uncalcified nacreous layer.

septal neck and the distal, permeable connecting
ring. The chambers are initially filled by a liquid
which, in order tO maintain the buoyancy of the

The structural relationship

between the uncalcified and calcified nacreous layers in the
siphonal tube of Nautilus is analogous to that between
the

ligament

and

calcified

valves

in

lamellibranch

shells.

proximal, non-permeable

animal, is osmotically pumped out through the

During ontogenetic growth, the distal portion of the

permeable connecting rings inta the siphonal cord,

septal neck and the connecting ring are completed much

housed in the cavity of the siphonal tube (Denton
and Gilpin-Brown, 1966). Porous layers of cal

earlier than the remaining parts of the septum. The
functional advantage of this condition is discussed. A
short comparison in the structure of the siphonal tube
between Nautilus and fossil cephalopods is made.

cium earbonare and conchiolin in the septa and
wall of the siphonal tube participare in this osmotic
mechanism.
Cephalopods with unreduced, externa! sheils

INTRODUCTION

were abundant in the Paleozoic and Mesozoic seas,
and under lang periods they dominate the in

Nautilus (sub-dass Tetrabranchiata) has a limited

vertebrate faunas. The structure of the siphonal

geographical distribution in the Pacific Ocean. It

tube in several of these extinct cephalopods seems

is the only genus of the living cephalopods which

to have been similar to that in Nautilus, whereas

still possesses an unreduced, externa! shell to
support and proteet the soft body. The shell also

in others it has been samewhat different. A de
tailed knowledge on the shell structure in Nautilus

functions as an hydrastatic apparatus by means of

is necessary for the analyses of these differences,
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and for their bearing on the hydrastatic mecha
msm.
Light microscopic studies on the structure of
the Nautilus shell have been summarized in a

were embedded

m

a transparent, cold setting

plastic, Castolite (manufactured by the Castolite
Co., Woodstock, Illinois, USA). The shell was
then ground to a suitable level either vertically or

previous paper (Mutvei, 1964 a). Transmission

tangentially, using a fine grained carborundum.

electron microscope

on

The polishing of the sections was accomplished

replica techniques, were published by Gregoire
(1962). Recent! y, several structural details in the

on a polishing rnachine by using diamond pastes
of 7 microns and 0.25 micron grain size. The

Nautilus shell have been investigated with scan

polished sections were etched with chromium

studies,

based

mainly

ning electron microscope by Erben et al. ( 1969),
Wise (1969, 1970) and Mutvei (1970, 1972).
The present paper deals with scanning electron
microscope studies on the structure of the septa and
wall of the siphonal tube in Nautilus. Particular

sulphate (see above) in 15-30 seconds. After
removal from the etching solution, the prepara
tions were drained of excess solution with a filter
paper and left to dry in air. The mounting and
coating of the preparations were made in the

attention is paid to the structural variations of the

same manner as for the preparations of the surfaces

shell layers, and on the relationship between the

and fracture planes.

septal necks and connecting rings.

Other etching solutions, such as picrinic acid,
uranyl acetate, phosphortungic acid, and a mixture

MATERIAL AND METHODS
The material investigated comprises several dry
shells of Nautilus pompilius L., collected on the
shores of the Solomon Islands, Pacific Ocean.

of EDTA and 25 % glutaraldehyde, were also
attempted on the polished sections, bur with results
inferior to those obtained with chromium sulphate.
Preparations of demineralized nacreous conchiolin.

The inter-lameHar conchiolin membranes of the

Preparations of surfaces and harizontal fracture

nacreous layer were demineralized in EDTA (Mut

planes. The surface of the septa, septal necks and

vei, 1970), washed in tap water and mounted

connecting rings were cleaned from conchiolin

on thin glass plates where they were left to dry.

with sodium hypochlorite, usually for about 1015 minutes. After a thorough washing in tap

The mounting of the glass plates on the prepara
tion holders, and the coating, were then done
in the usual manner, as described above.

water, the preparations were dried in air. They
were then glued on preparation holders without
a further treatment, or etched before the mounting
with chromium sulphate in 15-30 seeonds (Sund

TERMINOLOGICAL AND STRUCTURAL
REMARKS

ström, 1968; Mutvei, 1970, 1972). The prepara
tions were coated with evaporated gold and studied

The shell of Nautilus is composed of aragenitic

with a scanning electron microscope STEREO
SCAN (Cambridge Instruments Ltd.; abbreviated
below to SEM) in the Swedish Museum of Natu

layers have been previously distinguished by light
microscope studies of thin sections (Mutvei,

crystals and conchiolin. Three principal aragonitic

ral History, Stockholm. For studies of horizontal

1964 a) , i.e. the spherulitic-prismatic, the nacreous,

fracture planes, pieces of shell were broken hori
zonrally with a pair of tongs and then treared as
the surface preparations. In other cases, pieces

and the semi-prismatic layer.

of shell were left overnight in sodium hypochlorite.
After this treatment the conchiclin between the

The term 'semi-prismatic' was introduced by me
for such layers in which the prisms have retained
an uncomplicated structure. However, a detailed
classification of the aragonitic prismatic structures

crystalline layers was dissolved and these layers
could be separated from each other for prepara
tions.

prismatic is therefore here replaced by a more
general term, prismatic, as suggesred by Erben et al.

Preparations of polished sections. Pieces of shell

(1969).

has hitherto not been carried out. The term semi
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Fig. l. Structural relationship between spherulites and
prisms. A, spherulite with regular spherical orientation

of radiating crystallites; D, prism

of the crystallites; B, incompelte spherulite with crystal

partially fused minor prisms.

m
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which crystallites

have a paraHel arrangement; E, camplex prism of several,

lites developed only in the upper half; C, prism camposed

The spherulitic-prismatic and prismatic layers
in the septa and siphonal tube consist of acicular
crystallites. In complete spherulites, the crystallites
are arranged spherically, radiating from a centre
in all directions (Fig. l A). However, most sphe
rulites tend to be incomplete (Fig. l B). Schmidt
(1924) pointed out that the prisros can be ranked
as incomplete spherulites. Here, only parts of the
spherulites continne

to

grow and form hundles of

crystallites (Fig. l C, D, E).
The typical nacreous crystals are tabular and
often hexagonal in outline (Fig. 11 A). They are

The previously used terms, the inferior and
superior divisions of the siphonal funne!, intro
duced by me to emphasize the structural continuity
between these divisions (Mutvei, 1964 a) , are now
abandoned and replaced by the current terms, the
septal neck and the connecting ring, respectively.
The anatomical orientation of cephalopod sheils
has been disenssed by me in several papers (e.g.
Mutvei, 1964 a, 1967, 1971). According to this
concept of orientation, which is also used here,
the shell aperture is directed downwards and the
shell apex upwards. The convex (adapical) face of

arranged in horizontal, consecutive mineral lamel

the septum is therefore dorsal, and the septal necks

lae, separated by inter-lameliar conchiolin mem

and the connecting rings are directed upwards.

branes. As demonstrated below (see also Mutvei,
1972), most nacreous crystals also consist of
OBSERVATIONS

acicular crystallites which are arranged vertically
to the crystal surfaces (Fig. 11 A).

THE SHELL SEPTUM PROPER

Light roieroscape studies (Mutvei, 1964 a) show
that boundaries between the spherulitic-prismatic,
nacreous and prismatic layers in the septa and

The entire dorsal (convex, adapical) face of the
septmn is covered by a conchiolin layer which is

septal necks are often indistinct. Moreover, con
sidetable structural variations occur wirhin each
of these layers. The nacreous layer may, in places,
acquire a structure similar to that of the spherulitic

about

prismatic and prismatic layers, due to these varia
tions, and vice versa (see also Mutvei, 1972).

l

micron thick in the

ontogenetically

younger septa (d.c.l, Fig. 4 A; PI. 4, Figs. l, 3).
The structure of this layer is not dealt with in
the present paper, bur as shown by transmission
electron microscope studies (Gregoire, 1962), it
consists of fibrous membranes. The conchiolin
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layer. These three aragonitic layers were restudied
in SEM preparations. Also the ventral (concave,
adoral) face of the septurn is covered by a conchio
lin layer, but this is considerably thinner than the

con n

dorsal layer, and discontinuous in my prepara
tions, covering only the distal ends of the ventral
aux.

r

sph.pr

prisms.
Th e spherulitic-prismatic layer. This la yer (sph.pr,

Fig. 4 A; PI. l, Figs. l, 2) is always present in
the peripheral, dorsal portion of the septurn,
adjacent to the shell wall. lt forms a narrow zone,
termed by Gregoire (1962) the sutural cements
and infillings, and by Erben et al. (1969) the
"Zwickelfiillung". lt rnay be as much as 1/10 of
the total thickness of the septum. As seen in sur
face preparations, its major structural elements
are aragonitic prisms and spherulites. The prisms
vary considerably in diameter and length, and lack

l

l

il

!1

l

i l

l! l
'

l

a preferred orientation (Fig. 4 A; Pl. l, Fig. l;
PI. 2, Fig. l; Pl. 3, Figs. 3, 4). They rnay be
panially fused (PI. 3, Fig. 4), but narrower or wider

/

i �

:

interspaces rernain between them. The prisms are

l

l l
l

l

camposed of acicular crystallites, often fused with
each other to form larger prismatic sub-units (Pl.
2, Fig. l; Pl. 3, Figs. 3, 4). These crystallites and
prisrnatic sub-units are oriented either paraHel to
the long axis of the prisrn (PI. 3, Figs. 3, 4), or
they radiate rnore or less distinctly towards one
or both ends of the prisrn (Pl. l, Fig. l; PI. 2, Fig.
1).
The spherulitic-prisrnatic layer rapidly decreases
in thickness centrally, towards the siphonal tube
(Fig. 4 A; Pl. l, Fig. 1). One or several terraces

Fig. 2. Septal neck with parts of the contiguous and

are formed on its centrally facing slope (Fig. 4 A;

succeeding connecting rings. aux.r, auxiliary ridge; conn,

Pl l, Fig. 2). The harizontal floors of these ter

connecting ring; i.c.l, inner conchiolin layer of the con

races were originally covered by conchiolin rnem

necting ring; nac 1, nac , ou ter and inner nacreous sub

branes (see below) which were removed by the
treatrnent with sodium hypochlorite. These rnem
branes have hindered the further growth of the

2

layer of the septal neck, respectively; pr, inner prismatic
layer

of the

septal neck;

sph.pr, spherulitic-prismatic

layer of the septal neck and connecting rings.

layer is succeeded by three aragonitic layers (Mut
vei, 1964 a) , previously distinguished by light
rnicroscope studies of thin sections: (l) a dorsal,
thin spherulitic-prisrnatic layer; (2) a thick
nacreous la yer; and (3) a ventral, thin prismatic

.

prisrns. On the floors of the terraces tabular
aragonitic crystals were deposited between the
conchiolin rnernbranes (Fig. 4 B; Pl. 2, Figs. 2, 3,
4, 5). These crystals are sparse, and they often occur
in small stacks on the truncated ends of the prisrns.
Sorne of the tabular crystals show all the features
typical for the nacreous crystals on the ventral
septal face (compare Pl. 2, Figs. 3, 4 and Pl. 7,
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Fig. 3. Three successive growth stages of a septal neck

C, growth stage after the formation of the inner nacreous

and proximal part of the contiguous connecting ring

sub-layer of the septal neck. c.l, conchiolin layer covering

(compare with Fig. 2). A, growth stage after the forma

the surface of the septal neck and connecting ring; i. c.l,

tion of the spherulitic-prismatic layer of the septal neck

inner conchiolin layer of the connecting ring; nac1, nac 2,

and connecting ring; B, growth stage after the forma

outer and inner nacreous sub-layer of the septal neck,

tion of the outer nacreous sub-layer of the septal neck

respectively;

and the inner conchiolin layer of the connecting ring;

septal neck and connecting ring.

Fig. 2). Thus, they are hexagonal in outline, and
camposed of aragonitic granules of about 0.1-0.2
micron in diameter (Figs. 4 B, 8 B; Pl. 2, Fig. 4).

stages of the granular, tabular crystals already

In addition to the tabular crystals, small accumula
tions of aragonitic granules occur, scatrered over

rulitic-prismatic layer was also studied in polished
vertical sections, etched with chromium sulphate.

the harizontal floors of the terraces (Pl. l, Fig. 2).
These granular accumulations may be initial growth

These preparations show that this layer is traversed
by several harizontal conchiolin membranes with

sph.pr, spherulitic prismatic layer of the

described.
The peripheral, thickened portion of the sphe

242

Harry Mutvei

the spherulitic-prismatic

Fig. 4. A, block diagram to show the dorsal conchiolin

m

layer of the septum, the thickened, peripheral portion

nacreous layer

of the spherulitic-prismatic

layer

of the septum,

and

(approx.

layer

and

in the

adjacent

X 8 000).

d.c.l, dorsal conchiolin layer of the septum; d.nach.h,

parts of the septal nacreous layer and shell wall (approx.

dorsal,

X 700) . B, detail of Fig. A, showing stacks of tabular

nacreous layer;

structurally

modified

stratum

of

the

septal

nac, septal nacreous layer; sh.w, shell

crystals on truncated ends of prisms (approx. X lO 000);

wall; sph.pr, thickened, peripheral portion of the sphe

C, detail of the vertical seetian in Fig. A to show arrange

rulitic-prismatic layer of the septum.

ment of harizontal conchiolin membranes and crystallites

irregular spacing (sph.pr, Fig. 4 A, C; PI. 5, Figs. l,

these crystallites have ari,en by a fusion of globular

4). These membranes do not interrupt the growth
of the prisrus and spherulites, except on the centrally

4). The layer in question may be predominantly

facing terraces, described above. The prisrus and
spherulites are camposed of acicular crystallites,
about 0. 1-0.2 micron in diameter. Apparently,

aragonitic granules (Fig. 11 B; sph.pr, PI. 5, Fig.
spherulitic in composition in its thinner, central
portion (sph.pr, PI. 4, Figs. l, 2, 4). The spherulite>
consist of radiating acicular crystallites, and they
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several harizontal conchiolin

3). However, in one of my preparations, the

membranes which do not interrupt their growth.

spherulitic-prismatic layer forms a broad zone
which extends from the thickened, peripheral
portion in the central direction. This layer is here
very thin and camposed of groups of spherically
arranged acicular crystallites (PI. 3, Fig. 1). In

Similar spherulites, camposed of acicular crystal
lites, were described in the corresponding portion
of the spherulitic-prismatic layer in a previous
paper (Mutvei, 1972, Text-fig. l B; PI. 2, Fig. 1).
In the remaining, main portion of the septum,

another preparation, the spherulitic-prismatic layer
forms a broad zone in the central portion of the

the spherulitic-prismatic layer is often absent, and
the dorsal conchiclin layer is immediately succee
ded by a dorsal, structurally modified stratum of

septum. It consists of !arge, porous prisms, up
to 8-10 microns in diameter. The prisms are

the nacreous layer (d.c.l, nac, Fig. 5 A; PI. 4, Fig.

separated by narrower or wider interspaces, and

nac

d.nac.h
d.c.l

nac

Fig. 5. A, block diagram of the dorsal portion of a

which occasionally is developed between the dorsal con

the

chiolin layer and the nacreous l ayer (approx. X 2 000).

structurally

modified stratum (approx. X 5 000). B, similar block dia

d. c.l, dorsal conchiolin layer of the septum ; d.nac. h,
dorsal, structurally modified nacreous stratum; nac,

gram as in Fig. A to show the spherulitic-prismatic layer

septal nacreous layer.

seprum,

showing

the dorsal conchiolin layer

succeeding nacreous layer with its

dorsal,

and
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camposed of numerous acicular crystallites (Fig.

membranes may still have a slightly undulating

5 B; PI. 6, Figs. 5, 6). They have a highly variable

course at the boundary region, close to the dorsal
stratum (nac, PI. 4, Figs. l, 2, 3; PI. 5, Fig. 1).

orientation in relation to the succeeding nacreous
la yer.
Erben et al. (1969) were not able to find the
spherulitic-prismatic layer in the main, dorsal

Moreover, in peripheral parts of the septum the
nacreous structure is in places interrupted by in
clusions of prism-like elements, camposed of

portion of the septum. This can be explained by

acicular

the fact that in most septa the layer in question

oriented parallel to each other, at right angles to
the nacreous lamellatian (pr.i, PI. 5, Fig. 2), or

is absent, except most peripherally, adjacent to
the shell wall.
Th e nacreous layer. Vertical polished seetians show

that the dorsal part of the nacreous layer forms
a structurally modified stratum which, in the onto
genetically younger septa, is 3-5 microns thick.
This stratum is characterized by the occurrence
of unusually thick, inter-lameilar conchiolin mem
branes with an undulating course, and which there
fore coalesce in places with each other (d.nac.h,
Figs. 4 A, C; 5 A, B; PI. 4, Figs. l, 2, 3; PI. 5,

crystallites. These

crystallites

may be

they ma y have a more or less distinct radial arrange
ment (nac, PI. 5, Fig. 1).
The shape, structure and arrangement of the
typical nacreous crystals in the septa have been
described in several papers (Gregoire, 1962; Erben
et al., 1969; Wise, 1969, 1970; Mutvei, 1970,

1972). These crystals are larger than those in the
shell wall. Most crystals are camposed of acicular
crystallites, oriented parallel to the c-axes, and
arranged into rows (laths), parallel to the a-axes.
The acicular crystallites seem to consist of fused

Figs. l, 4). The interspaces between the conchiolin
membranes are occupied by tabular nacreous
crystals, camposed of globular aragonitic granules

aragonitic granulates (Fig. 11 A).

(d.nac.h, PI. 4, Fig. 3). These crystals were also

ventral (adoral) face of the nacreous layer, where

studied in surface preparations, in which both

they have retained various stages of their growth.

The nacreous crystals are best exposed on the

the dorsal conchiolin layer of the septum and the

As already pointed out by Gregoire (1962, Text

inter-lameliar conchiolin membranes wirhin the
stratum in question were removed by a treatment

fig. 2), these crystals have regular hexagonal Out
lines, and they are elongated along their a-axes

with sodium hypochlorite. After this treatment, the
dorsal septal face shows a dull, milkish-white

(Fig. 8 A; PI. 7, Figs. l, 3). The direction of a-axes
are different in adjacent groups of the crystals.

lustre which differs from the bright, iridescent

Occasionally, the crystals in the same group may
change their directions (PI. 7, Fig. 3). Most of the
crystals are camposed of globular aragonite granu

lustre of the typical nacreous layer. The nacreous
crystals in the dorsal stratum have a tabulat shape
(Fig. 8 C). The boundaries between the adjacent

les, about 0.1-0.2 micron in diameter (PI. 7,

crystals are irregular and often difficult to disting
uish (d.nac.h, Fig. 5 A; PI. 3, Figs. 5, 6; PI. 6, Figs.

Fig. 2). The granular composition is particularly

3, 4). The crystals are camposed of globular
aragonitic granules without a prefetred arrange

chromium sulphate, but it can often be distinctly
observed also in the side faces of unetched crystals.

ment. Most of these granules have a diameter of

These granules seem to lack a preferred orientation
in surface views. However, a distinct vertical orien

0.1-0.2 micron, but both larger and smaller
granules occur in places (PI. 3, Figs. 5, 6; PI. 6,

pronounced in the crystals which were etched with

tation of the granules is always present in vertical
polished seetians (nac, PI. 22, Fig. 1). The granules

Fig. 4). The most dorsally situated crystals in this
stratum are camposed of small accumulations of
aragonitic granules (PI. 6, Fig. 4).

wirhin the crystals appear as tuberdes on the
crystal faces (PI. 7, Fig. 3).

The dorsal, structurally modified stratum is

The prismatic layer. Ontogenetically, this la yer is

succeeded by the typical nacreous layer in which
the inter-lameliar conchiolin membranes become

the last formed of the aragonitic layers, and it
coats the ventral (concave, adoral) face of each

thin and regularly spaced. However, the conchiolin

septum (Fig. 6). lt is camposed of vertical prisms
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Fig. 6. Block diagram of the ventral face of a septum,
showing various shapes of the prisms in the porous,
ventral prismatic layer (approx. X l 000).

which grow on the tabular crystals of the preceding
nacreous layer. The prisms are occasionally suf
ficiently numerous to form a continuous layer.
In most cases, they are scatrered over the ventraJ
septal face with varying densities, and arranged

by a fusion of aragonitic granules (pr, PI. 22,
Fig. 1).
Among the fully developed prisms, there are
several the growth of which has stopped at various
stages (Fig. 6; PI. 8, Fig. 5; PI. 9, Figs. l, 2). At

in rows of varying patterus (Fig. 6; PI. 8, Fig. 1).
The fully developed prisms have highly variable

their incipient growth stages, the prisms show

shapes. The ma y be club-shaped (Erben et al., 1969,

which they grow. Like those, they are tabular
and sometimes samewhat hexagonal in outline

PI. 12, Fig. 2), or conical (PI. 8, Figs. 3, 6). In

certain similarities with the nacreous crystals on

(PI. 9, Figs. l, 2, 3). They differ from the nacreous

several cases they are musbroom-like in having
a columnar basal portion and an irregularly ex

crystals in being considerably higher and having

panding distal portion (PI. 9, Figs. 3, 5). In rare
cases they have a thin, stalk-like base and a vase

uneven ventraJ surfaces. During t peir further
growth, the prisms increase in height. This often

shaped distal portion (PI. 8, Fig. 2). The various

takes place at different rates in different parts of

prisms can be solid, or provided with a wide
cavity along their central axes (PI. 8, Fig. 5; Pl. 9,

the prism. As a result, prisms of highly irregular

Fig. 6). The prisms always have uneven surfaces.
They show vertical, acicular crystallites (PI. 8, Fig.
3) or vertical rows of globular and angular granules
of various sizes (PI. 8, Fig. 4).

of several high peaks, whereas other parts remain
at their incipient growth levels (PI. 9, Fig. 2).

The prisms have a mineral structure identical
to that of the adjacent nacreous crystals in vertical
polished sections, etched with chromium sulphate.
As in these crystals, the prisms are camposed
of acicular crystallites which seem to have arisen

shape are formed. Parts of such prisms may consist

The high peaks of two or several of the adjacent
prisms may fuse and form the basal portion of the
fully developed prism (PI. 9, Figs. 3, 4, 5).

THE SIPHONAL TUBE
Each shell septum forms a narrow, funnel-shaped,
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central prolongation which extends upwards and
consists of a proximal, non-permeable division,

cavity of the siphonal tube is occupied by a cord
of soft tissue from the body proper.

and a distal permeable division. These two divi
sions are currently termed the septal neck and

The septal neck

the connecting ring, respectively (Fig. 2). The
mQst distal portion of the connecting ring projects
into the septal neck of the preceding septum and
is fused to the auxiliary ridge on its inner face
(aux.r, Fig. 2). In this manner, the successive septa

form the continuous siphonal tube which extends
from the domiciliary cavity

to

the shell apex. The

The septal neck consists of the same three, princi
pal aragonitic layers as the septum proper, i.e.
the outer spherulitic-prismatic, the nacreous, and
the inner prismatic layer (sph.pr, nac, pr, Fig. 2).
However, these layers undergo here considerable
structural modifications, described in the following

F ig. 7. Block diagram of the distal end of a sep tal

inner

neck

nac 2, outer and inner nacreous sub-layers of the septal
neck, respectively; sph.pr, spherulitic-prismatic layer of

and its

structural relationship to the

connecting ring ( approx.

contiguous

X 8 00).

aux.r, auxiliary ridge; d.c.l, outer conchiolin layer; i. c.l,

conchiolin

layer

of

the

connecting

the septal neck and connecting ring.

ring;

nac 1,
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to contain much conchiolin matrix, in which the

is covered by a thin conchiolin layer (d.c.l, Fig. 7)

crystalline sub-units are embedded.

which is a direct cominuation of that layer on
the dorsal septal face.

The prisms are cut at various angles in vertical
polished sections of the septal neck (sph.pr, Fig. 7;
PI. 10, Figs. l, 2; PI. 13, Figs. l, 2, 3, 4). From

Th e spherulitic-prismatic layer. With few excep

these sections, information was gained on the

tions, this layer is absent in the proximal portion
of the septal neck, but in the distal portion it is
always present (sp h .pr, Fig. 2; Pl. 10, Figs. l, 2).
It increases rapidly in thickness in the distal
direction and forms often a ridge with an uneven
surface around the septal neck (sph.pr, Fig. 2; cf.
Mutvei, 1964 a, Pl. 12, Fig. l; Pl. 13, Fig. 1). Its
thickness may attain half that of the septal neck
in the ontogenetically younger septa, bur it is
usually thinner in the ontogenetically older septa.
In the outer (peripheral) parts of the septal neck,
the dominating structural elements of this layer
are the Iong and slender aragonitic prisms (sph.pr,

boundary region between the spherulitic-prismatic
and the succeeding nacreous layer. It is clearly
seen that the prisms in this region are fused to an
almost compact layer (Pl. 13, Figs. l, 2, 4). Most
prisms are encased by conchiolin membranes (PI.
13, Figs. l, 2) which become continuous and
paraHel to each other at the actual boundary
(sph.pr, nac, PI. 13, Fig. 4). At the distal end of
the septal neck, the structure of the inner parts
of the spherulitic-prismatic layer resembles in
places that of the nacreous layer. Stacks of large,
tabular crystals, separated by conchiolin membranes
occur (sph.pr, Fig. 7; PI. 14, Figs. l, 3, 4). Narraw

Fig. 7). These prisms vary considerably in size,
and lack a preferred orientation (PI. 11, Figs. l, 3;
PI. 12, Figs. 4, 5). In some strata, the prisms

er or wider interspaces, which are partly occupied
by conchiolin matrix, remain between the adjacent

attain a length of 40 microns and a diameter of

in a stack consist of acicular crystallites, which
usually have a distinct radial arrangement (PI. 14,
Figs. 3, 4). These crystallites have uneven suraces

5 microns, but in other strata they are smaller.
Many of the prisms are partially fused with one
or several adjacent prisms (PI. 12, Fig. 4). How
ever, since numerous interspaces always remain
between the prisms, the layer in question is highly
porous. In a few places, these interspaces are
traversed by conchiolin membranes. Prismatic sub
unics, camposed of several acicular crystallites, can
be clearly distinguished in many prisms (PI. 11,
Figs. l, 2, 3, 4; PI. 12, Fig. 5). The diameters of
these sub-units vary from 0 3 to 0.8 micron. They
can be oriented parallel to the Iong axes of the
.

prisms (PI. 11, Figs. l, 3; PI. 12, Fig. 5), or they
radiate towards one, or both ends of the prisms.
The surfaces of the prismatic sub-units form often
globular swellings (PI. 11, Figs. 2, 4).
The prisms acquire a discoidal (PI. 6, Fig. l)
or irregular (PI. 6, Fig. 2) shape towards the
succeeding nacreous layer. In addition, several of
these prisms are larger, and they become fused
with the adjacent prisms more extensively than
chose in the outer parts of the spherulitic-prisma
tic layer. Moreover, the prisms in question seem

crystal stacks (PI. 14, Fig. 3). The tabulat crystals

in vertical sections, and seem to be camposed of
fused aragonitic grannles (PI. 14, Fig. 2).

Th e proximal nacreous layer. In the proximal por
tion of the septal neck, the main part of the
nacreous layer still has the same structure as that
in the adjacent septum proper. However, in the
inner stratum of the nacreous layer, close to the
succeeding prismatic layer, the nacreous crystals
exhibit considetable morphological variation, not
observed in the corresponding stratum of the
septum. The following five crystal varieties occur
here. ( l) Large, solid tabular crystals which at
their two opposite endes have several distinct
spinous projections (Fig. 8 E; PI. 15, Fig. 1). The
surfaces of these crystals are parallely striated and
there are rows of small, indistinct tubercles. The
striation and rows of tuberdes have the same
orientation as the spinous projections at the crystal
ends. Some of the tabular crystals under discussion
are stacked upon each other so as to form vertical
crystal columns (PI. 15, Fig. 1), whereas others
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Fig. 8. Morphological variations of the nacreous crystals.

lack such an arrangement and, in addition, lack
a preferred orientation with regard to their a
axes. (2) Among the solid, tabular crystals, just
described, tabular, samewhat porous crystals are

nacreous crystals are developed as typical dendrites,
in that they are camposed of a lang axial plate
and numerous, shorter or longer side branches,
arranged in a feather-like manner (Fig. 8 G; Pl.

found. The latter crystals are camposed of nume
rous, paraHel harizontal laths, about 0.2-0.5 mic

15, Figs. 2, 4; Pl. 16, Figs. 2, 4). Other dendritic

ron in breath (Fig. 8 F; Pl. 15, Fig. 3; Pl. 16, Fig.
1). The adjacent laths in a crystal are separated by

or consist only of an axial plate. The latter crystals

furrows or narrow interspaces. Since the laths in
the crystals are of variable length, the crystal ends
are irregular in shape. It is obvious that the laths

crystals have a smaller number of side branches,
may be deposited irregularly upon each other so as
to form a porous meshwork (Pl. 16, Fig. 3). (4)
In several places, the nacreous layer is camposed

the spinous end-projections in the

of consecutive lamellae of tabular, distinctly
granular crystals with irregular outlines (Pl. 15,

crystals of the first variety. (3) In places, the

Fig. 4; Pl. 16, Figs. 2, 4). These crystals resemble

earrespond

to
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those in the dorsal, structurally modified stratum
of the septal nacreous layer (cf. PI. 3, Figs. 5, 6;

creases considerably in the same direction. Owing

PI. 6, Figs. 3, 4). The aragonitic granules wirhin

sublayer become great!y modified. Three crystal

these crystals are most!y globular and about 0.1
-0.2 micron in diameter. The boundaries between
the adjacent crystals are usually indistinct. The

varieties can be distinguished on the fracture

to the latter condition, the nacreous crystals in this

planes, partially freed from the conchiolin matrix
by a treatment with sodium hypochlorite, although
the total number of crystal varieties is probably

dendritic crystals, already described, are often
interealared between the lamellae of the granular

higher. ( l) Granulat, tabulat crystals of the same

crystals (PI. 16, Fig. 2). On the inner face of the

appearance as those in the dorsal, structurally mo

nacreous layer, adjacent to the succeeding prismatic
layer, the granular crystals attain a !arge diameter.

dified stratum of the septal nacreous layer (p. 244)

In addition, the central part of most crystals is

and in the inner stratum of the nacreous layer of
the proximal portion of the septal neck (p. 248).

pronouncely elevated towards the prismatic layer.
This elevation appears on the opposite crystal
face as a deep concavity (PI. 17, Figs. l, 4). (5)
Among the granular crystals on the inner face

(2) Large, tabulat nacreous crystals, up to 40
microns in diameter, camposed of thin, vertical,

of the nacreous layer, already described, another
type of granular crystal occurs. The latter crystals
are !arge, attaining a diameter of 20-30 microns.

elevated area of the crystal (Fig. lO B; PI. 19, Figs.
3, 4). The boundaries between the crystals are in

closely packed lamellae. These lamellae, which seem
to be about 0.2 micron thick, radiate from a central

distinct, and the vertical lamellae from the adja
cent crystals seem to interlock. Occasionally, other

They are camposed of several concenttic plates
(Fig. 8 D; PI. 17, Fig. 3) consisting of !arge

lameilar crystals occur which are much smaller

aragonitic granules, 0.2-0.3 micron in diameter
(PI. 17, Fig. 2).

than the former, and which are interealared
between the granular crystals of the first variety

the

(PI. 20, Fig. 5). (3) Large crystals, about 20'-30

nacreous crystals, described above, are closely
related to the amount of conchiolin matrix present.

microns in diameter, in which the acicular crystal

The

variations

in the

morphology

of

Thus, the adjacent crystals of the varieties (1),

lites and prismatic sub-units show a distinct!y
radial arrangement (Fig. lOA; PI. 7, Figs. 4, 5, 6;
PI. 13, Fig. 5; PI. 19, Figs. l, 2). The crystallites

(2) and (3) are usually separated by wide inter
spaces, not occupied by conchiolin matrix (PI. 15,

and prismatic sub-units have a diameter of 0.2-0.4

Figs. l, 2, 3; PI. 16, Figs. l, 2, 3). The granular
crystals of the varieties (4) and (5), on the other

micron, and they are embedded in conchiolin
matrix.

hand, seem to be embedded in conchiolin matrix
(PI. 15, Fig. 4; PI. 16, Figs. 2, 4; PI. 17, Figs. l,

Studies of vertical polished sections, etched
with chromium sulphate, supply evidence on the

2, 3, 4).

conchiolin matrix around and within the nacreous

The distal nacreous layer. The nacreous layer in

crystals in the outer nacreous sub-layer (nac1, Fig.
7; PI. 21, Fig. l; PI. 25, Figs. l, 2). The conchio!in

the distal portion of the septal neck can be sub
divided into two sub-layers, here termed the outer
and the inner sub-layer, on the basis of differences
in growth rate and structure (nac1 , nac2, Fig. 2;
PI. 10, Figs. l, 2).
The outer sub-Iayer, which earresponds to only
about 1/3 of the total thickness of the septal

matrix appears here as a network of most!y thick
conchiolin membranes (PI. 21, Figs. 2, 3, 4; PI. 22,
Fig. 6; PI. 23, Fig. 3). The crystals and their
crystalline components, described above in the
fracture planes, originally occupied the interspaces
between these membranes, but were dissolved by
the etching with chromium sulphate.

nacreous layer, gradually increases in thickness

The inner sub-Iayer is a continuation of the

upwards and is ultimately the main component of

ventraJ part of the nacreous layer in the septum,

the most distal portion of the septal neck (nac1 ,
Fig. 2). Its content of conchiolin matrix in-

total thickness of the nacreous layer. This sub-

where it originally comprises about 2/3 of the
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layer decreases gradually in thickness and ultimately
wedges out towards the distal end of the septal

PI. 10, Fig. l; PI. 25, Figs. l, 2). The surface
of the connecting ring is covered by a thin con

neck (nac2 , Fig. 2; Pl. 10, Figs. l, 2). The tub
layer in question becomes more and more pris
matic as it decreases in thickness. This transforma

chiolin layer, corresponding to that layer on the
dorsal septa face (d.c.l, Fig. 7).

tion rakes place in such a way that the inter

The outer spherulitic-prismatic layer. The spheru
litic-prismatic layers of the septal neck and con
necting ring are directly cominuous (sph.pr, Figs.
2, 7; PI. 10, Fig. 1). In the connecting ring, this
layer retains its porous structure, but decreases in
thickness. It is mainly camposed of slender ara
gonitic prisms which may be partially fused and
lack a preferred orientation (PI. 12, Figs. l, 2).
In the innermost part of the layer, adjacent to
the inner conchiolin layer, the prisms are traversed
by numerous, irregularly spaced conchiolin mem
branes (PI. 12, Fig. 2). The latter prisms often
consist of outer walls only, leaving the interior
empty (PI. 18, Figs. l, 2, 3). These walls therefore
resemble palisades, camposed of acicular pris
matic sub-units.

lameHar conchiolin membranes in several strata
disappear and are replaced by thinner or thicker
prismatic strata, camposed of acicular crystallites
(PI. 3, Fig. 2). Thus the inner nacreous sub-layer
is camposed of alternating prismatic and nacreous
strata in the distal portion of the septal neck
(nac2 , Figs. 7, 9; PI. 18, Fig. 4). The acicular
crystallites wirhin the prismatic strata are about
0.1-0.2 micron in diameter: they show a highly
variable orientation (PI. 18, Figs. 4, 5).
The prismatic layer. Ontogenetically, this is the

last-formed layer of the septal neck, and it coats
the inner face thereof (pr, Figs. 2, 9; Pl. 10, Fig.
2). It is a direct continuation of that layer on the
ventraJ septal face. It consists of aragoniric prisms
which usually are more numerous and have a less
complicated shape than those on the ventraJ septal
face. Most prisms are oriented about vertically to
the surface of the preceding nacreous layer (pr, PI.
22, Figs. 3, 4), bur some may have an oblique
orientation (pr, Fig. 9; PI. 22, Fig. 2; PI. 23, Fig.
1). The prisms are camposed of acicular crystallites
which are about 0.2 micron in diameter (Pl. 22,
Figs. 2, 5). The basal portions of the prisms are
traversed by a varying number of parallel, ir
regularly spaced conchiolin membranes which in
verrical seetians have the same appearance as
the inter-lameliar conchiolin membranes in the
adjacent nacreous layer (pr, nac, PI. 22, Figs. 2, 4,
5). Distally, the prismatic layer is fused

to

the

auxiliary ridge, dealt with below (pr, aux.r, Fig.
9; PI. 23, Fig. 1).
The connecting ring

The connecting ring is structurally the most
modified part of the septum, being permeable for
gas and liquid (conn, Fig. 2). It is camposed of
two layers: the outer spherulitic-prismatic layer
(sp h .pr, Figs. 2, 7; Pl. 10, Fig. l; PI. 25, Fig. 2),
and the inner conchiolin layer (i.c.l, Figs. 2, 7;

Distally, the connecting ring projects imo the
septal neck of the preceding septum (Fig. 2;
Pl. 18, Fig. 1) . The inner face of the septal neck
is therefore invested by the spherulitic-prismatic
layer of the succeeding connecting ring. In most
cases, these two layers can be easily distinguished
by the fact that in the prismatic layer most prisms
are oriented vertically, whereas in the spherulitic
prismatic layer, they lack a preferred orientation
(pr, sph.pr, Pl. 22, Fig. 3). Before its fusion to the
auxiliary ridge (see below), the structure of the
spherulitic-prismatic layer becomes modified. It
consists here of stacks of !arge tabular crystals
(sph.pr, Fig. 9; Pl. 23, Fig. l; Pl. 24, Fig. 1) .
These stacks are separated by narrower or wider
imerspaces. In each stack, the consecutive tabular
crystals are separated by thin, parallel conchiolin
membranes which also seem to extend from one
stack to another through the interspaces between
the stacks (sp h .pr, Fig. 9; Pl. 23, Fig. 1). The
tabular crystals in the stacks are camposed either
of radially arranged, thin and rather broad crystal
line plates, or radially or spherically oriented aci
cular crystallites (PI. 24, Fig. 1). These crystalline
components are embedded in an abundant con
chiolin matrix.
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The inner conchiolin layer. This layer consists

of numerous conchiolin membranes which are
arranged concemrically to the height axis of the
siphonal tube (i.c.l, Figs. 2, 7; Pl. 10, Fig. l; Pl. 25,
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present study. However, the contact between the
septal neck and connecting ring is well preserved
in some preparations, which were carefully em
bedded into the plastic. In these, it is clearly seen

l, 2). Each membrane is camposed of

that the inner conchiolin layer originates deep

comparatively coarse fibres (Gregoire, 1967; Mut

within the outer nacreous sub-layer of the septal

vei, 1970). This layer is often parted from the

neck (i.c.l, nac1 , Figs. 2, 7; FL 25, Figs. l, 2). This
layer is here represemed by several membranous

Figs.

septal neck in the dry shells available for the

Fig. 9. Block diagram to show the fusion of the distal
end

of the

connecting

ring

into

the

of the preceding septal neck (approx.

auxiliary

X l 000).

ridge

i. c. l, inner conchiclin layer of the connecting ring;

nac2,

inner nacreous sub-layer of the septal neck; pr, inner
prismatic layer of the septal neck; sph.pr, spherulitic
prismatic layer of the connecting ring.
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strata which increase in thickness

m

the distal

direction and coalesce with each other. These

necting ring (PI. 23, Fig. l) and also of those
in the inner conchiolin layer.

membranous strata form tagether a continuous
conchiolin layer immediately distal to the septal
neck (i.c.l, Fig. 7; PI. 25, Figs. l, 2). The inner

DISCUSSION

conchiolin layer fuses to the auxiliary ridge of

The ontogenetic growth of the septum. As pointed

the preceding septal neck at its distal end (see
below).

are structurally modified parts of the septum.

Demineralized nacreous conchiolin. The nacreous

layer of the septal neck was completely demine
ralized in EDTA. In the proximal portion of the
septal neck, the inter-lameliar conchiolin mem
branes still have the partern typical for the nacreom
layer (PI. 20, Fig. 2; see also Mutvei, 1970, PI. 5 a,

b, c) . Thus, in these membranes, one can disting
uish the crystal scars, separated by numerous,
ridge-like, vertical conchiolin membranes, and the
trabeculae. At the distal end of the septal neck, the
membranes form a zone, camposed of !arge,
rounded elevations which may have pitred surfaces
(PI. 20, Figs. l, 3). The crystal scars, verrical con
chiolin membranes and trabecular partern have
disappeared in this zone. Instead, the membranes
are camposed of rather coarse fibres .The rounded
elevations also disappear further distally, but the
fibrous composition of the membranes is retained
(PI. 20, Fig. 4).
The auxiliary ridge. This ridge is an annular, cal
cified thickening on the inner face of the distal
portion of the septal neck (aux.r, Figs. 2, 7, 9;

PI. 10, Figs. l, 2; PI. 23, Fig. 1). It is formed by
a fusion of the distal end of the succeeding con
necting ring to the septal neck. How this fusion
rakes place is illustrared in Fig. 9 and PI. 23, Fig. l.
The auxiliary ridge is camposed of acicular crystal
lites, about 0.2-0.4 micron in diameter. The
crystallites are arranged in rows and small groups,
separated by inrerspaces (Fig. 9; PI. 23, Fig. 2; PI.
24, Fig. 2). These interspaces are occupied by
abundant conchiolin matrix (PI. 24, Fig. 2). More
over, as seen in vertical polished sections, the
auxiliary ridge is traversed by numerous, irregular
ly spaced, paraHel conchiolin membranes (aux.r,
Fig. 9; PI. 23, Fig. 1). These membranes form
a direct continuation of those in the outer sphe
rulitic-prismatic layer of the preceeding con-

out above, the septal neck and connecting ring
The septum proper is secreted by the epithelium
which covers the dorsal end of the body, whereas
both the septal neck and the connecting ring are
formed by the epithelium on the proximal portion
of the siphonal cord (see Mutvei, 1964 a) .
The formation of a new septum commences
with the secretion of the continuous, thin con
chiolin layer which at the later growth stages
covers the surface of the septum, septal neck and
connecting ring. During the succeeding secretory
phase, the spherulitic-prismatic layer is deposited
internally to the conchiolin layer. More precisely,
this layer is formed in the peripheral region of
the septum proper, adjacent to the shell wall, and
in the outer parts of the septal neck and con
necting ring (sph.pr, Fig. 3 A). The layer in
question has a similar, porous structure in all these
places (pp. 240, 247). Moreover, the course of the
growth lamellae in the succeeding nacreous layer
clearly demonstrates that the spherulitic-prismatic
layer in the septal periphery and siphonal tube is
formed during the same secretory phase. The latter
conclusion is supporred by the fact that in some
septa, the spheruliric-prismatic layer also occurs
in the main, central part of the septum (see p. 243)
Next in the secretory sequence comes the forma

.

tion of the thick nacreous layer. The two nacreous
sub-layers, distinguished above (p. 249), have the
same type of nacreous structure in the septum
proper and proximal portion of the septal neck.
In the distal portion of the septal neck, however,
the ontogenetically older, outer sub-layer increases
in thickness and constitutes, alone, the distal end
of the septal neck (nac1 , Fig. 3 B). It is here rich
in conchiolin and its mineral structure is there

fo� highly modified (see p. 249). Further disrally
it becomes completely uncalcified and continues
upwards as the inner conchiolin layer of the con
necting ring (i.c.l, Fig. 3 B). The sub-layer under
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discussion earresponds to only about 1/3 of the
total thickness of the septal nacreous layer. The
onrogenetically younger, inner nacreous sub-layer,
on the other hand, decreases in thickness and is
wedged out in the distal end of the septal neck
(nac 2 , Fig. 3 C) . The latter sub-layer earresponds
to the remaining, approximately 2/3 of the total
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ton and Gilpin-Brown, 1966; Collins and Minton,
1967). In the connecting rings, the inner con
chiclin layer alone must withstand these pressures,
because the outer spherulitic-prismatic layer is
porous and acrs mainly as a wick for "sopping
up" the camera! liquid. To achieve this strength,
the inner conchiclin layer is camposed of numerous

thickness of the septal nacreous layer. These con
ditians show that the distal portion of the septal

fibrous membranes. However, equally important

neck and the connecting ring grow considerably

is the mode of fusion of its inner conchiclin layer
to the conriguous and preceeding septal necks.

faster in thickness, and are complered earlier, than
the rest of the septum. During the final secrerory
phase, the porous prismatic layer is secreted on
the venrral septal face and on the corresponding,

for the mechanical strength of the connecting ring

It is shown in the present paper that the content
of the conchiclin matrix in the ourer nacreous
sub-layer increases considerably rowards the distal
end of the septal neck. The inner conchiolin layer

inner face of the sepral neck. Most distally, this
layer is transformed into a solid calcareous forma
tion which constimtes the basal portion of the

chiolin-rich sub-layer. It appears first as several

furure auxiliary ridge. The prismatic layer is
absent in the connecring ring ( conn, Fig. 2).

separate, thin, membraneons strata, embedded deep
inro the nacre. In the distal direction, these strata

The modifications in the ontogenetic growth of

increase in thickness and coalesce with each other
so as to form a conrinuous conchiclin layer im

the septum proper, septal neck and connecting
ring, disenssed above, can be funcrionally inter
prered in the following way. Denton and Gilpin
Brown (1966) painred out that the new chamber
is always completely filled by liquid when formed.
For Nautilus, with its heavy shell, it is necessary
to "pump out" the liquid by the osmotic mecha
nism at the fastest possible rate in order to main
tain the buoyancy of the animal. However, the
"pumping out" of the liquid cannot rake place
before the permeable connecting ring in the
new chamber has reached its full thickness and
acquired the strength to withstand the hydrastatic
pressure of the sea. For this reason, the distal
portion of the septal neck and the conn ecting ring
attain their maximum thickness when only one
third of the total thickness of the rest of the
septum has been formed. This condition has been
directly observed by Denron and Gilpin-Brown
( 1 966) in an animal where the last septum was
still incompletely deve!oped.

of the connecting ring originates from this con

mediately distal to the septal neck (PI. 25, Figs.
l, 2). In this manner, the inner conchiclin layer
is firmly anchored in the contignous septal neck.
At

its distal end, the inner conchiolin layer of

the connecting ring is fused to the auxiliary ridge
of the preeeclent septal neck. This fusion seems to
rake place in such a way that the membranes
of the inner conchiolin layer pass inta the auxiliary
ridge and become calcified. This ridge itself is
rich in conchiolin matrix which probably acts
as a "glue" for a firm attachment.
Th e

structure of the nacreous layer. The intra

crystalline mineral structure and its variations in
the nacreous crysrals have been particularly empha
sized in the present paper. The typical nacreous
crystals are tabutar with hexagonal Outlines (Fig.
11 A ) . Such crysrals build up the main part of
the nacreous layer in the septum proper and the
proximal portion of the sepral neck. In a previous
paper (Murvei, 1970), these crystals were described

Th e

mechanical strength of the sipbonal tube.

Experimental tests have shown that the shell
of Nautilus is sufficiently strong to withstand
hydrastatic pressmes of 50-60 arm. of the sea,
corresponding

to

the depths of 500-600 m. (Den-

as consisting of numerous, narrow, mineral laths,
oriented parallel to the a-axes. In a more recent
paper (Mutvei, 1972), the mineral laths were
shown to consist of rows of vertical, acicular
crystallires.
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The intra-crystalline aragonitic components are
granular in a new variety of the nacreous crystals,

A

r

-

� - - ---...
- --- ---- •

�

described above (Pl. 7, Fig. 2). In same of these
crystals, the granules seem to be arranged inta
vertical rows, whereas in others they lack a
preferred orientation. It was noticed that the
acicular crystallites in the majority of the nacreous
crystals also have a granular structure in that they
seem to be camposed of fused aragonitic granules
(Fig. 11 A). On the basis of these observations,
we may conc!ude that the basic mineral compo
nents in the nacreous crystals are the aragonitic
granules; these are in most cases fused into

B

vertical acicular crystallites. The diameters of the
aragonitic granules and acicular crystallites are
mostly 0.1-0.2 micron. Moreover, as demonstrated
above (pp. 240, 250), the aragonitic prisms and
spherulites are camposed of the same mineral
components as the nacreous crystals (see also Mut
vei, 1 972).
Bevelander and Nakahara (1969) showed that
the initiation and growth of the nacreous crystals
take place within interspaces between pre-formed

Fig. 1 1 . A, block diagram of two successive nacreous
crystals, showing the shape of their acicular crystallites;
B, a section of a prism to show the shape of the acicular
crystallites. Both figures approximately

X

30 000.

inter-lameHar conchiolin membranes. These inter
spaces enclose a modified pallial fluid. The obser
vations now presenred demoostrate that there

tent wirhin the nacreous crystals. These variations

are considetable variations in the conchiolin con-

have a pronounced influence on the imracrystalline
structure. In other words, the crystals which grow
in a medium rich in conchiolin acquire a different
structure from those growing in a medium defi
cient in conchiolin. The crystals of the following
three categories were ehosen to exemplify these
conditions. (l) The nacreous crystals which, in
all certainly grew in a medium deficient in con
chiolin, are either typically dendritic, or tend to
be porous (Fig. 8 E, F, G) . The interspaces
between the adjacent crystals are wide and not
filled by conchiolin. (2) The crystals which grew
in a medium rich in conchiolin often have a
granular structure (Fig. 8 B, C, D ) . In most cases,
the boundaries between the adjacent crystals are
indistinct, and the conseeuti ve crystals are separated
by thick inter-lameHar conchiolin membranes
(d.nac.h, Pl. 4, Fig. 3) . (3) The nacreous crystals

Fig. l O. A, B, modified crystals in the outer nacreous

in the distal portion of the septal neck (outer

sub-layer of the distal portion of a septal neck (approx.

nacreous sub-layer) grew in a medium extremely

x

rich in conchiolin. They are characterized by

1 0 000) .
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aberrant structural modifications in being campo

The structure of the prismatic and spherulitic

sed of thin mineral plates (Fig. 10 B) or radiating

prismatic layers. Previous workers have not re

acicular crystallites (Fig. 10 A ) . In fact, the crystals

ported any practical difficulties in distinguishing
the nacreous layer from the spherulitic-prismatic

in question show a doser structural agreement
with the modified prisms in the spherulitic-pris

and prismatic layers. This can probably be ex

matic and prismatic layers (e.g. see Pl. 14; Pl. 24,

plained by the fact that, up to now, only the most

Fig. l) than with the typical nacreous crystals.

typical parts of these layers have been described,

Moreover,

disregarding the variations.

the inter-lameilar conchiolin

mem

Schmidt (1924) painred out that the aragonitic

branes, between which these modified crystals
grew, have lost their typical structure, and are

prisms and spherulites are camposed of acicular

composed of fibres (Pl. 20, Figs. 3, 4).

crystallites (see also Mutvei, 1972). As measured

The inner conchiofin layer of the connecting

in polished sections, etched with chromim:1 sul
phate, these acicular crystallites have a diameter
of 0.1-0.2 micron, which earresponds to that

ring. lt is demonstrated in the present study (see

also Mmvei, 1964 a) that the inner conchiolin layer

of the acicular crystallites in the nacreous crystals.

of the connecting ring originates from the outer

As in the nacreous crystals, the crystallites seem

nacreous sub-layer of the septal neck which is
unusually rich in conchiolin. The inner conchiolin

to be camposed of fused aragonitic granules (Fig.
1 1 B; Pl. 5, Figs. 3, 4; Pl. 14, Fig. 2).

layer can therefore be regarded as an uncalcified,
structurally modified, nacreous layer. lt is camposed

The typical nacreous layer is traversed by
numerous, parallel, regularly spaced inter-lameliar

of numerous conchiolin membranes. These mem
branes have a coarse, fibrous structure which

conchiolin membranes which are absent in the
prismatic and spherulitic-prismatic layers usually.

differs considerably from the trabecular structure

However, the prisms and spherulites are in places
also traversed by paraHel conchiolin membranes.

in the inter-lameilar conchiolin membranes of
the typical nacreous layer. However, as shown
above (p. 252, Pl. 20, Figs. l , 2, 3, 4), this trabe
cular structure is, in the most distal portion of the
septal neck, gradually replaced by a coarsely
fibrous structure. Consequently, there is a gradual
transformation of the trabecular inter-lameilar

In polished vertical sections, the latter membranes
have the same appearance as the inter-lameilar
conchiolin membranes. In the prisms and sphe
rulites, the membranes often do not interrupt the
growth direction of the acicular crystallites (sph.pr,
Pl. 4, Figs. l , 2, 4; PI. 5, Figs. l, 4; Pl. 14, Fig. 2;

conchiolin membranes into the coarse-fibrous con
chiclin membranes of the inner conchiolin layer

pr, Pl. 22, Figs. 2, 4, 5). The parallel conchiolin

of the connecting ring.

rous in certain parts of the spherulitic-prismatic

Structural conditions analogous to these in the

membranes may even become exceedingly nume
layer, i.e. at the distal end of the septal neck and

siphonal tube of Nautilus are encountered in the

the connecting ring, respectively (PI. 1 4, Fig. l ;

sheils of lamellibranchs. Beedham (1958, p. 553)
pointed out that "the corresponding layers of the

PI. 23, Fig. 1). These parts resemble the structurally
modified outer nacreous sub-layer of the septal
neck, not only in the occurrence of the numerous

valves and ligament are basically identical and
are, in fact, locally modified regions of the same
layers of the shell". In particular, the entirely un
calcified, outer ligamental layer shows great simi
larities to the calcified outer layer of the valves.
The structural relationship between these two
layers seems to be principally in accordance with
that between the omer nacreous sub-layer of the
septal neck and the inner conchiolin layer of the
connecting ring in Nautilus.

conchiolin membranes, but also in the arrange
ment of the acicular crystallites.
lt must also be stressed that the prisms and
nacreous crystals may in places co-exist. Thus,
typical nacreous crystals are deposited on the
truncated ends of the prisms in the spherulitic
prismatic layer of the peripheral portion of the
septum (Fig. 4 B; PI. 2, Figs. 2, 3, 4, 5).
As we have seen, definite structural differences
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between the nacreous crystals, prisms and spheru
lites do not exist ( see also Mutvei ,

1 972). In places,

a gradual transition from one layer to another
rakes place.

the

aragonite

in

the

shells

of

the

majority of the Paleozoic "nautiloids" has been
replaced by calcite. This replacement has destroyed
most o f the original shell structures. I have made
several attempts

G.

and Nakahara, H .

1 9 69. A n electron

microscopic study of the formation of the nacreous
layer of certain bivalve molluscs. Calc. Tiss. Res. 3 ,

84-9 2 .
Collir:s, D . H . a n d Minton, P. 1 9 6 7 . Siphuncular tube

Camparisans with fossil cephalopods. During fos
silization,

B evelander,

to

study these heavily recrystalli

zed cephalopods with SEM, but without success.

of Nautilus. Nature 2 1 6, 9 1 6-9 1 7 .
D "l'.ton, E . J . and Gilpin-Brown, J . B . 1 9 6 6 . O n the
buoyancy of the Pearly Nautilus. ]. mar. biol. Ass.

U.K. 46, 7 2 3- 7 5 9 .
Erben, H. K . , Flajs, G. a n d Siehl, A. 1 9 69. D i e friih
ontogenetische Entwicklung der Schalenstruktur ecto
cochleater Cephalopoden. Palaeontographica, A, 1 3 2 ,

1-54.

However, in some cases, remains o f the original

Gn§goire, Ch. 1 9 6 2 . On submicroscopic structure of the

shell structure can still be seen in thin sections.

Na!ttilus she!!. Bull. Inst. roy. Sci. nat. Belg. 3 8 , 1 -

These

structural remains

indicate

that

in most

Paleozoic "nautiloids", the wall o f the siphonal
tube had a similar composition to that o f

Nautilus.

For example, as far as can be seen, the Ordavieian

71.
1 9 6 7 . Sur l a structure des matrices organiques des
coqu illes d e mollusques. Biot. Rev. 42, 6 5 3-6 8 8 .
Mutvei, H . 1 9 64 a. On t h e sheils of Nautilus a n d Spirula
with notes on the shell secretion in non -cephalopod

Pictetoceras ( Ellesmerocerida) differs from Nau
tilus m ainly in it considerably more thickened

molluscs.

spherulitic-prismatic layer in

of the wall of the siphonal tube in certain fossil

( Mutvei and Stumbur,

the s iphonal

tube

1 97 1 ). This layer is also

thick in Tarphycerida, bur thin in Orthocerida,
Barrandeocerida and Nautilida. On the other hand,
the spherulitic-prismatic layer seems to be absent

Ark. Zool.

1 6, 2 2 1 -2 7 8 .

1 9 64 b. On the secondary interna! calcareous lining
"nautiloid" cephalopods. Ark. Zool.

1 6, 3 7 5-424.

1 9 6 7 . On the microscopic shell structure in some
Jurassic ammonoids. A b h . Neues ]b. Geol. Paliont.
1 2 9 , 1 6 7- 1 66.
1 9 7 0. Ultrastructure of the mineral and

arganie

in the s iphonal tube of Actinocerida. The con

components of molluscan nacreous layers . Bio minera

ne cting ring o f certain actinocerids

lization 2, 48-6 1 .

and other ormoceratids, Mutvei,

(Adamsoceras

1964 a) , has a

1 9 7 1 . The siphonal tube i n Jurassic Belemnitida and
Aulacocerida. Bull. geol. Instn Univ. Upsala N. S. 3 ,

porous prismatic structure.
The Late Paleozoic ( Pennsylvanian) Buckhorn
asphalt, USA, has yielded aragonitically preserved
orthoconic cephalopods. The sh el! structure in these
cephalopods is described in Part II of the prese;J.t

2 7- 3 6 .
1 9 7 2 . Ultrastructural relationships between t h e pris
matic and nacreous layers in Nautilus (Cephalopoda) .

Biomin eralization 4, 8 1 -84.

the structure o f the siphonal tube in these cepha

and Stumbur, H . 1 9 7 1 . Remarks on the
Pictetoceras (Cephalopoda: Ellesmerocerida ) .
Bull. geol. Instn Univ. Upsala N. S. 3, 1 1 7- 1 2 1 .

lopods differs in several features from that in

!': chmidt, W . J . 1 92 4 . Die Bausteine des Tierkörpers in

paper. I t is painred out in this seeond Part, that

Nautilus. Differences in the structure o f the
siphonal tube were also

described in Mesozoic

aulacocerids and belemnitids ( Mutvei,
in Mesozoic ammonoids (Mutvei,

1 97 1 ), and

1967).

Mutvei, H .
genu s

polarisiertem Lichte. Cohen, Bonn.
Sundström, B .

1 9 6 8 . His·J,]ogical decalcifications using

aqueous solutions of basic chromium (III) sulphate.
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PLATES

Plate 4

Plate l

Fig. l . Dorsal surface of the thickened, peripheral por

Fig. l . Vertical polished section of the dorsal conchio

tion

lin layer, and the succeeding spherulitic-prismatic and

of

the

spherulitic-prismatic

layer

in

a

septum

( X 500).
Fig. 2 . Centrally facing terraces o f the same portion of
the spherulicic-prismatic layer

( X 1 1 00) .

r. acreo:.:s

layers

in

the peripheral

part

of

a

s eptum

( X 2 600).
Fig. 2. Continuation o f the same section in t h e peri

Both preparatioD s were treared for 7 min. with sodium

pheral

hypochlorite.

ir:crease in thickness of the spherulitic-prismatic layer

direction towards the shell

wall,

showing the

and the spherulitic structure of this layer ( X 2 6 0 0 ) .

Fig. 3 . Vertical
Plate 2

Fig. l . D�tail of the preparation in Pl. l , Fig. l , show i ng
pr isms and spherulites ( X 2 0 0 0 ) .

Figs. 2, 5. Details of the same preparation

to

show

small stacks of tabular crystals with i rregular outlines
0:1

polished

chiolin layer and

the truncated ends of partiall y fused pr isms ( X 5 8 0 0

a n d X 2 1 0 0 , respeccively) .

Figs. 3 , 4 . Similar preparation, showing small stacks of
n acreous crystals with h exagonal outlines and granular
structure deposited on the truncated ends of the prisms

( X 5 00 0 and X 2 0 0 00, respectively) .
The preparation figured i n Figs. 3 and 4 was treared
for 1 0 min. with sodium hypochlorite and then etched

1 0 see. with chromium sulphate.

section

the succeeding

of

the

nacreous

dorsal

con

layer

in

a

septum; r:ote the chick inter-lameliar cor:chiolin mem
branes and their undulating course in the dorsal nacreous
stratum;

the

spherulitic-prismatic

layer

is

here

absent

(X 6 5 0 0 ) .
Fig. 4 . Detail o f Fig. 2 , showing a spherulite, traversed
by three, harizontal conchiolin membranes, and'.composed
of radiating crystallites ( X 1 3 000) .
All preparations figured in this place were etched for

30 see. with chromium sulphate.
d. c.l, dorsal conchiolin layer of the septum; d.nac.h,
dorsal,

structurally

nacreo:J s

modified

stratum ; nac,
sph.pr, spherulitic-pris

nacreous

layer of the septum;

matic layer of the septum.

Plate 5
Plate 3

Fig. l . Vertical

Fig. l . Dorsal surface of a septum showing the thin

rolished

section

of

the

peripheral,

chickened portion of the spherulitic-prismatic layer and

spherulitic-prismatic layer, partly covered by the dorsal

the s u cceeding nacreous layer. The spherulitic-prismatic

conchiolin layer ( X 2 2 00) .

layer is traversed by four, irregularly spaced, conchiolin

Fig. 2 . Vertical polished section o f the inner nacreous

membranes which do not interrupt the growth of the

s u b-layer in the distal portion of a septal neck to show

prisms and spherulites. The nacreous layer interna! to

transformations of the nacreous strata into the prismatic

tl1e stru cturally modified,

strata

( X 5 000) .

dorsal stratum has a predo

minandy prismatic structure ( X 6 5 0 0 ) .

Fig. 3. Prisms on the dorsal surface of the peripheral,

Fig. 2 . Dorsal portion o f the nacreous layer i n the

chickened portion of the spherulitic-prismatic layer in

same preparation, showing s everal prismatic inclusions

a septum ( X 5 000) .

( X 1 3 COO) .
Fig. 3. Vertical polished seetian of the inner prismatic

Fig. 4. Similar p reparation as in Fig. 3 ; note the fusion
between several adj acent prisms ( X 1 0 0 0 0 ) .
Figs. 5 , 6. Tabular,

granular

nacreous

crystals

with

indistir:ct, irregular outlines in the structurally modified,
dorsal

n acreous

stratum of

a septum

( X l O 000 and

X 1 1 000, respectively) .

and the nacreous layer in the proximal portion of the
s �ptal

neck.

orientatio:-t

Note
of

the

the

agreement

acicular

in

crystallites

the
in

shape
both

and

layers

( X 1 3 000) .
Fig. 4. Detail of the section in F ig. l , show i ng the shape

Preparation i n Fig. l untreated ; i n Fig. 2 etched for 3 0

and orientation of the acicular crystallites i n the spheru

see. with chromium sulphate; i n Fig. 3 treared 7 min.

litic-prismatic layer, and their relationship to the hori

with sodium hypochlorite ; and in Figs. 4, 5 and 6 treared

zontal conchiolin membranes

for 1 0 min. with sodium hypochlorine and then etched

All preparations in this place were etched for 3 0 see. with

for 1 0 see. with chromium sulphate.

chromium sulphate.

( X 1 3 000) .

d.nac. h, dorsal, structurally modified nacreous stratum;
nac, nacreous layer; pr, inner prismatic layer of the

The preparations shown in Figs. l , 2 and 5 were treared

septal neck; pr.i, prismatic inclusions within the nacreous

in Figs. 3 and 4 were treared for 1 0 min. with sodium

layer; sph .pr, spherulitic-prismatic layer of the septum.

for 6 min. with sodium hypochlorite; the preparations
hypochlorite and then etched for 1 0 see. with chromium
sulphate; the preparation in Fig. 6 was left untreated.

Plate 6
Plate 9

Fig. l . Discoidal

prisms

in

the

spherulitic-prismatic

l ayer of the distal portion of a septal neck ( X 1 1 00) .

Fig. 2. Irregularly shaped prisms in the same layer
( X 2 3 00) .
Figs. 3, 4. Tabular, granular crystals in the structurally
modified, dorsal nacreous stratum of a septum ( X 2 2 0 0
and 1 2 000, respectively) .
Fig. 5, 6. Spherulitic-prismatic la y er in the dorsal, central
part of a septum ( X 2 3 0 and X 2 400, respectively) .
All preparations shown in this plate were treared for

6 min. with sodium hypochlorite.

Fig. l . Initial growth stage of a prism on the surface
of a nacreous crystal on the ventral septal face ( X 5 5 00) .
Fig. 2. A prism at a somewhat more advanced growth
stag e than t hat in F ig. l ( X 5 8 00) .
Fig. 3. Fully grown prism with columnar base and
expanded distal end on the ventral septal face ( X 2 000) .
Fig. 4. Detail of the same prism to show that it is
formed by a fusion of several, initially separate prisms

( X 5 000 ) .
Fig. 5 . Fully grown prism with expanded distal end,
in which the basal portion is formed by a fusion ot
several, initially separate prisms ( X 2 000) .

Plate 7

Fig. l . Ventral face of the septal nacreous layer, showing
( X 2 l 00) .
Fig. 2. Detail of the same preparation, showing the

the shape and orientation of the crystals

Fig. 6. Distal end of a fully grown prism with a central
cavity ( X 2 2 00) .
All preparations shown in this plate were treared for

6 min. with sodium hypochlorite.

granular composition of the nacreous crystals ( X 24 000) .

Plate 10

Fig. 3. Similar preparation to show consecutive nacreous
crystals with different orientations, and the tuberculated
crystal

surfaces

( X 1 1 000 ) .

Figs. 4, 5 . Modified crystals i n the outer nacreous sub
layer of the distal portion of a septal neck. The crystals
are composed

of radially oriented acicular

crystallites

( X 2 1 00 and X 5 3 00, respectively) .
Fig. 6. Modified nacreous crystals in the same prepa
ration ( X 5 000) .
The preparation shown in Figs. l and 2 was treared for

1 0 min. with sodium hypochlorite and then etched 1 0
see.

with chromium sulphate;

the remaining prepara

tions were treared for 5 min. with sodium hypochlorite.

Fig. l . Vertical polished section of the distal portion
of a septal neck with contignous proximal portion of
a connecting ring. Note the direct continuation of the
spherulitic-prismatic layer between the septal neck and
the connecting ring, and the relationship between the
inner conchiolin layer of the connecting ring and the
outer nacreous sub-layer of the septal neck ( X 620) .

Fig. 2. Same preparation showing the proximal portion
of the septal neck. Note the upward increase in thickness

( X 62 0).

of the outer nacreous sub-layer

The preparation figured in this plate was etched for

30 see. with chromium sulphate .
aux.r, auxiliary ridge of the septal neck; con.i, inner con
chiolin layer of the connecting ring; nac 1, nac 2, outer

Plate 8

Fig. l. Ventral face of a septum, covered by rows ot
prisms ( X 1 1 5 ) .
Fig. 2 . Vase-shaped prism with a thin base o n the
ventral sep tal face ( X l 1 5 O ) .

Fig. 3 . Conical prisms with expanded distal ends on

and

inner

nacreous

sub-layers,

respectively;

pr, inner

prismatic layer of the septal neck; sph .pr, spherulitic-pris
matic layer of the septal neck and connecting ring.

Plate 11

the ventral septal face. The prisms loosened from the

Fig. l. Porous prisms in the spherulitic-prismatic layer

underlying

of the septal neck ( X 2 200) .
Fig. 2. Detail of the surface in one of these prisms

nacreous

layer

during

the

preparation

( X 2 1 00) .
Fig. 4. Detail of surface of a conical prism, showing
vertical rows of grannles ( X 1 0 8 00) .
Fig. 5. Large, fused prisms, each with a central cavity,
which are surrounded by smaller prisms with pointed
distal end s on the ventral septal face ( X 600 ) .

Fig. 6. Group o f conical prisms attached o n the under
( X 2 000) .

lying nacreous crystals

( X 5 500).
Fig. 3. Solid prisms with pointed ends i n t h e same
preparation ( X 2 2 00 ) .
Fig. 4. Detail of the surface
( X 5 5 00) .

m

one o f these prisms

The preparation figured in this plate was treared for

6 min. with sodium hypochlorite.

Plate 12

radiating,

acicular

crystallites

( X 1 1 00

X 2 2 00,

and

respecti v ely) .
Fig. l. Distal end of the septal neck with parts of the
(X 55).

contiguous cannecting ring

Fig. 2 . Detail o f the same preparation,
merous,

paraHel conchiolin membranes

showing
in

the

nu

The preparation shown in Figs. l and 2 was etched for
30 see. with chromium sulphate; that in Figs. 3 and
4 was treared for 10 min. with sodium hypochlorite.

inner

portion of the spherulitic-prismatic layer of the cannecting
ring

Plate 15

( X 250).

Fig. 3 . Same preparation t o show partially fused prisms
in the spherulitic-prismati c layer of the septal neck
( X 1 1 00 ) .
Fig. 4. S olid prisms o n the surface o f the spherulitic
prismatic layer of a septal neck ( X 2 2 5 0 ) .
Fig. 5 . Porous

prisms

m

the

same

preparation

( X 2 300) .
All preparations figured in this place were treared for
6 min. with sodium hypochlorite.

Fig. l. Solid nacreous crystals in the proximal portion
of

a

septal

neck.

The

crystal

ends

show

spinous

extensions, and there are !arge, empty interspaces between
the adjacent cryscals
Fig. 2. Dendrick
paration

( 1 1 000) .

nacreous

cryscal

in

the

same

pre

(X 1 1 000) .

Fig. 3. Nacreous crystals composed of paraHel crystal
line laths in the same preparation

( X 6 2 00) .

Fig. 4. Dendritic and granular nacreous crystals in the
same preparation ( X 1 1 0 0 0 ) .
T h e preparation shown in this place was treared for

Plate 13

5 min. with sodium hypochlorite.

Figs. l, 2. Vertical polished section of the inner parts
of the spherulitic·prismatic layer, adjacent to the suc

Plate 16

ceeding nacreous layer, of a septal neck. The prisms are
extensively fused and surrounded by conchiolin mem

Fig. l. Highly porous

branes ( X 2 00 0 and X 1 0 5 00, respectively) .

paraHel crystaHine laths, i n the same preparation as in

Fig. 3 . Vertical

polished

section

of

the

spherulitic

nacreous

crystal,

camposed

of

prismacic layer of a septal neck. Note the shape and

PI. 15 (X 1 1 000) .
Fig. 2. Layer of dendritic nacreous crystals, interealared

orientation of the acicular crystallites in the prisms and

between lameHae of granular nacreous crystals in the

spherulites ( X 6 000) .
Fig. 4. Vertical polished section of the spherulitic·pris

same preparation

( X 1 1 000) .

Fig. 3. Porous, pardy dendritic nacreous crystals in the

matic layer and the succeeding nacreous layer. At the

same preparation ( X 1 1 000) .

boundary region berween these two Jayers the spherulitic

Fig. 4. Dendritic and granular nacreous crystals in the

prismatic layer is traversed by several, horizontally con

same preparation

( X 5 600) .

tinuous canchiolin membranes ( X 2 5 00 ) .
Fig. 5. A modified crystal, composed of ackular crystal

Plate 17

lites, i n the outer nacreous sub-layer of a septal neck
( X 5 300).
The preparations i n Figs. 1 -4 were etched for 1 5-30
see. with chromium sulphate; the preparation i n Fig. 5
was treared for 7 min. with sodium hypochlorite.
nac,

nacreous layer of septal neck; sph.pr, spherulitic

prismatic layer of septal neck.

Fig. l. Fine-granular

nacreous

crystals with

indiscinct

oudines at the boundary to the inner prismatic layer of
the septal neck, seen from outside. The outer crystal
faces hear deep depressions which appear as elevations
on the inner faces ( X 2 0 0) .
Fig. 2 . Nacreous

crystal, camposed o f coarse·granular,

concentric plates in the same preparation ( X 1 0 000) .
Fig. 3. Similar crystals ( X 2 000) .

Plate 14

Fig. 4. Detail of Fig. l

Fig. l . Vertical polished section of the spherulicic-pris
matic layer at the distal end of the septal neck. The
layer

is

traversed

by

numerous,

paraHel

canchiolin

membranes which subdivide it into stacks

of tabutar

( X l 000) .

The preparation figured in this place was treared for
2 hours with sodium hypochlorite.

Plate 18

crystals ( X 1 2 00) .
Fig. 2. Detail of the same layer, showing the acicular
crystallites in the tabutar crystals
membranes

and the

canchiolin

( X 12 5 00) .

Fig. l . Distal portion of a connecting ring and parts
of the preceding septal neck, showing haHow, paJisade
like prisms in the innermost part of the spherulitic

Figs. 3,4. Stacks of tabutar crystals i n the same layer

prismatic layer of the connecting ring ( X 5 5 ) .

seen in surface preparation. The crystals are composed of

Figs. 2, 3 . Details of the same preparation, showing the

hollow, paJisade-like prisms

( X 2 3 0 and

X 2 3 0 0, re

their

position

is

indicated

by

impressions

( X 6 000,

X lO 5 0 0 a n d X 13 000, respectively ) .

spectively) .

Fig. 4. Vertical polished section o f the inner nacreous
sub-layer in the distal portion of a septal neck. Note
the

alternation

of

nacreous

and

prismatic

strata

Plate 22

( X 2 40 0 ) .

Fig. 5 . Detail o f a similar preparation t o that o f Fig. 4
( X 1 2 000) .

1 -3 was studied in

The preparation figured in Figs.

unrreared condition ; the sections in Figs. 4 and 5 were
etched for 30 see. with chromium sulphate.

Fig. l . Vertical polished seetian of the venrral part of
a septum, showing a prism and the underlying nacreous
l ayer (cf. Pls. 8, 9) . Nate the similarity i n compos irion
of the prism and the nacreous crystals ( X l O 5 00) .
Fig. 2. Vertical polished secrion of the inner prismatic
layer and the adj acent nacreous layer i n a septal neck.

Plate 19

The prisms show a variable orientation, they are compo
sed

Figs. l, 2. Modified

nacreous

crystals

of

the

ou ter

n acreous sub-layer in the distal end of a septal neck,
inrerealared berween lamellae of inner conchiolin layer
of

the connecring

ring

( X 2 200

and

X 1 1 000,

re

of

acicular

crystallites,

and

their

basal

portions

are rraversed by numerous parallel, conchiolin membranes
( X 6 3 00) .

Fig. 3 . Vertical

fracture

plane

of

a

sepral

neck,

showing the nacreous and inner prismatic layers, and

specrively) .

the

Figs. 3 , 4. Modified crystals, camposed of thin, verrical,

necting ring ( X 5 5 0 ) .

spherulitic-prismatic

layer

of

the

succeeding

con

crysralline lamellae i n the ourer nacerous sub-layer of

Fig. 4. Similar vertical section a s in Fig. 2 . The prisms

the distal portion of a sepral neck ( X 2 l 00 and X 5 000,

show here a mo re regular, vertical orientation ( X 2 600) .

respecrively) .

Fig. 5. Detail of the same section, showing the basal

The

both

preparations

figured

in

this

plate

were

treared for 7 min. with sodium hypochlorire.

portion of a prism traversed by conchiolin membranes
( X 1 3 000) .
Fig. 6. Vertical polished seetian of the outer nacreous
sub-layer in the distal portion of a septal neck. Note

Plate 20

the variations i n the amount and distribution of the

Fig. l . Surface of an inter-lameliar conchiolin mem

conchiolin matrix ( X 6 0 0 0 ) .

brane, demineralized in EDTA, i n the ourer nacreous

T h e polished sections depicted in Figs.

sub-layer of the distal portion of a s eptal neck, showing

were etched

l , 2 , 4, 5, 6

for 3 0 see. with chromium sulphate; the

!arge elevations with pirred surfaces ( X 1 3 5 0 ) .

fracture plane in Fig. 3 was treared for 5 min. with so

Fig. 2 . Similar inter-lameliar conchiolin membrane in

dium hypochlorire.

the proximal portion of a septal neck. Note the typically

nac, nacreous layer; pr, inner prismatic layer; sph.pr,

developed crysrals scars and the inter-crystalline mem

spherulitic-prismatic

branes separat i ng these scars

layer

of the

connecting

ring.

( X 2 l 00) .

Fig. 3. Surface of an inter-lameliar conchiolin membrane
immediarely distal ro char in Fig. l . The !arge elevation

Plate 23

of the membrane lacks the pitred surface. The mem
brane has a fibrous composirion ( X 5 600) .
Fig. 4. The same conchiolin membrane as in Fig. 3 ,
b ut m ore disrally. T h e elevations are absent, and the
membrane has

a coarse-fibrous

Fig. 5. Lameliar crystals in

structure

the

outer

( X 5 5 00 ) .
nacreous

sub

layer of the distal portion of a septal neck, rreated for

2 hours with sodium hypochlorire ( X 20 000 ) .

Fig. l. Vertical polished section of the auxiliary ridge,
the

inner

prismatic

layer

and

the

nacreous

layer

of

a septal neck, and the spherulitic-prismatic layer of the
succeeding connectiong ring. Nate the mode of fusion
of the spheruliric-prismatic and prismatic layers to the
auxiliary ridge ( X 5 5 0 ) .

Fig. 2 . Vertical fracture plane o f a n auxiliary ridge,
showing the prismatic elements i n this ridge ( X 5 7 00) .
Fig. 3. Vertical polished section of the outer nacreous

Plate 2 1

sub-layer in the distal portion of a septal neck, showmg

Fig. l . Verrical polished section of t h e ourer nacreous

the distribution

sub-layer

All p reparations figured in

ar the

distal

end

of

a

septal

neck,

etched

of the conchiolin marrlx

( X 6 2 00) .

this place were etched for

for 30 see. with chromium sulphate ( X 2 400) .

3 0-40 see. with chromium sulphate.

Figs. 2, 3, 4. Details of the same layer. Note the distri

aux.r, auxiliary ridge; nac, nacreous layer; pr, inner pris

bution of the abundant conchiolin matrix in this layer.

matic layer of the septal neck; sph.pr, spherulitic-pris

The modified nacreous crystals are partly dissolved and

matic layer of the connecting ring.

Plate 24
Fig. l . Inner face of the s p herulitic-prismatic layer i n
the most distal p ortion of a connecring ring (cf. sph .pr,

PI. 23 , Fig.
posed

of

I).

Nore the stacks of tabular crystals , cam

radiating

acicular

crystallites

and

crystalline

plates ( X l 0 0 0 ) .
Fig. 2. Inner face of the auxiliary

ridge

of the same

preparation to show the prismatic composition of the
ridge ( X S O O O ) .
The preparation figured in

this plare was

treared for

7 min. with sodium hypochlorite.
Plate 25
Fig . l . Verrical p olished seerian rhrough the distal end
of a septal neck and the inner conchiolin layer of the
contignous connecring ring. The inner conchiolin layer
originares deep i n the outer nacreous sub-layer of the
septal

neck

( X 2 400) .

Fig. 2. Same preparation, showing also the spheruliric
prismatic layer

(X 600 ) .

The preparation figured in this plates was etched for

30 see. with chromium sul p hare.
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