DECAY AND FOSSILIZATION OF NON-
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ABSTRACT. Decay experiments were carried out on three Recent species of coleoid cephalopods (the squids
Alloteuthis subulata and Loligo forbesi, and the sepiolid Sepiola atlantica) over a period of 1 day to 50 weeks.
The morphological sequence of degradation and the fate of the more decay resistant organs (beaks, radula,
suckers, gladius, statoliths, eye lenses) were recorded. Crystalline magnesium phosphate precipitated, but tissue
ultrastructure was not preserved. Sex and stage of maturity may influence rate of degradation. Differences in
buoyancy mechanism, physiological changes during reproduction, and post-mortem decay processes affect the
highly variable preservation potential of modern coleoids.

Of the six genera (Belemnotheutis, Mastigophora, Loligosepia, Geopeltis, Plesioteuthis and Trachyteuthis) of
exceptionally preserved Jurassic fossil coleoids examined for evidence of ultrastructural preservation,
Mastigophora exhibits a continuous series of tissues from the outer tunic, through the mantle and gladius, to
the muscular sheath of the digestive gland. In Belemnotheutis and Mastigophora the radial and circular muscle,
the outer collagenous tunic and the supporting meshwork of intramuscular fibres are all preserved.
Longitudinal fibres are evident in the arms and in the mantle of some specimens. The texture of the calcium
phosphate replacing the soft-tissue varies even within a specimen. Muscles may be represented by the fibres,
or only the sarcolemma. The microspheres of calcium phosphate are 1-2 gm in diameter in the former (perhaps
representing the microbes themselves), but only 01 gm in the latter (where precipitation is induced by
microbial processes). Microspheres in the tunic are 0-5-0-25 zm in diameter. Muscle, tunic, intramuscular fibres
and ink are preserved in calcium phosphate. Gladius material is finely banded, with varying proportions of
diagenetic calcium phosphate and calcium carbonate in each of the layers in Geopeltis from Charmouth. The
mantle morphology found in Mastigophora and Belemnotheutis corresponds with that found in living coleoid
cephalopods and indicates that this structure had evolved by the Early Jurassic. This calls into question the
systematic position of Belemnotheutis as a member of the Belemnitida. It is clear that phosphatization of
ultrastructural detail is not confined to a small number of unusual localitics. There is considerable potential
for histological investigations of the soft-tissues of a range of extinct organisms.

THE Coleoidea, typified by the extant squids, cuttlefish and octopus, rank alongside the Nautiloidea
and Ammonoidea as the third major subclass of cephalopods. Whilst the nautiloids and ammonoids
have a heavy external shell, most coleoids, with the exception of the living families Sepiidae and
Spirulidae and the extinct order Belemnitida, have negligible mineralized tissue and are essentially
soft-bodied. Nevertheless the soft tissues of coleoid cephalopods are preserved at a number of
Jurassic localities (Table 1), e.g. Holzmaden (Toarcian), Germany ; Christian Malford (Callovian),
England (Donovan 1983; Allison 1988 ; Page 1991; Donovan and Crane 1992); Voulte-sur-Rhone
(Callovian), France (Fischer and Riou 1982a, b); Solnhofen (Tithonian), Germany (Bandel and
Leich 1986; Mehl 1990), as well as in the Cretaceous (Albian) of NW Queensland (Wade 1993), the
Carboniferous Mazon Creek biota of Illinois (Allison 1987) and possibly the Devonian (Emsian)
Hunsriickschiefer of Germany (Stiirmer 1985). Whilst the morphology of a number of coleoids that
preserve traces of the soft parts has recently been described in detail from these localities, the
mineralization of the soft-tissues has only been subjected to preliminary investigation (Allison 1988
Mehl 1990). The aim of this study is to identify the tissue types preserved in coleoids, to determine
the degree of morphological detail preserved, and to interpret this in the light of controlled decay
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TaBLE 1. Types of soft tissues reported in fossil coleoids. —, feature is not preserved; ?, feature may be
preserved; n/a, feature would not normally occur in the coleoids represented in this fauna. Sources of
information: Fischer and Riou 1982a; Donovan 1983 ; Bandel and Leich 1986 Allison 1987, 1988; Mehl 1990
Donovan and Crane 1992.

Tissue/organ
Locality Mantle Arms Tentacles Jaws Gills Ink sac Gladius
Solnhofen Present Present ? Present Present Present Present
Voulte-sur-Rhone Present Present Present Present — Present Present
Christian Malford Present Present Present - - Present Present
Holzmaden Present —- — — — Present Present
Lias — — — - — Present Present
Mazon Creek - Present n/a Present — ? Present

experiments on recent cephalopods. Only when the decay process is understood can fossil tissue be
reliably interpreted by comparison with living analogues. This has allowed the evolution of mantle
ultrastructure in coleoids to be analyzed. Controls on mineralization were investigated in other
experiments using smaller animals (polychaetes and shrimps) which are more easily obtained and
processed in the sample sizes required (Briggs and Kear 19934, 1993h, 1994; Briggs et al. 1993).

COLEOID HISTOLOGY AND ULTRASTRUCTURE

Living coleoids have a range of structural tissues of differing composition and resistance to decay
(Table 2). The chitin of the buccal mass and digestive system is interconnected and may form a
continuous sheet (Kear 1990), starting at the inner surfaces of the lips and encompassing the beaks,
hyaline shield of the radula, buccal palp surface and teeth, and oesophageal and stomach lining. Lip
chitin has only been reported in adult Mesonychoteuthis (Kear 1990). The radular teeth, which
originate separately to the hyaline shield (Nixon 1968) and differ in composition, may not be part
of this continuum.

Secretion and tanning of the chitin in beaks is carried out by epithelial cells known as beccublasts
(Dilly and Nixon 1976), which act as holdfasts for the mandibular muscles (Dilly and Nixon 1976),
as well as performing a secretory function. Similar *chitinoblast’ cells are found in association with
the radula and hyaline shield (Nixon 1968), buccal palps, oesophagus and possibly the papillary
shield (Kear 1990).

The muscular mantle of coleoids is used for both propulsion and respiration. The mantle of the
Decapoda (= Decabrachia) (Text-fig. 1) is composed of a thick layer of circular muscle partitioned
into bands by thin sheets of radial muscle (Ward and Wainright 1972; Bone er al. 1981).
Longitudinal muscles have only been observed in Sepia officinalis (Bone et al. 1981). Layers of
parallel collagen fibres (Text-fig.1) encase the mantle muscle, running around the mantle (the inner
and outer tunics) in alternate left and right-handed helixes (Ward and Wainright 1972). In addition,
there is a network of intramuscular connective tissue within the mantle (Ward and Wainright 1972;
Bone er al. 1981). This tissue consists of fibres composed of collagen (Bone ¢t al. 1981 ; Gosline and
Shadwick 1983) and possibly elastin (Bone er a/. 1981) and forms a mesh throughout the muscle
(Text-fig. 1). The tunics and mesh resist length changes in the mantle during contraction (Ward and
Wainright 1972).

Decapod coleoids (Teuthida, Sepiida and Sepiolida) have four pairs of arms and one pair of
tentacles; the latter are a specialist prey capture mechanism with suckers present only on the



TaBLE 2. Location and composition of the main structural tissues (where present) in living coleoid
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cephalopods.
Tissue/organ Composition Author
Suckers and/or hooks f chitin Hunt and Nixon 1981
Lip lining Chitin (?type) Kear 1990
Beaks o chitin Hunt and Nixon 1981
Radula o chitin Hunt and Nixon 1981
Hyaline shield chitin (?type)
Buccal palp teeth o chitin Hunt and Nixon 1981
Oesophagus lining Chitin (?type) Kear 1990
Stomach lining 7 chitin Rudall and Kenchington 1973
o chitin Rudall and Kenchington 1973; Hunt and Nixon
1981
Brain and nuchal cartilage Collagen Nesis 1987
Statoliths Aragonite
Eye lenses Crystallin
Mantle locking cartilage Collagen Nesis 1987
Gladius f chitin Rudall and Kenchington 1973: Hunt and Nixon

1981

Internal shell Calcite and chitin

Skin tubercles Collagen Nesis 1987
Tunics of mantle muscle Collagen Ward and Wainright 1972; Bone er al. 1981;
Gosline and Shadwick 1983
Intramuscular mesh Collagen Bone et al. 1981; Gosline and Shadwick 1983
Elastin Bone et al. 1981

terminal portion. In resting position the tentacles are retracted within the cone of the arms, or into
special pouches (cuttlefish). Certain species of squid only possess tentacles as juveniles. The
musculature of both arms and tentacles is more complex than that of the mantle, consisting of
longitudinal, transverse, circular, oblique and helical muscle (Kier 1982, 1988), the last in the
tentacles only.

The muscular tissues may undergo substantial morphological changes as a coleoid matures. A
number of species resorb their own tissues — particularly mantle, tentacles and arms — to provide
energy and resources for gonad growth. This is seen at its most extreme in the squid Moroteuthis
ingens, in which immature females have thick (up to 10 mm), muscular mantle walls, but mature
individuals have a thin, gelatinous mantle (Jackson and Mladenov 1994). Histological
examination reveals that the tissue breakdown is due to a loss of muscle, leaving only the
intramuscular collagen fibres intact. In spent (i.e. post-spawning) individuals even the collagen
breaks down. None of these changes is as extreme in males of the same species (Jackson and
Mladenov 1994). In contrast, species which need to retain swimming ability for long migrations
to spawning grounds show no loss of mantle integrity with maturation (e.g. Illex argentinus: Clarke
et al. 1994).

There are phylogenetic contrasts as well. In neutrally buoyant families, such as the Architeuthidae
and Histioteuthidae, active swimming ability is not needed, and only the fins and tentacles are
strongly muscular. Similarly, in some of the oceanic octopods (e.g. Cirroteuthidae, Vitrele-
donellidae), the *muscular’ layer of the mantle is a watery cellular matrix with sparse collagenous
and muscle fibres even in juveniles (Nesis 1987). The preservation potential of coleoids therefore
varies widely.

Underlying the mantle is the gladius (pen), a chitinous sheet for support and muscle attachment.
Muscle and connective tissue surround the digestive gland and other internal organs.
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TEXT-FIG. |. Diagrammatic representation of coleoid mantle and tunic morphology. A, squid body, showing the

position of outer tunic, mantle muscle and inner tunic; B, the layered structure of the tunic; ¢, a section through

the skin and upper mantle, showing muscle morphology in relation to the anterio-posterior axis of the animal;

radial and circular muscle and intramuscular connectives are marked; patterning on the muscle indicates fibre
orientation. A-B re-drawn, with permission. from Ward and Wainright (1972).

MATERIALS AND METHODS

Recent coleoid cephalopod material was obtained from the Plymouth Marine Laboratory, UK.
The squids Alloteuthis subulata and Loligo forbesi (Teuthida: Loliginidae) and the cuttlefish Sepiola
atlantica (Sepiolida: Sepiolidae) were trawled off Plymouth. The animals used for experiments were
those which were brought up dead or dying in the nets, or died overnight in the stock tanks. Only
the heads of Loligo (n = 16: dorsal mantle length 135-295 mm; body weight 111-7-587-9 g) were
utilized in experiments. Whole Alloteuthis (n = 16: dorsal mantle length 60-85 mm) and Sepiola
(1 = 4: dorsal mantle length 15-20 mm) were utilized.

Specimens were placed in 250 ml Kilner jars with 150 ml (A4lloteuthis, Sepiola) or 200 ml (Loligo)
of seawater from the Plymouth Marine Laboratory’s research circulation (salinity 33-1 ppt;
pH 7-634+006) and transferred to an incubator at 20 °C within 4 hours. These experiments
correspond to the ‘slow diffusion’ type (1b) of Briggs and Kear (1993a, 1994).

Specimens were inspected/sampled after 1, 2, 3, 4, 7 and 10 days and after 2, 3, 4, 6. 8, 10, 15,
20, 25, 30 and 50 weeks. Morphological changes were recorded without opening the jars or
disturbing the carcass. Sampling for analysis involved decanting off the seawater and filtering or
sieving the remains. More decay resistant organs (beaks, radula, statoliths, eye lenses, gladius,
suckers) were removed and fixed in alcohol. Material was fixed for SEM using the glutaraldehyde-
HMDS method (Nation 1983). The remains of the carcass were oven-dried at 105 °C to constant
weight. The colour and pH of the seawater within the experimental vessel were noted. Crystalline
material was removed from the carcass for analysis with the electron microprobe.

Fossil coleoids which commonly preserve muscle fibres are likely to preserve other soft tissues.
Exceptionally preserved material held in the collections of the Natural History Museum (NHM)
and Bristol City Museum (BRSMG) was therefore examined (see Appendix). The investigation
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TABLE 3. Decay stages in Alloteuthis and Sepiola.

After 1 day: Post-mortem

The carcass is firm. The outer layer of mantle skin shows signs of disintegration while the chromatophores
of the inner layer contract, giving the animal a pale appearance. The skin shrinks away from the mantle in
places, revealing the muscle underneath, which turns opaque white. The ink behaves as a liquid. Some eggs
escape down the funnel of a mature female Sepiola.

After 2 days: Osmotic effects
The muscle (arms, funnel, mantle, fins) becomes soft. The arms and mantle may be swollen. The swollen
egg mass of mature Sepiola displaces and tears the mantle.

After 3 days: Shrinkage

The arms and eyes, and some of the outer layer of skin, begin to detach from the carcass. Pigment
granules are scattered in the water. The muscles disintegrate if disturbed. The body and arms have shrunk,
and contraction of the mantle reveals the edge of the ink sac, anus and spermatophoric duct. The gladius
of Allotenthis may protrude from the front of the mantle, but is structurally indistinguishable from fresh
material (Text-fig. 3p). The gills may be swollen. The muscle of the head has shrunk, making the eyes
appear disproportionately large. A bulge in the arm cone may represent the folded tentacles swollen in
their ““pouch™. The chitinous arm suckers may remain in place (Sepiola) (Text-fig. 3F) or be mainly
detached due to decay of the attachment muscles (Allotenthis). The ink solidifies.

After 1 week: Disintegration begins

The carcass shrinks further and collapses unless the shape of the mantle is maintained by reproductive
material inside (in female Alloteuthis). Surviving pigment is very dark. The fins may detach, and the head
drifts away from the mantle. The beaks and radula remain in the buccal mass, although the edges of the
beaks may have disintegrated. The gladius becomes brittle. Few sucker rings are still attached. Retinal
pigment may stain the eye lenses, beaks, and pen. The outer membranes of the ink sac disintegrate, but the
ink remains a unit. The digestive gland may still be evident. The spermatophores of Sepiola survive as
bunches of transparent tubes, some still containing sperm. The gills of Alloieurhis remain evident and
possible nidamental glands are visible in females. In places a layer of white crumbly mineralized material is
present beneath the pigment layer, but above the mantle muscle. Although the quantity was inadequate for
analysis, the crystal form and occurrence are similar to magnesium phosphate that sometimes precipitated
in decay experiments on the shrimp Palaenmon (Briggs and Kear 1994).

After 2 weeks

The carcass has shrunk to several amorphous masses. The outline of the arms and the associated eye
lenses remains evident. The ink and remains of mantle may survive as one unit (Sepiola) or the gonad
alone is intact and three-dimensional (A/lloteuthis). Other internal organs have completely decayed or are
unrecognizable. Eggs are scattered. The beccublast cells appear white and fibrous and retain their original
structure in Allorenthis. A thin membrane peels away from the inner surface of the gladius (Text-fig. 3F). A
white coating of mineralized material (probably MgPO,) may be present on the upper surface of gonad
and some muscle, as well as on the bottom of the jar. It occurs either as a thin structureless crust or as
scattered crystal laths and needles.

After 8-10 weeks

The head and mantle disintegrate further, and muscle peels away from the pen in places. The arms may be
recognizable. The eyes are visible as dark purple areas surrounding the lenses. The gonad remains three-
dimensional only in Alloteulis.

focused on Belemmnotheutis antiquus (Belemnitida: Belemnotheutidae) and Masiigophora brevipinnis
(Teuthida: Mastigophoridae) from Christian Malford, Oxfordshire (Jurassic, Callovian), but
material of Plesioteuthis prisca (Teuthida: Plesioteuthididae) and Trachyteuthis hastiformis
(Teuthida: Trachyteuthidae) from Solnhofen (Jurassic, Tithonian); Loligosepia (= Geoteuthis) sp.
(Teuthida: Loligosepiidae) from Gloucestershire and Somerset (Jurassic, Upper Lias): and
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TABLE 4. Decay stages in Loligo.

After 1 week

The head begins to swell. The outer muscle is stained pink. The sucker rings are fragile and detach easily
(Text-fig. 3G). The eyes are represented by dark patches and may have separated from the carcass. The
lenses remain intact and the brain cartilage is hard. The buccal muscles shrink and lose their shape when
disturbed. The beaks pull out with no resistance; lip muscle tissue may remain attached to the lower beak.

After 2 weeks

Gas bubbles are present under the skin. The sucker rings, statoliths and eye lenses are stained pink by
retinal pigment. The eyes and tentacles fall off and most of the sucker rings detach. The buccal muscle
tissue disintegrates. The brain cartilage becomes soft and spongy and no neural tissue remains.

After 34 weeks

The head may float due to the presence of additional gas bubbles. The manus of the tentacles, the eyes
and much of the muscle disintegrates. The untanned areas of the beaks are now stained. The anterior of
the radula disintegrates. Dark purple-pink crystals of MgPO, form in the skin of the arms and around the
shrinking brain cartilage.

After 6 weeks

The head disintegrates to an amorphous semi-liquid. The beaks disarticulate; some semi-liquid muscle
adheres inside the hood area. Only the eyes, brain cartilage and arms are recognizable. Nearly all the
sucker rings detach.

After 10 weeks

Only the arms. tentacles, and a few sucker rings are recognizable, but they disintegrate if disturbed. Many
doughnut- and spiral-shaped crystals of magnesium phosphate (Table 5) occur loose and on the arms; they
form on the sucker rings which may be embedded within them (Text-fig. 3u-1). Their purple colour is
derived mainly from the retina, and to a lesser extent from the chromatophores.

After 15--30 weeks

A crumbly, largely amorphous mass containing crystals, either individual or clusters of needles up to 3 mm
long, covers the bottom of the experimental vessel. Parts of the arms and tentacles may be recognizable.
The brain cartilage has largely disappeared. The edges of the beaks decay. The radula disintegrates if
disturbed.

After 50 weeks
The beaks and part of the radula are evident, together with crystals, in a mass of semi-liquid tissue. There
1s no trace of the suckers.

Geopeltis simplex (Teuthida: Geopeltidae) from Boll, Wiirttemberg, Germany (Jurassic, Upper
Lias) was also examined.

Small pieces of phosphatized mantle were removed from specimens of the Christian Malford taxa
Belemmnotheutis antiquus (specimens NHM C.46898 and NHM C.2456) and Mastigophora brevipinnis
(NHM 31362, NHM 46964 and NHM 62231) for investigation by scanning electron microscopy.
Where possible, the orientation of the fragments relative to the anterio-posterior axis of the
specimens was noted. Muscle fragments from Mastigophora brevipinnis (NHM 31362) were
analyzed by electron microprobe.

A specimen of Geopeltis sp. (University of Bristol, Geology Department, BRSUG 25602) from
Black Ven, Charmouth, Dorset (Jurassic, Lower Lias) was sectioned and polished for analysis by
light microscopy, SEM and electron microprobe.
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TEXT-FIG. 2. SEM micrographs of soft-tissue decay in slow diffusion conditions. A, Sepiola atlantica mantle
at 1-5 days, fixed in HMDS for SEM examination. The muscle has largely decayed away, but collagenous
tissues (tunics, intramuscular connectives) remain intact. The fibres in the upper portion of the picture have
‘unravelled® during specimen handling. Scale bar represents 20 gm. B, same specimen as A showing the cut
edge of the mantle. Intramuscular connectives are visible, running between the inner and outer tunic layers.
The collagen is covered with bacteria of 2-4-5 ym in diameter; compare with phosphate spheres in fossil
material in Text-fig. 4. Scale bar represents 20 um. ¢, Alloteuthis subulata after 4 weeks, oven dried. Fibrillar
phase beccublast cells still insert on the upper beak. The fibrils sull cluster into hexagonal clumps, which
probably represents the original position of the cells. Scale bar represents 40 #m. D, the rear edge of the upper
beak crest in Alloteuthis subulata after 3 days. The polygonal imprints left by beccublast cells are evident. The
chitin of the beak is undecayed at this stage. Scale bar represents 20 um. E, Loligo forbesi sucker surface after
3 weeks. The attachment muscles have decayed away, leaving polygonal imprints of chitinoblast cells similar
to the beccublasts in D. Scale bar represents 10 gm.

RECENT COLEOIDS
Death and decay stages

In both experimental and aquarium conditions dead and dying Allotenthis, Sepiola and Loligo lie on
the bottom of the tank. They are ignored by their companions. In contrast, dying Sepia float at or
near the surface in both aquarium and natural conditions, and are frequently attacked by
conspecifics as well as being an easy target for epipelagic and aerial scavengers. Thus, the mode of
dying affects the preservation potential of a given taxon.

The tentacles are not normally extended at death and should therefore be concealed in
undisturbed carcasses. Any tilting of the carcass head downwards during handling, however, can
cause the tentacles to slide from their ‘pouch’, and they also hang down in this way in anaesthetized
and dying Sepia.



112 PALAEONTOLOGY, VOLUME 38

TEXT-FIG. 3. Decay of structural tissues in recent coleoids under conditions of slow diffusion. A, statolith from
an undecayed Loligo forbesi. Scale bar represents 400 gm. B, surface of Loligo statolith after 4 weeks. The
statolith is exfoliating and individual aragonite rhombs are becoming loose. Scale bar represents 10 um. C, eye
lens from Alloteuthis subulata after 3 days. The lens has been broken along the natural fracture plane to show
the internal structure. Scale bar represents 200 zm. D, ventral side of Alloteuthis gladius after 3 days. A
membrane covers the surface, obscuring detail of the structure beneath. Scale bar represents 20 um. E, ventral
view of Alloteuthis gladius after 1 week. The thin membrane has peeled away and the chitin beneath is splitting
along natural growth lines. Bacteria are visible on the gladius surface. Scale bar represents 20 um. F, sucker
in situ on the arm of Sepiola atlantica after 1-5 days. The attachment muscles still hold the sucker ring in place.
Scale bar represents 40 um. G, a detached sucker ring from Loligo after 1 week. No muscle tissue remains
adhering to the chitin. Scale bar represents 400 zm. H, Loligo sucker removed from an arm after 10 weeks. The
sucker has been overgrown by magnesium phosphate crystals in a spiral pattern. No organic component
remains visible. Scale bar represents 400 gm. 1, close-up of H to show crystal structure. Scale bar represents
100 zzm. Specimens illustrated in ¢ to F were dehydrated in HMDS prior to SEM examination.
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TEXT-FIG. 4. SEM of muscle tissue from fossil coleoids. A, transverse section of Belemnotheutis antiguus (NHM
C.2456) mantle muscle. Fibrous structure is clearly visible. The massive band at the top of the picture is a layer
of varnish. Scale bar represents 40 um. B, close-up of A showing the 1-2 gm microspheres of calcium phosphate
which make up the muscle fibrils. Scale bar represents 10 gm. ¢, longitudinal section of the same specimen with
the muscle fibres viewed end on. The massive band on the right is a layer of varnish. Scale bar represents 40 gm.
D, close-up of ¢ showing microspheres 1-2 gm in diameter. Scale bar represents 10 um. E, Belemnotheutis
(NHM C.46898) mantle with two sets of muscle fibres meeting at 90°. Scale bar represents 40 gym. F,
Mastigophora brevipinnis (NHM 62231) muscle tissue from the digestive gland sheath. The collagenous
sarcolemma is preserved but the fibrils themselves have decayed away. Scale bar represents 10 gm.

The flesh of Alloteuthis, Sepiola and Loligo starts to become opaque before they stop respiring,
indicating that histochemical changes in the mantle can occur prior to actual death. The flesh of
Sepia is opaque in life.
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TaBLE 5. Composition of mineral phases in fossil coleoids and decaying Loligo. Oxide weights based on
clectron microprobe analyses (total given as weight per cent. of sample mineralized). Ratio of calcium
phosphate to CaCO, based on the assumption that all P,O, is incorporated into ideal OH-apatite
[Ca (PO,),OH]. The CaO:P,0O; ratio is 1:1:32 (based on molecular weights, ignoring H and excess O). The
remaining CaO is assumed to form CaCO,.

CaO in Phos:carb

Specimen % by wt Na,0O MgO Si0, ALO, P,0, SO, FO CaO phosphate (%)
Geopeltis
Pen layer 1 60-8 0-2 06 004 - 19 01 1.0 560 25 4:5:955
Pen layer 2 881 2:6 03 - 005 322 12 32 484 425 87-8:12:2
Pen layer 3 651 0-5 0-7 - 11-:7 04 15 495 154 31-1:689
Pen layer 4 880 13 03 002 318 10 40 494 420 850:150
Pen layer 5 70-8 0-7 06 0-01 169 07 17 493 223 45:2:54-8
Pen layer 6 951 0-8 04 — 002 339 14 48 535 447 83-6:164
Ink sac 832 1-5 03 — 0-01 304 17 32 458 401 87-6:124
Rock 56:5 0-3 0-8 21 083 22 05 02 489 29 59:94-1
Mastigoplora
Radial 86:1 09 03 — — 325 05 19 496 429 86:5:13-5
Circular 856 1-0 0-3 - 002 324 04 16 495 428 86-5:13-5
Rock 759 0-4 17 348 1754 08 29 — 104 1-1 10-6:89-4
Loligo (4w)
Sucker crystal 582 0-1 2006 — 002 374 01 01 01 0l —

TABLE 6. Ultrastructural features preserved in fossil coleoids examined by light and electron microscopy.

Outer Inner Radial Circular Intramuscular Gladius
Species tunic tunic muscle muscle mesh structure
Belemmotheutis Yes ? Yes Yes Yes Yes
Geopeltis ? — Yes Yes — Yes
Loligosepia Yes — Yes Yes — —
Mastigopliora Yes Yes Yes Yes Yes ?
Plesioteuthis Yes Yes Yes — Yes
Trachiyteutlis — ? ? - Yes

Degradation is very similar in carcasses of Alloteuthis and Sepiola (Table 3). Only the head and
arm crown portion of Loligo were utilized in decay experiments, and studies concentrated on the
fate of the structural materials (chitin, collagen, crystalline protein, aragonite) and on the
precipitation of minerals in and around the carcass (Table 4).

Ultrastructural decay and preservation
Muscular disintegration is rapid in all three coleoid species and ultrastructural detail is lost in as

little as 1-5 days. The collagenous component of the muscle (tunic layers and intramuscular
connectives) survives longer than the fibrils themselves (Text-figs 24, B), and is probably responsible






















































