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EXPERIMENTAL ALTERATION
OF THE NAUTILUS SHELL
BY FACTORS OF DIAGENESIS AND METAMORPHISM

Part II. — Amino acid patterns in the conchiolin matrix
of the pyrolysed modern mother-of-pearl

BY

M. F. Voss-FoucarT and Ch. GREGOIRE

In attempts at identification of the organic residues detected previously
in fossil mother-of-pearl (GREGOIRE, 1958, 1959 a b, 1966 b; GRANDJEAN,
GREGOIRE and Lutts, 1964) nacreous layers of the shell wall of the
modern Nautilus have been exposed to factors involved in fossilisation,
such as heat and pressure, in presence and in absence of oxygen.

In former papers (GREGOIRE, 1964, 1966 a b, and in Part I, 1968), the
structural aspects of a stepwise degradation of the conchiolin matrix have
been examined by means of the electron microscope in samples heated
at temperatures in the range of 150 °C to 900 °C for periods of time
extending from 5 minutes to 21 days. The results showed that pyrolysis
of modern mother-of-pearl can reproduce a number of structural changes
observed in the electron microscope in fossil remnants of conchiolin
matrix.

The present paper deals with the changes produced by pyrolysis in
the amino acid patterns of the polypeptidic residues of the material.
These patterns have been compared with those recorded previously in
fossil nacreous conchiolin (nautiloids and ammonoids) from various geo-
logical periods (Oligocene to Devonian) (GREGOIRE, 1964; 1966 a b;
GREGOIRE et Voss-FOUCART, 1970; Voss-FOucarRT et GREGOIRE, 1971).

(*) Submitted for publication in November 1971.
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MATERIAL AND METHODS

Fragments of the inner nacreous layers of the shell wall of Nautilus
pompilius LINNE were selected in the living chamber, more adorally than
the muscle scars, in order to avoid the myostracum (helle Schicht).

The procedures used for pyrolysis have been described in details in
part L

In a first group of experiments, fragments were placed in ceramic
boats and heated dry in electric ovens and muffle furnaces to temperatures
ranging from 150 °C to 900 °C for various periods of time (5 hours to
21 days).

In another group, quartz tubes (vitriosil) containing fragments of nacre,
were sealed under vacuum, then heated dry to temperatures in the range
of 150 °C to 900 °C for 5 hours.

In still another group, sea or distilled water was added to the samples.
In this group, the inner volume of the tube was 5.77 cm® The total
volume of the fragments was about 30 mm® and that of the fluid added
about 40 mm?®, The pressure inside the tubes, appreciated by Dr. HESTER-
MANs (L. B. H. P.), reached values in the range of 1 bar (150 °C - § hours)
and 38 bars (900 °C - 5 hours).

The samples selected for electron microscopy were decalcified in
saturated aqueous solutions of E.D. T. A. (titriplex III Merck) at pH 4.
and pH 8. The samples heated in open vessels in the range of 600 °C
to 800 °C could not be demineralized in titriplex and were dissolved, in
some cases incompletely, in 3 N solutions of hydrochloric acid.

For the biochemical analyses, fragments were demineralized in 0.5 N
solutions of hydrochloric acid. The soluble and insoluble residues were
dialyzed, hydrolyzed, and analysed by ion exchange chromatography,
using a Beckman Spinco automatic analyser (see details in Voss-FOUCART
and GREGOIRE, 1971).

In samples heated dry or wet (sea water) to 150°C., two fractions,
soluble and insoluble in hydrochloric acid, were isolated and analysed
separately.

RESULTS

Tables 1 and 2 give the amino acid composition of the hydrolyzed
samples. This composition is expressed as the number of amino acid
residues per cent total amino acid residues.

The results may be summarized as follows :

1. Polypeptides are present in all the pyrolysed samples.

2. The amino acid pattern of the insoluble fraction of the conchiolin
from samples heated in open vessels for 5 hours at 150 °C does not
differ, except for a slight increase in Alanine, from that of conchiolin




49, 9 OF THE NAUTILUS SHELL BY FACTORS OF DIAGENESIS AND METAMORPHISM 3

from unheated samples. Comparison of the 150°C samples heated in
open vessels with a sample heated with sea water in a sealed tube only
reveals in the latter higher values in Glutamic acid (slight), and in Alanine
(more distinct) and a slightly lower value in Serine and Glycine.

The hydrochloric acid used for decalcification of the pyrolysed and of
the control samples contained non dialysable peptides. These peptides
differ in quality and in amount in both groups: the soluble fraction is
distinctly more important in the pyrolysed samples than in the controls.
In addition, the percentage of Glycine is by far higher than that of the
same amino acid in the soluble fraction of the control sample.

3. Heating in open vessels at 225 °C for 5 hours thoroughly alters the
relative proportions of the amino acids of the polypeptidic residues :
Alanine becomes predominant (42.5 %) followed by Glycine (26.2 %). In
samples pyrolysed for 21 days under the same conditions, Glycine amounts
to about 50 per cent of the total amino acids. The four other relatively
important amino acids are, in decreasing order, Aspartic acid, Alanine,
Serine and Glutamic acid.

4. The polypeptidic residues of the three samples heated in open
vessels at 300 °C (Fig. 3) are characterized by the predominance of Glycine
and by a relatively low content in Alanine, as in the 225 °C - 21 days
sample.

However, the polypeptidic residues of these three 300 °C samples dif-
fer from each other, namely in the relative proportion of Serine, Glycine,
Glutamic acid, Alanine and Arginine.

In samples heated in sealed tubes at the same temperature, either dry
or with sea or distilled water (Fig. 4), the composition of the polypeptidic
conchiolin residues differs from that of the samples heated in open vessels :
the amounts in Glycine are much lower, those of Serine and Glutamic
acid higher.

5. From the 500 °C stage up to 900 °C, the polypeptidic composition
does not distinctly change. Glycine, Serine and Glutamic acid are the
three predominant amino acids, followed by Alanine and Aspartic acid.
This composition is similar in samples heated in open vessels and dry
and wet in sealed tubes. The Serine content only is slightly higher in the
samples dry heated in sealed tubes. The concentration in Glutamic acid
is more important in sealed tubes in the presence of sea water.

DISCUSSION

1. Origin of the polypeptides recorded by bioche-
mical analysis

Thermal energy has been used for polymerisation of free amino acids
to polypeptides. The resulting products can contain the eighteen amino
acids common to proteins (see disc. in Part 1: Fox and MIDDLEBROOK,
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TABLE 1. — Nautilus pompilius L. Protidic components of the pyrolysd

Asp Thr Ser Glu Pro G
1 Pyrolysis in open vessels
1500C. 5 hours (1010) ... ... v ver v .en 7.8 1.3 9.3 4.5 + 31
2250C. 5 hours (721-225) ... ... oo oo ... 5.2 0.4 3.2 5.4 0.7 26
225 oC 21 days (721-225-21) ... ... ... ... 13.4 2.1 8.4 7.2 tr 46
300 oC. 5§ hours (721- 300) 7.8 1.4 7.7 6.4 49
300 oC. 5 hours (991) e e e e 6.3 3.8 14.7 10.4 2.1 36
300 °C. 5 hours (904) 7.7 3.1 13.2 10.3 tr 39
500 °C. 5 hours (905) 8.3 5.1 23.0 13.5 tr 21
700 oC. 5 hours (906) 7.6 4.3 21.7 14.7 tr 18
900 °C. 5 hours (907) .. oo v e | 81 | 54 112 | 119 | 49 15
900°C. 5 hours ... ... o ceo vt eer e el 8.0 4.4 19.5 15.2 + 18
2 Pyrolysis in tubes sealed under vacuum

— dry
3000C. 5 hOULS oo vee e eer e e e | 85 | 49 | 224 | 164 . 20
5000C. S hours ... ... voo v ver ven een .l 10.6 5.7 25.6 9.4 + 19
7000C. § hours ... ... oo ver e eee een ene 10.0 4.9 26.8 9.0 + 18
900 °C. § hours ... ... cev vev er e oen 8.5 4.7 20.9 14.0 + 21
— with sea water
150 oC. 5 hours (997) 7.3 1.3 8.0 5.5 + 27
300 °C. 5 hours (992) 7.5 4.4 16.7 12.6 + 23
500 oC. S5 hours (994) 9.8 4.8 171 20.4 tr 18
700 oC. 5 hours (996) 10.7 4.8 18.8 20.2 + 18
— with distilled water
300 oC. § hours (1006) ... ... ... ... ... ... 9.7 6.1 16.8 10.6 + 22
5000C. 5§ hours (1014) ... ... ... ... ... ... 10.4 4.5 171 14.1 tr 23

Insoluble residue and fraction which passes into solution in hydrochlor

TABLE 2. — Nautilus pompilius

Asp Thr Ser Glu Pro G

Normal conchiolin

Insoluble residue ... . 7.1 1.2 9.6 4.4 0.7 31

Fraction soluble in 05 N HCI 14.7 5.6 12.5 8.8 7.0 2
Pyrolysed conchiolin

1500 (open vessel) :

Insoluble residue ... .. 7.8 1.3 9.3 4.5 + 3

Fraction soluble in 05 NHCl ... o oo . 14.2 1.7 11.0 51 1.9 4

1500 (with sea water in sealed tubes) :

Insoluble residue ... .. 7.3 1.3 8.0 5.5 + 27

Fraction soluble in 0.5 N HCI . 19.1 1.6 9.1 6.1 + 37
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Amino acid residues per cent total amino acid residues

Ala Cys Val Met Ile Leu Tyr Phe Lys His Arg
25.8 tr 1.6 1.2 1.3 2.1 1.0 6.0 0.3 0.5 5.3
42.5 0.3 1.8 0.1 1.1 2.2 0.7 5.5 3.7 0.3 0.4
8.7 — 1.9 — 1.6 21 1.2 1.9 3.9 1.4 +
10.9 1.7 1.4 4.2 3.0 6.4
7.5 tr 2.2 1.0 1.9 1.3 1.7 5.0 3.1 2.9
10.5 tr + tr 1.4 2.8 tr tr 6.8 4.1 +
8.8 0 + tr 2.4 4.7 + + 8.8 4.1 +
8.6 0 3.8 0 2.0 3.6 + + 9.0 5.5 +
9.7 0 51 tr 3.1 5.5 2.1 33 6.0 3.2 4.8
8.2 0 3.8 0 2.0 2.4 + + 7.4 4.6 5.4
8.7 0 4.5 + 2.2 3.7 + + 4.0 4.2 +
9.0 0 4.0 tr 2.3 3.2 + + 8.5 2.4 +
9.3 0 3.6 tr 4.5 5.3 + + 7.7 + +
7.0 0 5.4 tr + 39 —+ + 9.3 4.7 +
B2.5 0 1.6 0.5 1.3 2.3 1.1 5.0 0.5 0.4 5.6
10.0 tr 33 tr 1.5 2.7 1.4 1.8 7.7 3.7 3.2
7.6 0 3.9 tr 2.7 4.4 22 2.2 6.4 + tr
6.3 0 3.4 tr 4.0 4.2 + + 6.2 2.9 +
13.5 0 4.8 tr 3.9 5.5 + + 6.1 + tr
8.4 0 4.1 tr 2.4 4.5 1.9 2.4 6.9 + +
ormal and pyrolysed nacre conchiolins.
tid. Amino acid residues per cent total amino acid residues
Ala Cys Val Met Ile Leu Tyr Phe Lys His Arg
6.6 tr LS 0.5 1.4 2.1 1.8 5.1 0.6 0.5 53
8.4 tr 33 + 2.1 4.8 1.8 3.9 2.1 + +
5.8 tr 1.6 1.2 1.3 2.1 1.0 6.0 0.3 0.5 53
12.4 —_ 1.2 tr 1.4 1.2 0.5 2.2 0.6 0.6 1.4
32.5 —_ 1.6 0.5 1.3 2.3 1.1 5.0 0.5 0.4 5.6
11.6 —_ 1.9 — 1.5 1.9 1.8 5.0 1.0 0.6 1.6
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1954; HarADA and Fox, 1964; Fox, 1964; HArRADA, 1967; ROHLFING,
1967). However, the routine control with the electron microscope of the
material analysed here permitted to discard immediately this possibility :
all the residues consisted of interlamellar conchiolin matrices variously
altered by pyrolysis (see Part 1 and the present figures).

2. Thermal changes in conchiolin (biochemical com-
position and ultrastructure)

Comparison of the control and the pyrolysed mother-of-pearl of the
modern Nautilus shell shows the following changes :

A. — In the 150°C samples heated in open vessels (group 1), the
structural alterations in the conchiolin matrices were moderate or indistinct
(Fig. 1). Similarly, the biochemical analysis does not reveal important
transformations of the insoluble conchiolin matrix. However, in the 150 °C
samples heated in sealed tubes with sea or distilled water, there are slight
modifications, namely as regards Glycine and Alanine. Moreover, the
amount of the insoluble fraction is lower in the samples heated wet.

These biochemical results are in agreement with those of HARE and
MITTERER (1967-1968) obtained on shell fragments of Mercenaria heated
at 160 °C : little or no reaction appeared in samples of Mercenaria heated
dry, in contrast with the samples in which water was present.

As pointed out above, the polypeptidic fraction which is soluble in the
hydrochloric acid used for decalcification is more important in the
pyrolysed samples than in the controls, and differs from that of the latter
with regard to the relative concentration of the amino acids. These results
suggest a trend toward formation of soluble breakdown products, in
agreement with the data of VALLENTYNE (1969) on pyrolysis of amino
acids in the Pleistocene Mercenaria shells. According to this author, over
90 per cent of the total N in the shell powder pass into solution during
the early phases of pyrolysis.

In our material, the insoluble residue left by pyrolysis of a sample of
nacre at 150 °C for 5 hours in presence of distilled water represents about
11 per cent of the conchiolin amount present in an identical weight of
normal unheated nacre.

B. — In the 225°C sample (open air) the relative concentrations of
the amino acids are modified. These concentrations differ with the
duration of pyrolysis. The structural changes observed in the electron
microscope are in agreement with these data: in the 225°C - 5 hours
stage the changes do not distinctly differ from those recorded in the
150 °C - § hours stage (see Part 1, p. 5 and Figs 2 to 8). On the other
hand, the 225 °C - 21 days stage shows more distinct alterations (beginn-
ing fragmentation of the trabeculae : see Part 1, p. 6 and Fig. 10).

C. — The biochemical alterations in the 225 °C. - 21 days (open air)
and in the 300 °C (open air) samples do not greatly differ.
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The conchiolin alterations, observed in the electron microscope, in the
range of 200-300 °C, have been described in details in previous studies
(GREGOIRE, 1968, 1972). Persistance of the nautiloid pattern (Figs. 2 and
3), variously altered (e.g. widening and coalescence of the trabeculae)
(Fig. 2), in scattered conchiolin fragments, swelling, flattening and prog-
ressive dislocation of the trabeculae of the matrices into rods and pebble-
shaped corpuscles (Figs. 3 and 4) characterized in other fragments the
modifications of the samples.

D. — From the 500 °C stage up to 900 °C (in open vessels and in sealed
tubes), the composition of the polypeptidic residues of conchiolin seems
to be stabilized : there are no distinct subsequent alterations in the amino
acid patterns with increase in temperature. This distribution of the relative
amounts of amino acids is similar in the samples heated in open vessels and
in sealed tubes.

Examination of this material in the electron microscope reveals similar
changes in the samples heated dry and wet in sealed tubes (Figs 5, 6 & 7).
The samples heated in open vessels (not shown) are distinctly more
brittle than those heated dry or wet in sealed tubes. In the former group
disintegration of the original trabeculae into corpuscles, in the latter
flattening and coalescence of the original trabeculae into fenestrate mem-
branes are predominant. However, in each group (open vessels, sealed
tubes , with further increase in temperature, the characteristic alterations
observed at 500 °C remain similar except for subsidiary modifications,
such as moulding of the conchiolin residues on the crystal faces of large
calcite crystals and formation of organic geometrical structures (see Part 1,
Figs. 80-85 and Part III, 1972, Figs. 124-125).

3. Thermal stability of amino acids from conchiolin
and in solution

ABELSON (1956, 1957, 1959), JoNEs and VALLENTYNE (1960), VALLEN-
TYNE (1964), investigated the thermal stability below 270 °C of chemically
pure amino acids in aqueous solutions. These authors have shown evi-
dence of a selective thermal destruction of these substances. Alanine,
Glutamic acid and Glycine were found to be most stable and Serine was
easily destroyed. HARE and ABELSON (1967), HARE and MITTERER (1968)
furnished evidence of racemization of certain amino acids heated in
aqueous solutions.

Comparing the decomposition rates of amino acids in aqueous solutions
and in powdered shells of the Pleistocene Mercenaria pyrolysed in sealed
tubes below 270 °C, JoNes and VALLENTYNE (1960) observed that the
amino acids more stable to dry pyrolysis in Mercenaria were among the
least stable during natural fossilisation or in pyrolysis in aqueous solutions
(ABELSON, 1954, 1956). They suggested that either the laboratory expe-
riments did no mimic the effects of low geologic temperatures over long
periods of time, or that the relative geologic stabilities of amino acids in
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Mercenaria shell were influenced by some factors other than temperature,
such as pH, concentration of water, reaction between amino acids and
other compounds.

Our results, in agreement with those of ABELSON (1961); PETITJOHN
(1964); GREGOIRE (1964, 1968), HARE and MITTERER (1968); VALLENTYNE
(1969); show that laboratory experiments at high temperatures for short
periods of time simulate the effects of low temperatures over long geologic
periods of time : ultrastructure (see Table 2, Part 1, 1968) and composition
of conchiolin residues after pyrolysis at temperatures above 300 °C are
similar to those of the fossil conchiolins.

However, our results indicate (see Voss-FoucarT, 1970) that the data
obtained in experiments using solutions of pure amino acids cannot
always be compared with those recorded on protidic matrices sheltered
between mineral layers. Recently, AkiyaAmMa (1971) arrived to the same
conclusion.

The pyrolytic degradation of the conchiolin matrix is an extremely
complex process : interactions occur, not only between mineral and organic
phases, but also between the different components of the organic matrix.
Certain transformations resulting in a partial solubilisation, seem to repre-
sent the first steps of the process. Accordingly, in future investigations,
it will be necessary to separate at every stage the different fractions which
compose conchiolin.

The divergences between our results and certain data of HARE and
MITTERER (1968) and of VALLENTYNE (1969) proceed from the fact that
these authors, in their studies of the effects of pyrolysis on the organic
components of modern (HARE and MITTERER, 1968) and Pleistocene
(VALLENTYNE, 1969) shells, have analyzed the entire content of the tubes,
including the free amino acid fraction, the peptidic soluble fraction and
the polypeptidic insoluble fraction. Our results concern exclusively the
residual polypeptidic, non dialyzable fraction of conchiolin, which must
be identified in order to establish a comparison with the composition of
the remnants of fossil conchiolin.

CONCLUSIONS

Ultrastructural and biochemical differences between the conchiolin
matrices of the modern Nautilus and those of fossil cephalopods might
indicate, as already pointed out in our previous papers, patterns of struc-
ture now extinct or might be the result of diagenesis in originally identical
or slightly different structures.

Detection of the nautiloid pattern in specimens from different geolo-
gical ages (e.g. in Ordovician and in Pennsylvanian nautiloids, see GRE-
GOIRE, 1966, disc.) already supported the second interpretation. The re-
markable resistance of the conchiolin matrices of nacre to thermal stress
and the possibility of simulating experimentally the different kinds of
morphological alterations in this material, recorded in Paleozoic and in
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Mesozoic cephalopods (GREGOIRE, 1964, 1966a, 1968, 1972) were also
in agreement with this interpretation.

The present biochemical results bring additional evidence in favor of
this interpretation :

A. — Polypeptides subsist in all the samples of modern Nautilus nacre
pyrolysed in the range of 150 °C to 900 °C, in open vessels, and dry or
wet in sealed tubes, in agreement with consistent findings of biuret-
positive remains of interlamellar matrices.

B. — In the evolution of the experimental alterations induced by
increasing temperature, a certain degree of stabilization, from the 300 °C
stage up, in sealed tubes, was observed in the relative concentrations of
the amino acids of these polypeptides and in the structural modifications
of the nautiloid pattern previously reported (see Part 1, p. 9).

This stabilization of the conchiolin changes has been also recorded in
the fossil shells : the composition of the non-dialysable residue of the
organic matrices subsisting in the Miocene nautiloids does not greatly
differ from that of the Devonian nautiloid studied, whereas it distinctly
diverges from that of the modern Nautilus. Likewise, except for subsidiary
variations, the structural changes in the fossil conchiolin from species of
all the ages investigated show a certain degree of uniformity.

C. — The amino acid patterns and the structural alterations in the
stabilized pyrolysed samples of modern mother-of-pearl do not distinctly
differ from those recorded in the organic remnants of thirty Paleozoic,
Mesozoic or Cenozoic cephalopods (compare table 1 with tables 1 & 2
in Voss-FoucarRT and GREGOIRE, 1971, and, in GREGOIRE and Voss-
Foucarr, 1970, p. 197, plates 2, 5, 11, 13, 15 with plates 3, 6, 12, 14, 16).

These results furnish an additional support to our previous conclusions
(GREGOIRE, 1966, 1968; Voss-FoucarRT and GREGOIRE, 1971) that the
structural and biochemical differences between the nacreous conchiolin
matrices of the modern Nautilus and of fossil cephalopods from various
ages (Miocene to Devonian) are chiefly diagenetic in nature and do not
bring evidence that in the extinct groups the structure and biochemical
composition were originally different.

We thank Dr. D. Coutsourabpis for authorizing the use of the equip-
ment of his departement. We are greatly indebted to Dr. A. DAvIN and
to Mr. G. CasIER for their help in the preparation of the pyrolysed mate-
rial and to Mr. J. GRANDJEAN, who recorded and analysed the X-ray
diffraction patterns. Whe thank Dr. P. HEsTERMANS (Institut Belge des
Hautes Pressions) for calculating the pressure inside the tubes used for

pyrolysis.




10 M. F. VOSS-FOUCART AND CH. GREGOIRE. — EXPERIMENTAL ALTERATION 49, 9

We thank Mrs Dr. S. BRICTEUX-GREGOIRE for her help and criticism in
analysing the biochemical results.

This work is part of a research programme financed by the Fonds de la
Recherche Fondamentale Collective (Crédit 267) and by the Fonds Natio-
nal de la Recherche Scientifique. The generous help of these Organizations
is gratefully acknowledged.

REFERENCES

ABELSON, PH. H.

1954-1955. Organic constituents of fossils. (Carnegie Inst. Yearb, vol. 53, pp. 97-101;
vol. 54, 1955, pp. 107-109.)

1956. Paleobiochemistry. (Scient. Amer., vol. 195, pp. 83-92.)

1957. Organic constituents of fossils. (In Treatise on Marine Ecol. and Paleoecology,
11, Paleoecology, Geol. Soc. Amer., Mem., 67, pp. 87-92.)

1959. Geochemistry of organic substances. (In PH. ABELSON, Researches in Geo-
chemistry, New York, Willey, pp. 79-103.)

1961. Thermal Degradation of Algal Protein. (Carnegie Inst. Yearb., vol. 60, pp. 207-
208.)

AKIYAMA, M.

1971. The amino acid composition of fossil Scallop shell proteins and non proteins.
(Biomineralisation Forschungsberichte, vol. 3, pp. 65-70.)

Fox, S. W.

1964. Thermal polymerization of amino acids and production of formed micro-
particles on lava. (Nature, London, vol. 201, pp. 336-337.)

Fox, S. W. and MIDDLEBROOK, M.

1954.  Anbydrocopolymerization of amino acids under the influence of hypotheti-
cally primitive terrestrial conditions. (Feder., Proc., vol. 13, pp. 211.)

GRANDJEAN, J., GREGOIRE, CH. and LutTs, A.

1964. On the mineral components and the remnants of organic structures in shells
of fossil molluscs. (Bull. Acad. roy. Belg., Cl. des Sciences, 5¢ série, vol. 50,
pp. 562-595.)

GREGOIRE, CH.

1958. Essai de détection au microscope électronique des dentelles organiques dans
les nacres fossiles (Ammonites, nautiloides, gastéropodes et pélecypodes.)
(Arch. intern. Physiol. Bioch., vol. 66, pp. 674-676.)

1959a. A study on the remains of organic components in fossil mother-of-pearl. (Bull.
Inst. roy. Sc. natur. Belg., vol. 35, pp. 1-14.)

1959b. Conchiolin remnants in mother-of-pearl from fossil Cephalopoda. (Nature,
vol. 184, pp. 1157-1158.)

1964. Thermal changes in the Nautilus shell. (Nature, London, vol. 203, pp. 868-869.)

1966a. Experimental diagenesis of the Nautilus shell. (In Advances in Organic geo-
chemistry. G.D. HoBsoN and G.C. Speers edit.,, Pergamon Press, Oxford,
pp.- 429-442.)

1966b. On organic remains in shells of Paleozoic and Mesozoic Cephalopods (Nauti-
loids and ammonoids). (Bull. Inst. roy. Sc. nat. Belg., vol. 42, 39, pp. 1-36.)

1968 Experimental Alteration of the Nautilus shell by Factors involved in Diage-
nesis and Metamorphism. Part. 1. — Thermal changes in conchiolin matrix of
mother-of-pearl. (Bull. Inst. roy. Sc. nat. de Belg., vol. 44, 25, pp. 1-69.)

1972. Experimental Alteration of the Nautilus shell by Factors involved in Dia-
genesis and in Metamorphism. Part 11l. Thermal and Hydrothermal changes
in the organic and mineral components of the mural mother-of-pearl. (Bull.
Inst. roy. Sc. natur. Belg., vol. 48, 6, 1-85.)




49, 9 OF THE NAUTILUS SHELL BY FACTORS OF DIAGENESIS AND METAMORPHISM 11

GREGOIRE, CH. and Voss-FoucarT, M. F.

1970. Proteins in Shells of Fossil Cephalopods (Nautiloids and Ammonoids) and
Experimental Simulation of their Alterations. (Arch. Intern. Physiol. Bioch.,
vol. 78, pp. 191-203.)

HarADA, K.

1967. Formation of amino acids by thermal decomposition of formamide — Oligo-

merization of hydrogen cyanide. (Nature, London, vol. 214, pp. 479-480.)
Harapa, K. and Fox, S.W.

1964. Thermal synthesis of natural amino acids from a postulated primitive terres-

trial atmosphere. (Nature, London, vol. 201, pp. 335-336.)
HARE, P. E. and ABELSON, Pu. H.

1967. Racemization of amino acids in fossil shells. (Carnegie Inst. Wash. Yearbook,
vol. 66, 526.)

HARE, P.E. and MITTERER, R. M.

1968. Laboratory Simulation of Amino-Acid Diagenesis in Fossils. (Carnegie Inst.
of Wash. Yearb., 67, 205.)

JonEs, J.D. and VALLENTYNE, J.R.

1960. Biochemistry of organic matter — 1. Polypeptides and amino acids in fossils
and sediments in relation to geothermometry. (Geochim. Cosmochim. Acta,
vol. 21, pp. 1-34.)

PeTTIjOHN, F.J.

1957. Sedimentary Rocks. (2nd ed., HARPER & Bros., N.-Y., Chapter 14, Lithification

and diagenesis, pp. 648-681.)
RoHLFING, D. L.

1967. Thermal poly-a-amino acids containing low proportions of aspartic acid.

(Nature, London, vol. 216, pp. 657-659.)
VALLENTYNE, J.R.

1964. Biochemistry of organic matter — Il. Thermal reaction kinetics and transforma-
tion products of amino compounds. (Geochim. Cosmochim. Acta, vol. 28,
pp. 157-188.) )

1969. Pyrolysis of amino acids in Pleistocene Mercenaria Shells. (Geochim. Cosmo-
chim., Acta 33, 1453.)

Voss-Foucart, M. F.

1970. Constituants organiques de la coquille des Cephalopodes et Phenomenes de

Paléisation. (Thesis, pp. 1-210.)
Voss-FoucarTt, M. F. and GREGOIRE, CH.

1971. On biochemical and structural alterations in fossil and in pyrolysed modern
mother-of-pearl. (Biomineralisation Forschungsberichte, vol. 6, pp. 134-140.)

1971. Biochemical Composition and Submicroscopic Structure of Matrices of Na-
creous Conchiolin in Fossil Cephalopods (Nautiloids and Ammonoids). (Bull.
Inst. roy. Sc. nat. Belg., vol. 47, pp. 1-42.)

LABORATOIRE DE BIOCHIMIE, INSTITUT LEON FREDERICQ,
UNIVERSITE DE LIEGE & CENTRE DE RECHERCHES METALLURGIQUES,
ABBAYE DU VAL BENOIT, LIEGE.

EXPLANATION OF FIGURES
Fig. 1.

Nautilus pompilius LINNE.

Mural mother-of-pearl heated for 5 hours at 150 °C in open vessels (1010).

Interlamellar conchiolin matrices freed by decalcification of the sample.

No distinct alteration of the conchiolin in parts of the sample (upper right hand
corner). In other parts of the field, slight diffuse inflation and coalescence of the trabe-
culae with protrusion of hemispheral elevations.
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Shadowed with platinum. Negative print (black shadows).
> 48.000.

Fig. 2.

Nautilus pompilius LINNE.

Mural mother-of-pearl heated for 21 days at 225 oC in open vessels (721-225-21).

Double-stage carbon-palladium replica of the sample, polished in tangential orienta-
tion, parallel to the tabular 001 facets of the aragonite crystals, and etched with EDTA
(60 seconds).

The interlamellar nacreous conchiolin matrices appear in the form of pseudoreplicas
lying on the positive replicas. The structural changes in this material consist of
flattening, widening and coalescence of the trabeculae into networks of membraneous
structures. Fragmentation of the trabeculae into pebble-shaped corpuscles is visible in
the right hand upper area of the figure (see another micrograph of this preparation in
GREGOIRE, 1966b, Fig. 9).

X 42.000.

Fig. 3.

Nautilus pompilius LINNE.

Mural mother-of-pearl heated for 5 hours at 300 °C in open vessels (904).

In this field, two types of alteration of the remnants of decalcification of the sample
are associated : on the left hand side, a fragment in which the nautiloid pattern in still
recognizable, and in which trabeculae appear locally flattened or swollen, widened and
fused into membraneous textures on to which rounded protuberances are scattered; on
the right hand side, disintegration of the trabeculae into clusters of spheroidal, pebble-
shaped corpuscles.

Shadowed with platinum. Direct print (white shadows).

X 48.000.

Fig. 4.

Nautilus pompilius LINNE.

Mural mother-of-pearl heated with distilled water for 5 hours at 300 °C in sealed
tubes (1087).

Remnants of decalcification of the samples. The trabeculae are fragmented into
twisted segments, or disintegrated into smaller corpuscles.

Shadowed with platinum. Direct print (white shadows).

% 48.000.

Fig. S.

Nautilus pompilius LINNE.

Mother-of-pearl heated with distilled water for 5 hours at 500 °C in sealed tubes
(1014).

Remnants of decalcification of the samples.

The original network of trabeculae composing the interlamellar conchiolin matrices
has been transformed into membranes perforated by oval openings surrounded by
thickenings in the form of ring-shaped pads.

Shadowed with platinum. Positive print (white shadows).

X 48.000.

Fig. 6.

Nautilus pompilius LINNE.

Mother-of-pearl heated with sea water for § hours at 500 oC in sealed tubes (994).
Remnants of decalcification of the samples.

Same alterations in the interlamellar conchiolin matrices as in Fig. 5.

Shadowed with platinum. Positive print (white shadows).

X 48.000.
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Fig. 7.

Nautilus pompilius LINNE.

Mother-of-pearl heated for 5 hours at 700 oC in sealed tubes (778).

Same alterations in the conchiolin remnants as in Fig. 5 (see another micrograph of
the samples in Part. I, Fig. 77).

Shadowed with platinum. Negative print (black shadows).

X 48.000.













