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Abstract: In order to determine the timing of growth of belemnite rostra, we analyzed microgrowth patterns of seven, excellently
preserved specimens of Megateuthis giganteus (v. Schloth.) from the Middle Jurassic of the Hannover area, Germany. Spec-
tral analysis (single spectrum analysis, continuous wavelet transformation) of microgrowth curves suggests that the
microgrowth increments and lines formed on a lunar daily basis. Microincrements are arranged in fortnight bundles of
15. Based on this interpretation, we estimated that the ontogenetic age of the studied specimens (at least the well-preserved
visible portions) ranged between one and two years. Furthermore, chemical (energy dispersive spectrometry) and structural
(X-ray diffractometry, scanning electron microscopy) analyses and monochromatic cathodoluminescence were employed to
study the degree of diagenetic alteration, interpret the original mineralogical composition of the guards and explain the
reason for the distinct alternation of dark and light laminae (microgrowth lines or rings). We found that the alternation of
dark and light laminae in the rostrum is caused by regular changes in density of calcium carbonate rather variable organic
content. Orthorostra were originally composed of low-Mg calcite rather than aragonite. The overall high carbon content
(35 to 65% higher amounts than expected for pure calcite) indicates the presence of pristine intra-crystalline (and perhaps
inter-crystalline) organic matrix. Despite the overall mint preservation, some portions of the rostra (stained blue by Mutvei’s

solution) have undergone diagenetic alterations such as cementation and/or recrystallization.
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INTRODUCTION

Belemnite rostra have been used in numerous studies for the
reconstruction of paleoenvironmental conditions (e.g., Urey
etal., 1951; Podlaha et al., 1998; Price et al., 2000; Longinelli
et al., 2002, 2003; McArthur et al., 2000, 2004; Niebuhr &
Joachimski, 2002; Voigt et al., 2003; Florek et al., 2004;
Rosales et al., 2004; Wierzbowski 2004; van de Schootbrugge
et al., 2005). These studies focused on stable isotopes and
trace and minor elements to infer ancient water temperatures,
interpret seawater isotopic composition and paleoceanogra-
phy. Yet, little is known about the structure and the growth
periodicity of belemnite rostra. Urey et al. (1951) interpreted
the oscillations of oxygen isotopes of the belemnite low-Mg
calcite as annual temperature variations and used these cycles
to estimate the ontogenetic age of these belemnites (four
years of age). However, age determinations based on sclero-
chronological (growth pattern) studies of belemnite rostra
have not been employed.

The rostra of most Jurassic and Cretaceous belemnites
have three parts with different structures: (1) the primordial
and early juvenile rostrum is considered to be organic-rich
and often aragonitic in composition, (2) the orthorostrum is
a solid calcitic structure that covers the primordial rostrum
and (3) the epirostrum is covering the orthorostrum. Bandel
and Spaeth (1988) stated that the epirostrum was originally

composed of the aragonite polymorph. The ortho- and
epirostrum show concentric laminae interpreted as alterna-
ting organic (laminae obscurae) and inorganic laminae
(laminae pellucidae) (Miiller-Stoll, 1936; Jeletsky, 1966;
Barskov, 1970; Spaeth, 1971; Salen, 1989). These laminae,
also called microgrowth lines or microgrowth rings form
a specific microgrowth pattern for each rostrum and are
considered to have been formed periodically throughout the
entire life-span. Similar microgrowth patterns are found in
skeletons of many organisms including bivalve shells (e.g.,
Berry and Barker, 1968; Clark, 1975, 2005a; Evans, 1972,
Richardson et al., 1979; Schone et al., 2002), corals (e.g.,
Wells, 1963; Cohen and McConnaughey, 2004), fish oto-
liths (e.g., Pannella, 1971; Gutiérrez and Morales-Nin,
1986), squid statoliths (e.g., Archipkin and Murzov, 1986;
Bettencourt and Guerra, 2001), beak and gladius of octopus
(Hernandez-Lopez et al., 2001; Perez et al., 1996) and have
been interpreted as daily growth periodicities. In these
organisms, precipitation of skeletal hard parts is regularly
retarded resulting in the formation of distinct growth lines.
Such structures might thus be useful in estimating precise
ontogenetic ages and adding a time axis to geochemical
analyses.

Two major reasons may explain the lack of sclero-
chronological studies of belemnite guards. Firstly, the poor
preservation of most specimens prevents the recognition of
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pristine microgrowth structures. Secondly, the lack of
appropriate techniques required to visualize internal micro-
growth patterns in belemnite rostra over larger portions of
the belemnite. Mietchen et al. (2005) used magnetic reso-
nance imaging (MRI) to study pathological deformations of
belemnites and to reveal internal growth patterns. However,
the resolution of present MRI techniques is insufficient to
resolve pm-scale structures. Microgrowth patterns are much
better visible in standard petrographic thin-sections viewed
under polarized light or gently etched polished thick-se-
ctions viewed under reflected light (Mutvei, 1964; Szlen,
1989; O’Neill et al., 2003).

In the present study, we use a new approach to the analy-
sis of microgrowth patterns of belemnite rostra using
sclerochronological techniques similar to those applied to
bivalve shells (Dunca and Mutvei, 2001; Schéne et al.,
2004; Dunca et al., 2005): immersion in Mutvei’s solution
(Schone et al., 2005), digital image processing and time-
series analyses (Mallat, 1989; Keppenne and Ghil, 1992;
Torrence and Compo, 1998). Our aim was to determine
whether the microgrowth increments in the rostra of Mega-
teuthis giganteus (v. Schloth.) reflect periodicities in the
width and density. In order to elucidate the primary cause of
the alternation of light and dark laminae we paid special
attention to the content of organic matter in the orthorostra.
For this purpose, we selected exceptionally well-preserved
belemnite rostra with traces of organic matter (Doguzhaeva
et al., 2002). Results of the present study will help to better
understand life history traits of belemnites and to estimate
the timing contained in certain shell portions.

MATERIAL AND METHODS

Seven specimens of Megateuthis giganteus (v. Schloth.)
from the Middle Jurassic of the Pfullingen, Wiirtenberg,
southern Germany (belonging to the collections of Swedish
Museum of Natural History, Stockholm) were chosen for
our study. The same specimens were previously used by
Doguzhaeva et al. (2002) to describe the general morphol-
ogy of the pro-ostracum as well as the ultrastructure of the
shell wall and the mantle tunic. The maximum diameter of
the specimens ranged between 30 and 40 mm.

We prepared median- and cross-sections of the proto-
conch of all specimens. In order to enhance the visibility of
the microgrowth rings, the cross-sections were also made
parallel to the c-axes of the calcite prisms and not perpen-
dicularly to the growth axis of the rostrum. The sections
were immersed in Mutvei’s solution (SCHONE et al., 2005)
for ca. two hours. This agent is a 1:1 mixture of glutardial-
dehyde (25%) and acetic acid (1%) to which Alcian blue
powder (ca. 5 to 10 g per liter solution) was added. Mutvei’s
solution is ideal to make fine structural details of biogenic
carbonates and phosphates visible in three dimensions
(Mutvei, 1979; Dunca and Mutvei, 2001; Schéne et al.,
2004; Dunca et al., 2005) and is superior to simple acid
treatment (e.g., Seelen, 1989; O’Neill et al., 2003).

Etched sections of the seven rostra were examined using
reflected light microscopy (Nikon SMZ 1500; oblique and
axial light) as well as scanning electron microscopy (SEM;
Hitachi S 4300) at magnifications ranging from ca 20 to 2000
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X. The elemental distribution within the rostra was analyzed
with energy dispersive spectrometry (EDS) with a spatial
resolution of ca 30 um and detection limit down to ca 1%
atomic weight. X-ray diffractometry (XRD) was employed to
determine which calcium carbonate polymorph (aragonite,
calcite) prevails of the rostra. Possible diagenetic effects were
studied with monochromatic cathodoluminesence (CL).

The smallest growth increment (microgrowth increment)
in the rostra was defined as the distance between two dark
laminae. The width of the microgrowth increments was
measured in digital images of the ventral part of the rostra
using the Panopea ® image processing software (developed
by Peinl and Schone, University of Frankfurt). Then, the
microincrement widths were plotted against microincre-
ment number, linear trends removed and the data were
standardized. Spectral analyses of the standardized microin-
crement time-series included single spectrum analysis
(SSA; Keppenne and Ghil, 1992), and continuous wavelet
transformation (CWT; Mallat, 1989; Torrence and Compo,
1998). SSA enables decomposition of the chronology into
discrete sinusoidal waves and analyses of signal strength
(amplitude) through time. Eigenvalues determine the rela-
tive proportion of each wavelength in the entire time-series.
The focus was on the eight strongest eigenvalues. CWT
(here: Morlet function, wavenumber six), however, enables
recognition of non-stationary signals, i.e. changes in the
amplitude of the dominant (amplitude) wavelengths and
frequency evolution of signals through time.

RESULTS

Ultrastructure. Mutvei’s solution revealed crisp ultrastruc-
tural details in the seven M. giganteus rostra. The alternation
of the light laminae pellucidae and dark laminae obscurae
seen in the light microscope corresponded to etch-resistant
ridges and less etch-resistant depressions seen in SEM
(PL 1). However, not all the transversal sections were etched
homogeneously. Portions of the rostrum were more etch-
resistant and more deeply blue stained by the Mutvei’s
solution (P1. 2). Neither the laminae pellucidae or laminae
obscurae were interrupted when crossing from blue stained
to unstained portions, but they had a different microstruc-
ture (smaller crystals with less organized orientation; PI. 2).
Also, the cement that was precipitated in the microcracks of
the rostra and the spherulitic structure near the protoconch
were strongly bluish stained by the Mutvei’s solution (PI. 2).
The blue stained, spherulitic structure within the central part
of the juvenile rostrum changed into a colorless prismatic
structure after approximately 30 microgrowth increments
from the center of the rostrum.

In the colorless portions of the rostra the calcitic prisms
were radially arranged and showed a continuous growth
toward the outer surface. The prisms were thinner, but not
interrupted at the laminae obscura (Pl. 3).

All studied rostra exhibited darker regions that had less
numerous and narrower laminae. These regions were often
stained blue and contained intrusions of spherulitic carbo-
nate.

Microgrowth patterns. We counted up to 567 microin-
crements in the rostra. The average microincrement width




Table 1. Measurement results.

Specimen no | Museum collection no Microincrement Microincrement width (um) Maximal diameter
number min max average of the rostrum (mm)

1 Mo160885 384 4 29 10 30

2 Mo160886 465 4 23 11 42

3 Mo160887 500 6 51 19 34

4 Mo160888 418 3 18 07 37

6 Mo160890 567 2 10 11 44

7 Mo160891 494 4 25 12 43

8 Mo160892 370 4 24 12 31

ranged from 2 pum in specimen no. 6 and 51 pm in specimen
no. 3 (Tab. 1). Microgrowth increment measurements revealed
up to eight regions with broader microincrements which in
turn were separated by regions with narrower microincre-
ments (Pl. 4). Within each specimen, broadest microgrowth
increments were found midway between the center and the
rim of the cross-section. Growth curves of all studied speci-
mens exhibited distinct periods (eigenvalue pair 7 and 8 in
specimens 1-7, eigenvalue pair 3 and 4 in specimen 8) of
around 15 * 2 microincrements (Pl. 5; 6: eigenvalue decom-
position and CWTs of decomposed signals). Specimens 1,
3, 4 (eigenvalue pair 3 and 4), 2 (eigenvalue 5) and 7 and 8
(eigenvalue 6) also showed spectral power at frequencies
corresponding to approx. 30 + 2 microincrements. Other
spectral power occurred at periods of about 100, 20 and 8
microincrements. In all series, eigenvalues 1 and 2 plotted
far away from each other and characterized lower-frequency
oscillations. CWTs showed that the 15 + 2 and the 30 + 2
microincrement oscillations were nearly stationary in all
growth curves. Lower frequency cycles, however, were
strongly transient (examples: PL. 5, A, specimen no. 1 and
Pl. 6, C, specimen no. 7).

Chemical analyses. EDS analyses of the seven rostra of
M. giganteus revealed the following content (in atomic
weight %): Ca (ca. 35%), C (ca. 15%) and O (ca. 50%).
Trace and minor elements (particularly Mg, Mn, Fe) were
lower than the detection limit of the machine. Close to the
outer surface of the rostra, EDS showed a higher content of
carbon (up to 30%) at the interspaces between the calcium
carbonate prisms. The dark and light laminae, however, did
not differ in carbon content. CL analyses demonstrated that
the portions of the rostrum stained by the Alcian blue have
higher luminescence than the unstained portions of the same
rostrum.

XDS analysis of specimen no. 7 indicated that the rostra
consist of 100% calcite and no aragonite.

DISCUSSION

Ultrastructure and mineralogy. Low amounts of Mg, Mn
and Fe within the rostra indicates that the orthorostra of M.
giganteus were originally composed of (low-Mg) calcite
rather that aragonite. This interpretation would be in concert
with previous assumptions (Mutvei, 1964; Salen, 1989;
Veizer, 1974) and is supported by the excellent preservation
of microgrowth patterns and by the higher carbon content.
For pure CaCO,, we would expect 37.7% Ca (atomic
weight), 11.3% C and 50.9% O. Our analysis, however,

revealed 32.5% higher carbon values than expected in light
portions of the rostra and even higher amounts (up to 65%
higher than expected) near the outer surface. This observa-
tion suggests the presence of original organic matrix in the
biominerals and is supported by some previous investiga-
tions (Miiller-Stoll, 1936; Jeletzky, 1966; Barskov, 1970;
Spaeth, 1971; Selen, 1989).

Preservation of pristine organic matter is not unusual in
well-preserved fossil material (Clark, 1999), especially
within the crystallites (intra-crystalline organic matrix;
Clark, 2005b). Apparently, the dense skeleton of the belem-
nite rostrum prevented extensive diagenetic alteration,
except for portions near the periphery of rostra, within
microcracks and in the youngest parts (center) of the rostra.
We observed patchy recrystallization through the use of
monochromatic CL and immersion in Mutvei’s solution.
Our findings confirm previous observations on low diage-
netic alteration of belemnites (e.g. Podlaha et al., 1998;
O’Neill et al., 2003; Rosales et al., 2004).

There is no evidence that organic laminae alternate with
inorganic laminae as previously stated (Miiller-Stoll, 1936;
Jeletsky, 1966; Barskov, 1970; Spaeth, 1971; Salen, 1989).
We did not find a difference in carbon content of dark and
light laminae. Rather, the organic material seems to be
homogeneously distributed within the rostrum (except for
C-enriched outer rim portions), while the alternating light-
ness of the laminae seems to be the result of different crystal
size and density.

Timing of growth of the belemnite guard; micro-
growth patterns. Spectral analyses of the microgrowth
patterns suggest that the formation of the belemnite guards
of M. giganteus was controlled by lunar cycles. In all micro-
growth increment time-series of M. giganteus, sinusoidal
components reflecting bundles of 15 and 30 microincre-
ments were among the eight most prominent signals. We
assume that these cycles are indicative of fortnight periods
of shell formation. Today, however, one fortnight period is
slightly shorter and comprises only 13.5 to 14.5 lunar days
(perigee and apogee fortnight periods, respectively). Yet,
according to astronomical calculations and sclerochronolgi-
cal analyses of other Jurassic biogenic skeletons, days in the
Jurassic were shorter, because the rotation of the earth
around its own axis was faster and the distance between
earth and moon closer than today (e.g., Rosenberg, 1977).
During the Jurassic, each fortnight period was about one
day longer than today. This finding adds support to our
hypothesis that the 15 and 30 microincrement bundles
reflect fortnight periods and that each microincrement was
formed during one lunar day. But can the microincrements
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also represent semi-diurnal cycles? This seems unlikely
because the 15 microincrement cycle would be much weaker
or absent from the chronology. Components of the time-se-
ries with lower frequency can be attributed to harmonics of
these fortnight periods or were strongly transient indicating
growth trends rather than cycles. The hypothesis of a tide-
controlled growth of the belemnite guard was also previously
suggested by Anisimov et al. (1984), based on optical het-
erogeneity of ortorostra sections.

Circadian (ca. 24hr period) and circalunidian (two circa-
dian clocks linked in antiphase, hence 12.4 hr intervals,
intertidal organisms; term coined by Palmer et al., 1994)
periods were observed in a variety of living organisms
including humans (sleeping cycle), bivalves (Richardson
et al., 1980; Kim et al., 1999), crabs (Palmer et al., 1994)
and coleoid cephalopods (Kristensen, 1980; Radtke, 1985).
Circadian or circalunidian periodicity of shell growth was
also observed in several ammonoid genera (Doguzhaeva,
1982, 1984, 1986, 1990; Checa, 1987).

Laptikhovsky (2002) observed diurnal feeding rhythms
in the short-finned squid Illex argentinus off the Falkland
Islands. Perhaps, similar causes can be assumed for the
rhythms retrieved from the belemnite rostra. Biological
clocks help organisms to anticipate changes of the environ-
ment such as changes of the food supply, light availability
etc. (Pittendrigh, 1979; Rensing et al., 2001). Circadian bio-
logical clocks are genetically determined and are entrained
and constantly reset by environmental pacemakers (Young
and Kay, 2001).

Gravitational forces of the moon and sun exert a major
control on marine ecosystems (Palmer, 1996). For example,
spawning of corals and many other organisms is induced by
the tides (e.g., McGuire, 1998). Even deep sea environments
are affected by the tidal bulges. Current velocity in deep sea
environments varies diurnally and on a fortnightly basis. Near
hydrothermal vents, these currents can significantly influence
the temperature regime (Johnson et al., 1994) and hence the
biological productivity of organisms that directly (chemo-
symbionts) or indirectly (organisms with chemosymbionts)
depend on hydrothermal effluents (Schone and Giere, 2005).

If our hypothesis on the timing of growth of the rostra is
true, the belemnites of our study formed during a period of
about one or two years. Such age estimates closely match
those of modern cephalopods (e.g. Jackson, 1998).

CONCLUSIONS

(1) Guards of M. giganteus formed with lunar daily perio-
dicity. Lunar daily microgrowth patterns were revealed
by immersion in Mutvei’s solution and can be used to
estimate the ontogenetic age of the belemnite and add
a precise time axis to geochemical data obtained from
the rostra.

The ontogenetic ages of the studied specimens of
M. giganteus ranged between one to two years.
Orthorostra of M. giganteus were originally composed
of (low-Mg) calcite.

Carbon is enriched in the rostra by 35 to 65% possibly
reflecting the preservation of pristine intra- and inter-
crystalline organic matrix.

2)
3)
)

(5) There is no evidence that organic-rich laminae (micro-
growth lines) alternate with inorganic laminae (mi-
crogrowth increments). The difference between microin-
crements and —lines seems to be the result of differences
in crystal size and orientation.

Despite the overall excellent preservation, EDS, CL
and XDS analyses demonstrate that non-homogenous
diagenetic alteration occurred (radial microcracks,
center of the guards, outer rim).

(6)
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Plate 1. A-D. Thin section of the rostrum of Megateuthis, specimen 1, etched with Mutvei’s solution. A. The section viewed under L
a reflective light stereomicroscope with axial light. B, C and D. Portions of the same rostrum viewed in a scanning electron micro-

scope (SEM). The alternation of the light lamina and dark lamina (seen in light microscope) corresponds to ridges and depres-

sions (seen in SEM). The light lamina (ridges) are more etch-resistant than the dark lamina (depressions).
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Plate 2. A-D. Portions of the rostrum (specimen 1) stained by Alcian blue are more etch-resistant (even the cement within the cracks)
than the colourless portions. B. The growth rings are not interrupted when crossing from blue stained to colourless portions but
they have different microstructure. C. The spherulitic microsturcture of the juvenile rostrum is strongly stained by the Mutvei’s
solution and is more resistant to etching. D. Overview of the central part of the rostrum seen in SEM showing nonhomogenous
etching.
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Plate 3. A-B. SEM picture of an unstained portion of the belemnite rostrum, specimen 3, showing that the calcite prisms grow
radially and that their growth is not interrupted by dark lamina. B. Detail of a dark laminae that shows the continuous growth
of the calcite prisms.
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Plate 4. A-B. Growth measurements of two Megateuthis rostra: A. specimen no 1 and B. specimen no 7. I-VIII correspond to
regions with higher growth rate separated by regions with lower growth rate (darker regions).
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Plate 5. A-C. Single spectrum analysis (eigenvalue decomposition) of specimen 1 (A) and continuous wavelet transforms of selected
eigenvalues (B, C). Eigenvalues 3 and 4 explain about 16% (A; 8% and 8 %) of the chronology and resemble microincrement width
periods of ca. 15 laminae (B), whereas eigenvalues 7 and 8 stand for periods of ca. 30 microincrements (C) and explain 4% and 3%
of the time-series, respectively. These periods are interpreted as reflecting fortnightly periodicity of belemnite growth.
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Plate 6. A-C. Single spectrum analysis (eigenvalue decomposition) of specimen 7 (A) and continuous wavelet transforms of
selected eigenvalues (B, C). Eigenvalue 6 explains about 5% (A) of the chronology and resemble microincrement width periods
of ca. 15 laminae (B), whereas eigenvalues 7 and 8 stand for periods of ca. 30 microincrements (C) and explain 7% (ca. 3.5% and
3.5%, respectively) of the time-series. These periods are interpreted as reflecting fortnightly periodicity of belemnite growth.
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