
 

 

 
 
 

Edinburgh Research Explorer 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Evidence for a composite organic–inorganic fabric of belemnite rostra

Citation for published version:
Hoffmann, R, Richter, DK, Neuser, RD, Jöns, N, Linzmeier, BJ, Lemanis, RE, Fusseis, F, Xiao, X &
Immenhauser, A 2016, 'Evidence for a composite organic–inorganic fabric of belemnite rostra: Implications
for palaeoceanography and palaeoecology', Sedimentary Geology, vol. 341, pp. 203-215.
https://doi.org/10.1016/j.sedgeo.2016.06.001

Digital Object Identifier (DOI):
10.1016/j.sedgeo.2016.06.001

Link:
Link to publication record in Edinburgh Research Explorer

Document Version:
Peer reviewed version

Published In:
Sedimentary Geology

Publisher Rights Statement:
© 2016 Elsevier B.V. All rights reserved.

General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 27. Sep. 2023

https://doi.org/10.1016/j.sedgeo.2016.06.001
https://doi.org/10.1016/j.sedgeo.2016.06.001
https://www.research.ed.ac.uk/en/publications/f0f04482-7444-4b3d-aa7b-07e7f1ec2573






http://ees.elsevier.com/sedgeo/download.aspx?id=270693&guid=34980336-d192-4935-99d5-5fbb3e5d9542&scheme=1








specifically choose Mg, P, and S to collect arguments for the distribution of primary organic matter as 
we discussed in our manuscript. 
 

Line 355: 

... the dense fabrics observed in the case of most rostra collected in Mesozoic sedimentary 
successions... 

... the dense fabrics observed in rostra collected in Mesozoic sedimentary successions... 

Comment: We agree with the reviewer that it is surprising that no examples of preserved pore space 
exist as far as we know. However, fossil echinoderm remains, with a primary comparable porous 
endoskeleton, are also preserved as massive fossil structures with nearly no pore space left. Some 
belemnite rostra are preserved as hollow tubes thanks to strong diagenetic alteration processes. In 
some cases the outer margin of belemnite orthorostra show increasing porosity. This porosity is taken 
as sign of diagenetic alteration and does not resemble the described ultrastructure.  

Line 384: 

Reviewer statement: Yet echinoderm calcite commonly retains its intraparticle porosity in geological 
samples, despite being Mg-calcite! 

Comment. We do not agree with the reviewers statement. Based on our own observations the 
majority of the primary pore space in echinoderm skeletons is occluded by secondary calcite (see also 
Dickson 2001, 2002, 2004). However, due to staining it is possible to reveal the original skeletal 
structure and distinguish it from the secondary cement phase. 

 

Line 510: 

Reviewer question: Are there any examples of cuttlebone being preserved in the way that you 
propose for belemnites? 

Comment. As far as we know the ultrastructure of fossil sepiid cuttlebones is not described in 
comparable details. Further, no taphonomic framework for fossil cuttlebones is available. 

 

Comments to the authors: 

Reviewer #2: (1)  The authors state (p14) that  "The presence of a highly porous primary rostrum 
architecture during the life time of the belemnite organism as proposed here, is contrasted by the 
dense fabrics observed in the case of most rostra collected in Mesozoic sedimentary successions (Fig. 
1A-B)." 
 
They state "most", implying that not all belemnites have dense fabrics?  I find it rather surprising that 
if their hypothesis is correct, why no examples of preserved porous calcite guards have ever been 
found.  Is there any evidence of the existence of these, perhaps having been dismissed as 'altered' or 
'leached' specimens?  Such material would lend strong support to your hypothesis. 
 



Comment. We agree with the reviewer that it is surprising that no examples of preserved pore space 
exist as far as we know. We have collected belemnite rostra from many different localities (Russia, 
Japan) while the primary intention was to collected hollow ammonites. Hollow ammonite 
preservation is very rare and requires special conditions. It can be assumed that belemnites collected 
from the same beds share a similar unique taphonomy. However, also those belemnite rostra 
collected together with hollow ammonites show a massive structure. Some belemnite rostra are 
preserved as hollow tubes thanks to strong diagenetic alteration processes. In some cases the outer 
margin of belemnite orthorostra show increasing porosity. This porosity is taken as a sign of 
diagenetic alteration and does not resemble the described ultrastructure. By the observation of 
darker and lighter concentric rings earlier researchers speculated about varying amounts of organic 
within these rings. Recently, Ullmann et al. (2015), based on geochemical analyses, postulated a 40% 
porosity for the apical line region. It was assumed by Ullmann et al. (2015) that the porosity 
decreases towards the rostral margin. Concluding, as far as we know no pore space had been 
described so far the fits with the herein described ultrastructure. 

 
(2)  The authors refer to the microstructure of echinoderm calcite (p16).  They do not mention that 
echinoderm skeletons are also porous and subject to diagenetic infill.  Yet echinoderm calcite may 
sometimes retain its intraparticle porosity even in Palaeozoic samples, despite originally being Mg-
calcite!  Why should belemnites be so uniform in their preservation style?  A consequence of their 
unique crystallography? 
 
Comment. We do not agree with the reviewers statement. Based on our own observations the 
majority of the primary pore space in echinoderm skeletons is occluded by secondary calcite (see also 
Dickson 2001, 2002, 2004). However, due to staining it is possible to reveal the original skeletal 
structure and distinguish it from the secondary cement phase. 

 
(3)  Cuttlebone is presented as the closest modern analogue to belemnite guards (e.g. p20).  This 
seems to be perfectly logical.  However, again, are there any examples recorded of cuttlebone being 
preserved in a similar manner to that proposed for belemnites?  If the mechanism is valid, it seems 
rather surprising that no similar processes have been observed / described, even if only in a more 
superficial way.  The different taphonomy a consequence of their aragonite mineralogy perhaps? 
 
Comment. Sepiid cuttlebones are rather rare compared to the globally distributed and highly 
abundant belemnite rostra. We assume the different preservation originally lies in their different 
primary mineralogy (low Mg calcite for belemnites and aragonite for sepiids). 
 

Thank you for your professional work! 

 

Kind regards, 

 

R. Hoffmann on behalf of the authors 



mailto:rene.hoffmann@rub.de
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 53 

1. Introduction 54 

The ultrastructure of recent biogenic carbonates is of great interest for those concerned with 55 

biomineralization research in general (Weiner and Addadi, 2011; Goetz et al., 2011), those studying 56 

the primary biogenic skeletal structures of fossil skeletal hardparts (e.g., Coronado et al., 2013), and 57 

for palaeoceanographers exploring these materials for their bearing on past climate dynamics 58 

(Saelen, 1989; Cochran et al., 2003; Parkinson et al., 2005; Jarvis et al., 2015; Immenhauser et al., 59 

2016). Whereas the tests of planktonic and benthic foraminifera (and coccoliths  etc.) are important 60 

archives of open marine environments throughout the Cenozoic and beyond (e.g., Zachos et al., 61 

2001), much of what is known about Cretaceous and Jurassic palaeoceanography has been deduced 62 

from the geochemical archive of the calcareous rostra of extinct cephalopods, specifically belemnites 63 

(Dutton et al., 2007). Reasons for the wide use of these archive materials include their abundance in 64 

the fossil record, the diagenetically stable low-Mg calcite mineralogy of rostra (Veizer, 1974; Saelen, 65 

1989), and the broad palaeobiogeographic distribution of belemnites in the marine Boreal and 66 

Tethyan realms, (e.g., Urey Urey et al., 1951; Voigt et al., 2003; Wierzbowski, 2004; McArthur et al., 67 

2007; Dutton, 2007; Price and Page, 2008; Wierzbowski and Joachimski, 2009; Price et al., 2009 2011; 68 

Li et al., 2012, 2013). As with all biogenic carbonates, however, these archives undergo post- mortem 69 

diagenetic alteration, representing a major obstacle in carbonate research (Swart, 2015).  70 

Characteristic geochemical patterns and fabrics in biogenic carbonate hardparts have been used 71 

to test for example molluscks (e.g., Cochran et al., 2003, Sessa et al., 2015, Immenhauser et al., 72 

2016), brachiopods (Parkinson et al., 2005), or foraminifera (e.g., Huber and Hodell, 1996; Kozdon et 73 

al., 2011) for evidence of diagenetic alteration. In the case of ammonites, the degree of preservation 74 

of nacre tablets provides evidence with regard to the preservation of these exoskeletons, to name 75 

one example (e.g., Cochran et al., 2010). With regard to belemnite rostra, the observation of well-76 

preservedan intact fibrous microfabrics in thin sections and polished rock surfaces in combination 77 

with cathodoluminescence is commonly used to identify well- preserved belemnite rostra (Rosales et 78 













9 
 

pattern of adjacent fibres under crossed polarizers is observed (Fig. 5B, E) and is in agreement with 207 

EBSD data (Fig. 4A). Individual fibres display an undulatory extinction (converging or diverging c-axes) 208 

under crossed polarizers. Calcite occluding space between organic-rich elements and fibre 209 

reinforcement is translucent and contains little or no organic matter (Fig. 5D). Brownish, triangular 210 

elements have a relatively low optical relief, compared to the surrounding translucent calcite with a 211 

relatively higher optical relief (supplement Fig. 1A-B). 212 

Three different luminescence patterns are observed under the cathodoluminescence 213 

microscope (CL): (i) A light blue luminescence of the brownish, triangular elements (Fig. 5C, F); (ii) 214 

dark blue, intrinsic luminescence of the translucent phase; (iii) locally, orange to red luminescent 215 

fractures and microstylolites are observed. In rare cases, fractures retrace the triangular outline of a 216 

fibre (Fig. 5C, F, supplement figure 1D). 217 

Brownish triangular areas under transmitted light display light green fluorescence while the 218 

translucent areas show a dark green fluorescence under the fluorescence microscope (FL). 219 

Microfractures are darker under transmitted light compared to the triangular elements and show a 220 

light green fluorescence (Fig. 7A-B).  221 

Different fluorescence patterns under the CLFM reveals calcite domains visible in BSE (and 222 

other) imaging techniques (Figs. 3, 5-7). Filled cracks fluoresce brightly in green and red wavelengths 223 

(Fig. 8B-C). Domains that are dark in BSE do not fluoresce in CLFM (Fig. 8A-D). Bright domains in BSE 224 

fluoresce brightly in CLFM at all wavelengths observed (Fig. 8A-D). Higher magnification reveals 225 

brighter fluorescence between adjacent domains that appear bright in BSE (Fig. 8D). 226 

 227 

3.2 Scanning-electron microscopy equipped with a backscatter detector (SEM BSD) 228 

Images collected with the scanning electron microscope equipped with a backscatter detector 229 

present important evidence for the presence of two calcite phases (dark and bright) of different 230 
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chemical compositions building the rostra studied. The brownish triangular areas under transmitted 231 

light are dark in BSE. Thin sections cut perpendicular to the c-axis of the radiaxal fibrous calcite (Fig. 232 

1D I-IV) reveal a complex framework, dark in BSE, surrounded by relatively brighter calcite (Figs. 1-3). 233 

Cross sections of the majority of fibres are polygonal or, less often, honeycomb shaped with a tri-234 

radial (120°) symmetry representing an ultrastructure that has not yet been described in previous 235 

studies (Figs. 1C-G, Fig. 3A-E). Individual fibre diameters vary between 10-80 µm. Calcite fibres 236 

terminate at individual concentric growth layers that also form the nucleation site for the overlying, 237 

next fibre generation, displaying increasing thicknesses and occurring in increasing numbers towards 238 

the outer portions of the rostrum (Fig. 1A-D). Brighter area in BSE are more likely to be composed of 239 

near-stoichiometric CaCO3 with higher average atomic masses (mainly Ca), whereas excess C, P, Mg, 240 

or S will lower the average atomic mass. Accordingly, areas with decreasing amount of Ca and 241 

increasing amounts of C, P, Mg or S are darker. 242 

Four section planes are presented to describe the intricate bio-composite mineral present 243 

within a single fibre. The following description distinguishes between the darker framework (i), i.e., 244 

micronmetre-thick branches terminating in wall-like reinforcements and (ii) tri-radial central 245 

portions; and brighter fabric (iii) consisting of calcite crystals forming isopachous cement layers with 246 

individual crystallites coated by submicronmetre thick layers of matter darker in BSE (Fig. 1G). In all 247 

sections, we observed isopachous calcite crystals oriented perpendicular to the inner dark walls (Fig. 248 

3A-E). Section plane I consists of three simple, dark in BSE branches of variable lengths. Often, these 249 

branches exhibit reinforcements of variable lengths and thicknesses (about 1 micronmetre) and 250 

increasing widths towards neighbouring branches (Figs. 1D-I, 3A). Conversely, reinforcements being 251 

connected to neighboring triangles are rarely observed. Section type II is characterized by an 252 

enlarged, dark in BSE central element of variable diameter (2-30 µm, Figs. 1D-II, 3C). Some of the 253 

larger central elements display an inner zone with additional tri-radial structures comprising of 254 

smaller, isopachous, brighter in BSE area calcite crystals rotated by 60° relative to outer branches 255 

(Figs. 1D-III, 3D; section type III). Section type IV represents the most complex fabric. Here, the inner 256 
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that show adisplay bright luminescence in CLcolours (MgO < 0.2 wt.%; Fig. 6B). Sulfur has a higher 282 

concentration in the brighter in BSE areas in BSE images (SO3 up to 0.65 wt.%) and lower 283 

concentrations in the darker areas in BSE areaimages ((SO3 = 0.20-0.50 wt.%; Fig. 6D). For better 284 

comparison with BSE images from other samples and with the element distribution, we collect BSE 285 

data were obtained for the same field of view (Fig. 6A). 286 

  287 

3.4 Electron Backscattered Diffraction imaging (EBSD) 288 

Electron backscattered diffraction was used to document the biological controlled (sensu 289 

Lowenstam and Weiner, 1989; Dupraz et al., 2009; Weiner and Addadi, 2011) formation of what is 290 

here assumed to represent the primary biogenic skeletal carbonate. EBSD reveals a very low 291 

variation of c-axes orientation of calcite fibres (Fig. 4A). The sub-parallel orientation of the c-axes 292 

{001} is documented by their close fitting in the lower hemisphere of a Schmidt net (Fig. 4E, left plot). 293 

A different characteristic is found for the crystallographic orientation of the a-axes {010} of calcite 294 

fibres (Fig. 4E, right plot). All a-axes are aligned along a great circle whilst the colour code of the 295 

according fibres is indicative of an arrangement in bundles. Adjacent fibres (10 to 100 fibres) share a 296 

similar - if not identical - orientation (Fig. 4A-B). The majority of fibre bundles are characterized by 297 

blue, green and red colour coding. Specifically, the spatial orientation of individual a-axes within a 298 

single fibre bundle deviates by 20° or less from the bundle mean value. Variation in the orientation of 299 

the c-axis of a single calcite fibre in the range of 1-3° was observed (Fig. 4D). As the angular 300 

resolution from blue to red rainbow colour shown in EBSD maps (Fig. 4A-B) has a resolution of 50°, 301 

minor angular deviations (<1°) are not visible in our image Fig. 4A-B.  302 

 303 

3.5  Synchrotron radiation based micro-computed tomography (SRµCT) 304 
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Tetrahedral structures are visible in three dimensions in the tomographic dataset despite the 305 

high signal to noise ratio and artefacts. There is a distinct difference in X-ray attenuation between the 306 

inner tri-radial elements and the surrounding calcite. 307 

 308 

4. Interpretation and Discussion 309 

4.1 Reconstruction of the primary belemnite rostrum ultrastructure 310 

 311 

 Data presented here document a repeated pattern of triangular elements that seem to be 312 

originally connected, building a concentric layered, highly complex, and porous framework. The 313 

space between the former skeletal elements is interpreted as pore space probably filled by body 314 

fluids or organic material during the life time of these organisms. The latter assumption is based on 315 

analogous observations in the porous endoskeletons of recent Sepia (Sherrard, 2000; Guerra, 2006). 316 

Referring to the high porosity observed in both, the belemnite rostraum and the sepiid cuttlebone, it 317 

is important to note that these structures are not homologous (Fuchs 2012).  318 

 Accordingly, the belemnite rostra originally consisted of an organic-rich biogenic framework of 319 

calcitic tri-radial tetrahedrons (triangular pyramids arranged perpendicular to the concentric layers 320 

during lifetime). Tetrahedrons are elongated along their c-axis with the tip of the pyramid pointing 321 

towards the precipitation site i.e., in growth direction towards the outer margin of the rostrum (Fig. 322 

1C-D). Individual branches protruding from the edges of the tetrahedrons possess outer 323 

reinforcements acting as stabilizers. The central portion of the tetrahedrons may yield a channel-like 324 

cavity (Fig. 1D III-IV). Organic membranes at which nucleation of the tetrahedrons may have started 325 

and stopped are not preserved. However, it seems likely that such membranes were present because 326 

the bases of the tetrahedrons follow a concentric layer. Structurally, the bundling of the tri-radial 327 

elements forms a simple honeycomb-like framework in which the terminations of branches of 328 
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adjacent elements are connected. The mechanical stability of the honeycomb structure is enhanced 329 

by reinforcement walls (Figs. 1D, G, 3C).  330 

 Based on the variable dimensions of skeletal elements seen in thin sections, intra-rostral pore 331 

space was visually estimated to range between 50-90% of the total rostrum  (Fig. 3A: 90% pore space 332 

and 10% skeletal elements; Fig. 3B; 50% pore space and 50% skeletal elements). In this context, the 333 

observation that pore space is not limited to the apical line region but is present across the bulk 334 

rostrum is important. The secretion of a porous, but mechanically stable endoskeleton orthorostrum 335 

is probably best seen in the context of a considerable reduction of energy and building material 336 

required to form this structure compared to a massive structure endoskeleton (Sherrard, 2000). 337 

Strict biological control, i.e. in the presence of organic templates (Chateigner et al., 2000; Richter et 338 

al., 2011), over the precipitation of primary skeletal elements is demonstrated by a systematic 339 

arrangement of adjacent elements into bundles of similar or identical orientation of their 340 

crystallographic a-axes. This configuration results in a much higher mechanical load capacity and 341 

torsion stiffness of the framework of the rostrum.  342 

 Alternating concentric Ca-rich (brighter; laminae obscurae) and C-rich layers (darker; laminae 343 

pellucidae) of Müller-Stoll (1936) are related with the banded distribution of larger and smaller 344 

organic-rich triangular elements of the primary skeletonal structure of the belemnite orthorostrum 345 

(Fig. 1D, supplement Fig. 2). These layers potentially indicate differences in calcite precipitation rates. 346 

Based on petrographic and ultrastructural evidence, the Mg and Ca elemental concentrations of the 347 

rostrum, the lack of secondary micro-dolomite, and the absence of blotchy luminescence, the widely 348 

held assumption of a primary low-Mg calcite mineralogy for the studied belemnite rostra is 349 

confirmed (see discussion in Richter et al., 2003). 350 

 351 

4.2 Early and late diagenetic processes 352 

 353 
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assumption regarding microbial processes in these ancient carbonates must remain speculative. 380 

Nevertheless, following the basic concepts laid out in Dupraz et al. (2009), we tentatively assume 381 

that a first phase of decomposition was dominated by aerobic heterotrophy, sulphide oxidation, and 382 

fermentation decreasing the saturation index and resulting in the corrosion of skeletal elements in 383 

the belemnite rostrum. Evidence for this comes from micro-corrosion features at the outer surfaces 384 

of the primary skeletal framework forming the substratum upon which the pore-filling, secondary 385 

calcite phase nucleates (Fig. 2).  386 

The nucleation and precipitation of the secondary calcite phase (Fig. 1D, G, 2-3) was possibly 387 

dominated by sulphate reduction increasing the saturation index and hence favoring precipitation of 388 

CaCO3. During crystals growth, remnants of belemnite organic matter combined with microbial 389 

mucus were likely trapped between single crystals or at the growth front of crystals and delineate 390 

crystal boundaries. Specifically, the growth of fibrous calcitic crystals will proceed as long as growth 391 

rate, fluid supersaturation, and temperature are low enough to discourage spontaneous nucleation 392 

(Oti et al., 1989). Similar processes have been described from extant echinoderm endoskeletons 393 

skeletal remainsthat share a comparable amount of primary porosity like the hereinwith the 394 

described belemnite orthorostra (Richter et al., 2003).  395 

During this early stage of diagenetic evolution, the rostra most likely preserved their original 396 

morphology due to the biogenic calcite framework and abiogenic calcite progressively occluding 397 

former pore space preventing, in combination, a collapse of the endoskeletonsrostra. The directly 398 

comparable, dark blue intrinsic luminescence of the translucent secondary outer calcite layer and the 399 

calcite infill of central pore space of many of the larger triangles (Figs. 3D-E, 5A, D, 6) suggest that 400 

both phases precipitated from one fluid, or different fluids with near-identical geochemistry. This is, 401 

of course, within the limitations of the geochemical resolution of the CL cathodoluminescence 402 

method and with reference to elements that affect luminescence patterns (e.g., Mn2+, Fe2+ and REE; 403 

see discussion in Barbin 1991, 1993; Ritter et al., 2015). Conversely, the organic matter-rich triangles 404 

display a moderately brighter blue luminescence pattern (Fig. 5C, F). This feature is best explained by 405 
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correlative time intervals. Specifically, each growth increment then represents a complex composite 457 

structure of paragenetic phases representing temporally different stages in the belemnite 458 

ontogenetic cycle. Obviously, this would render the interpretation of time series belemnite 459 

geochemical data difficult. Evidence against a biogenic infill of the skeletal pore space by remote 460 

biomineralization sensu Seilacher and Chinzei (1993), however, may or may not come from the 461 

presence of a corroded outer surface of what is considered the primary skeletal ultrastructure of 462 

these rostra (Fig. 2). It seems difficult to argue that intra-rostrum body fluids became corrosive at 463 

some stage during the life time of the belemnite animal. Clearly, these questions require further 464 

detailed work. 465 

 466 

5.2 Primary skeletal ultrastructure and preservation of organic matter 467 

 468 

The authors acknowledge the fact that despite the very detailed information regarding the 469 

belemnite ultrastructure shown here, our study lacks direct evidence for a primary biogenic origin of 470 

the complex, highly porous framework and the subsequent cementation by an early diagenetic 471 

calcite phase. Open questions, however, remain. Specifically, the significance of preserved organic 472 

matter in the biogenic belemnite calcite deserves attention. In the following, we present several lines 473 

(petrographic, optical, and geochemical data) of circumstantial evidence suggesting the presence of 474 

preserved organic matter. 475 

 The sector-wise systematic arrangement of triangular elements - with their a-axis being 476 

oriented subparallel to parallel (Figs. 3A-C, 4A-B, 5A, D) - in bundles, indicate a biologically controlled 477 

origin (Lowenstam and Weiner, 1989) of these fabrics. The primary belemnite rostrum ultrastructure 478 

is brownish (Figs. 5A, 7A) in thin sections under transmitted light and has a relatively low optical 479 

relief. According to Ullmann et al. (2014), brownish areas in thin sections of biogenic carbonates are 480 

indicative of remnant organic matter (Corg). Under the cathodoluminescence- and fluorescence 481 

microscope, the primary filigree belemnite framework shows a light blue luminescence (CL) and light 482 
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green fluorescence (FL). According to Wanamaker et al. (2009) and Pérez-Huerta et al. (2008), 483 

fluorescence in biominerals is triggered by organic macromolecules associated with chitin 484 

polysaccharides and proteins. Dark fluorescence patterns commonly refer to portions of the skeletal 485 

hardparts that are relatively depleted in organic matter. Bright green fluorescence patterns typify 486 

areas with increased amount of organic matter (Wanamaker et al., 2009).  487 

Primary skeletal structures display darker colours in SEM-BSE images. Electron microprobe 488 

analyses revealed that the biogenic skeletal calcites contain more P and Mg but less S compared to 489 

what is here considered an early diagenetic, pore-filling calcite phase. Higher concentrations of P (Fig. 490 

6C) may be related to the presence of organic matter. Arguments for this have been presented by 491 

Longinelli et al. (2002, 2003) and Gröcke et al. (2003) who found phosphate (PO4
3-) of presumed 492 

biogenic origin being preferentially enriched along concentric growth rings. Generally, the phosphate 493 

concentration of ancient belemnite rostra is variable but very low (less than 0.3%) comparable to 494 

that in Recent modern Sepia.  495 

The primary filigree belemnite framework does not fluoresce under the CLFM. The factors 496 

that cause fluorescence in samples studied under the CLFM are poorly constrained (Fig. 8). Naturally-497 

occurring organic compounds such as proteins or polysaccharides can cause fluorescence in other 498 

biogenic carbonates, including brachiopods (Pérez-Huerta et al., 2008), gastropods (Guzman et al., 499 

2007), or cephalopods (Linzmeier et al., 2016). In modern brachiopods and Nautilus, portions of the 500 

exoskeletons with higher amounts of intracrystalline organic matter (Clark, 1999) appear dark under 501 

CLFM ( Pérez-Huerta et al., 2008; Linzmeier et al., 2016; Pérez-Huerta et al., 2008). This pattern lends 502 

support to the argument that dark triangular areas in BSE images represent the primary biogenic 503 

skeleton and contain remnants of organic matter. Marine sediments may contain abundant humic 504 

substances resulting from the degradation of marine organic matter (Nissenbaum and Kaplan, 1972) 505 

and evidence has been presented that the sulfphur content of the humic substances increases with 506 

degradation (Francois 1987). Concluding, it is here proposed that humic substances caused elevated 507 

S concentrations in the diagenetic calcite phase that occludes the skeletal pore space (Fig. 6D) and 508 
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causes the CLFM fluorescence in all three wavelengths (Blyth et al., 2008; Orland et al., 2009, 2012; 509 

Fig. 8).  510 

Similarly, microtomographic data indicate the former presence of organic matter in dark 511 

triangular areas of rostra (Fig. 9) as observed in BSE images. The brightness of a carbonate observed 512 

in CT image indicates the degree of attenuation of an X-ray passing through this material (Mobilio et 513 

al., 2015). As the inner tri-radial structures of rostra appear darker in colour relative to the calcite 514 

phase fringing these structures, we suggest that the fringing phase is made of a denser calcite phase 515 

compared to the inner structure. That observation is in line with the observation of a low optical 516 

relief of these features (supplement Fig. 1A-B). 517 

Thise tentative interpretation presented here with regard to belemnite rostra is arguably 518 

consistent with observations of 10-40% organic matrix in the Sepia cuttlebone (Birchall and Thomas, 519 

1983; Florek et al., 2009). This is relevant as we suggest that the belemnite rostrum is structurally 520 

similar but not homologous (Fuchs 2012) to the Sepia cuttlebone with regard to the primary intra-521 

skeletal porosity. Having said this, the presence of preserved organic matter in ancient biogenic 522 

carbonates particularly, intra-crystalline organic matter is not uncommon (Clark, 1999, 2005). Excess 523 

carbon observed for Megateuthis has been interpreted as evidence for a former organic matrix 524 

within these low-Mg calcite biominerals (Dunca et al., 2006). Similarly, Florek (2004) argued for an 525 

excess of carbon in the rostra of Belemnopsis and Hibolites. Summing up: Different lines of 526 

circumstantial evidence point to the presence of remnant organic matter within biominerals. These 527 

data require verification or rejection via the application of spatially highly resolved geochemical data. 528 

This work is presently iunder progress.  529 

 530 

5. Conclusions 531 

Ultrastructural data documented here suggest that the calcitic rostra of Mesozoic belemnites 532 

yielded 50-90% primary porosity probably filled with body fluids and/or organic matter during the life 533 

time of the animal. Porosity was distributed throughout the rostrum as opposed to being limited to 534 
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the central apical area. The primary biogenic rostrum framework consists of triaxial branches and 535 

tetrahedrons of variable size forming a honeycomb-like network. This structure arguably combined 536 

mechanical stability with an energy-efficient biomineralization strategy.  537 

The recognition of belemnite rostra as a highly porous structure requires a re-interpretation of 538 

the function of the rostrum as counterweight to the soft body and has implications for the swimming 539 

mode of belemnites. On the level of a working hypothesis, we argue that the low-porosity fabric 540 

found in fossil rostra collected in outcrops worldwide is the result of a syntaxial, early diagenetic 541 

cement phase that nucleated upon the surface of the biogenic framework and subsequently 542 

occluded the pore space. The possibility of gradual occlusion of skeletal porosity by remote 543 

biomineralization during later ontogenetic stages during the life of the animal is possible but seems 544 

unlikely at present.  545 

If the here-presented concepts hold true, then these new findings have significant implications 546 

with regard to geochemical proxy data collected from fossil belemnite rostra. Specifically, the fact 547 

that rostra may consist of biogenic and abiogenic calcite phases formed at different times may 548 

explain the controversially low reconstructed seawater temperatures and the uncommonly high 549 

scatter of proxy data even from well-preserved rostra collected in the same stratigraphic interval. 550 

This is because seawater properties of surficial water masses, the habitat of nektobenthic 551 

belemnites, are recorded in the biogenic portions of the rostrum whereas the early diagenetic phase 552 

reflects cooler basinal bottom or marine pore water signatures. Findings presented here form a solid 553 

and well-constrained petrographic data set but one that must be verified by high-resolution 554 

geochemical data of all paragenetic calcite phases observed.   555 

 556 

 557 

6. Acknowledgement 558 

RH We acknowledges M. Born, S. Schremmer, and T. Seemann for technical preparation of thin- and 559 

ultra thin-sections, . We thank all the private collectors that generously donated their material 560 

Formatted: Justified



23 
 

making this study possible (H. Schwandt, P. Girod, G. Grimmberger, J. Kalbe, M. Sowiak and others). 561 

We acknowledge the comments by the two journal reviewers I. Jarvis and D. Fuchs and the editorial 562 

handling by Brian Jones. s improving an earlier version of that manuscript 563 

 564 

7. References 565 

Anderson, T.F., Popp, B.N., Williams, A.C., Ho, L.Z., Hudson, J.D., 1994. The stable isotopic records of 566 

fossils from the Peterborough Member, Oxford Clay Formation (Jurassic), UK: 567 

palaeoenvironmental implications. Journal of the Geological Society, London 151, 125-138. 568 

Arkhipkin, A., Weis, R., Mariotti, N., Shcherbich, Z., 2015. "Tailed" Cephalopods. Journal of Molluscan 569 

Studies 81, 345-355. 570 

Barbin, V., 1991. Fluctuation in shell composition in Nautilus (Cephalopoda, Mollusca): evidence from 571 

Cathodoluminescence. Lethaia 25, 391-400. 572 

Barbin, V., 2013. Application of cathodoluminescence microscopy to recent and past biological 573 

materials: a decade of progress. Mineralogy and Petrology 107, 353-362. 574 

Benito, M.I., Reolid, M., 2012. Belemnite taphonomy (Upper Jurassic, Western Tethys) part II: Fossil-575 

diagenetic analysis including combined petrographic and geochemical techniques. 576 

Palaeogeography, Palaeoclimatology, Palaeoecology 358, 89-108. 577 

Berner, R.A., Westrich, J.T., Graber, R., Smith, J., Martens, C.S., 1978. Inhibition of aragonite 578 

precipitation from supersaturated seawater: a laboratory and field study. American Journal of 579 

Science 278, 816-837. 580 

Birchall, J.D., Thomas, N.L., 1983. On the architecture and function of cuttlefish bone. Journal of 581 

Materials Science 18, 2081-2086. 582 

Bizikov, V.A., Arkhipkin, A.I., 1997. Morphology and microstructure of the gladius and statolith from 583 

the boreal Pacific giant squid Moroteuthis robusta (Oegopsida; Onychoteuthidae). Journal of 584 

Zoology 241, 475-492. 585 

Formatted: No underline, Font color:
Auto

Formatted: No underline, Font color:
Auto, Not Highlight

Formatted: No underline, Font color:
Auto

Formatted: Font: 11 pt, No underline,
English (United Kingdom)

Formatted: Font: 11 pt, No underline,
English (United States)















30 
 

Rosales, I., Quesada, S., Robles, S., 2001. Primary and diagenetic isotopic signals in fossils and 737 

hemipelagic carbonates: the Lower Jurassic of northern Spain. Sedimentology 48, 1149-1169. 738 

Rosales, I., Quesada, S., Robles, S., 2004a. Paleotemperature variations of Early Jurassic seawater 739 

recorded in geochemical trends of belemnites from the Basque-Cantabrian basin, northern Spain. 740 

Palaeogeography, Palaeoclimatology, Palaeoecology 203, 253-275. 741 

Rosales, I., Robles, S., Quesada, S., 2004b. Elemental and oxygen isotope composition of Early 742 

Jurassic Belemnites: Salinity vs. Temperature signals. Journal of Sedimentary Research 74, 342-743 

354.  744 

Saelen, G., 1989. Diagenesis and construction of the belemnite rostrum. Palaeontology 32, 765-798. 745 

Seilacher, A., Chinzei, K., 1993. Remote Biomineralization 2: Fill skeletons controlling buoyancy in 746 

shelled cephalopods. Neues Jahrbuch für Geologie und Paläontologie, Abhandlungen 190, 363-747 

373. 748 

Sessa, J.A., Larina, E., Knoll, K., Garb, M., Cochran, J.K., Huber, B.T., MacLeod, K.G., Landman, N.H., 749 

2015. Ammonite habitat revealed via isotopic composition and comparisons with co-occurring 750 

benthic and planktonic organisms. Proceedings of the National Academy of Sciences of the 751 

United States of America 112, 15562-15567. 752 

Sherrard, K.M., 2000. Cuttlebone Morphology Limits Habitat Depth in Eleven Species of Sepia 753 

(Cephalopoda: Sepiidae). Biological Bulletin 198, 404-414. 754 

Spaeth, C., 1971. Aragonitische und calcitische Primärstrukturen im Schalenbau eines Belemniten aus 755 

der englischen Unterkreide. Paläontologische Zeitschrift 45, 33-40. 756 

Spaeth, C., 1973. Weitere Untersuchungen der Primär- und Fremdstrukturen in calcitischen und 757 

aragonitischen Schalenlagen englischer Unterkreide-Belemniten. Paläontologische Zeitschrift 47, 758 

163-174 759 

Spaeth, C., 1975. Zur Frage der Schwimmverhältnisse bei Belemniten in Abhängigkeit vom 760 

Primärgefüge der Hartteile. Paläontologische Zeitschrift 49, 321-331. 761 Formatted: Font: 11 pt, No underline,
Font color: Auto, English (United
States)



31 
 

 Stevens, G.R., 1965. The Jurassic and Cretaceous Belemnites of New Zealand and a Review of the 762 

Jurassic and Cretaceous Belemnites of the Indo-Pacific Region. New Zealand Geological Survey 763 

Paleontological Bulletin 36, 1-283. 764 

Swart, P.K., 2015. The geochemistry of carbonate diagenesis: The past, present and future. 765 

Sedimentology 62, 1233-1304. 766 

Ullmann, C.V., Korte, C., 2015. Diagenetic alteration in low-Mg calcite from macrofossils: A review. 767 

Geological Quarterly 59, 3-20. 768 

Ullmann, C.V., Frei, R., Korte, C., Hesselbo, S.P., 2015. Chemical and isotopic architecture of the 769 

belemnite rostrum. Geochemica et Cosmochimica Acta 159, 231-243. 770 

Ullmann, C.V., Thibault, N., Ruhl, M., Hesselbo, S.P., Korte, C., 2014. Effect of a Jurassic oceanic 771 

anoxic event on belemnite ecology and evolution. Proceedings of the National Academy of 772 

Sciences of the United States of America 111, 10073-10076. 773 

Urey, H.C., Lowenstein, H.A., Epstein, S., McKinney, C.R., 1951. Measurements of paleotemperatures 774 

and temperatures of the upper Cretaceous of England, Denmark, and the southern United States. 775 

Bulletin of the Geological Society of America 62, 399-416. 776 

Veizer, J., 1974. Chemical diagenesis of belemnite shells and possible consequences for 777 

paleotemperature determination. Neues Jahrbuch für Geologie und Paläontologie, 778 

Abhandlungen 147: 91-111. 779 

Visscher, P.T., Stolz, J.F., 2005. Microbial mats as bioreactors: populations, processes and products. 780 

Palaeogeography, Palaeoclimatology, Palaeoecology 219, 87-100. 781 

Voigt, S., Wilmsen, M., Mortimore, R.N., Voigt, T., 2003. Cenomanian palaeotemperatures derived 782 

from the oxygen isotopic composition of brachiopods and belemnites: evaluation of Cretaceous 783 

palaeotemperature proxies. International Journal of Earth Sciences (Geologische Rundschau) 92, 784 

285-299. 785 

Wanamaker, A.D., Baker, A., Butler, P.G., Richardson, C.A., Scourse, J.D., Ridgway, I., Reynolds, D.J., 786 

2009. A novel method for imaging internal growth patterns in marine mollusks: A fluorescence 787 

Formatted: Font: 11 pt, No underline,
Font color: Auto, English (United
Kingdom)



32 
 

case study on the aragonitic shell of the marine bivalve Arctica islandica (Linnaeus). Limnology 788 

and Oceanography: Methods 7, 673-681. 789 

Weiner, S., Addadi, L., 2011. Crystalization Pathways in Biomineralization. Annual Review of Materials 790 

Research 41, 21-40. 791 

Wierzbowski, H., 2004. Carbon and oxygen isotope composition of Oxfordian-Early Kimmeridgian 792 

belemnite rostra: palaeoenvironmental implications for Late Jurassic seas. Palaeogeography, 793 

Palaeoclimatology, Palaeoecology 203, 153-168. 794 

Wierzbowski, H., Joachimski, M.M., 2007. Reconstruction of late Bajocian-Bathonian marine 795 

palaeoenvironments using carbon and oxygen isotope ratios of calcareous fossils from the Polish 796 

Jura chain (central Poland). Palaeogeography, Palaeoclimatology, Palaeoecology 254, 523-540. 797 

Wierzbowski, H., Joachimski, M.M., 2009. Stable Isotopes, Elemental Distribution, and Growth Rings 798 

of Belemnopsid Belemnite Rostra: Proxies for Belemnite Life Habitat. Palaios 24, 377-386. 799 

Zachos, J., Pagani, M., Sloan, L., Thomas, E., Billups, K., 2001. Trends, Rhythms, and aberrations 800 

inglobal climate 65 Ma to present. Science 292, 686-693. 801 

 802 

 803 

 804 

 805 

 806 

 807 

 808 

 809 

 810 



33 
 

Figure captions 811 

 812 

Fig. 1A-B) Structural and ultrastructural composition of belemnite rostra. Belemnitella mucronata, 813 

thin sections photographed under crossed polarizers. A) Cross section with pseudo-uniaxial cross 814 

indicating radially arranged calcite fibres, red box refers to C. B) Longitudinal section with central 815 

apical line and radiating fibres from the centre to the margin, stippled line refers to the position of 816 

cross section shown in A. C) Idealized bundle of calcite fibres, each fibre contains a stack of 817 

tetrahedral elements. D) SEM BSD image of the tetrahedral ultrastructure of Megateuthis gigantea, 818 

dashed lines (I-IV) indicate section planes and corresponding reconstructions. Primary skeletal 819 

framework is shown in blue, yellow and green whilst early diagenetic phase is shown in white and 820 

red for the crystal boundaries. The basis of tetrahedrons points toward the centre of the belemnite 821 

rostrum and its tip towards the rostrum margin i.e. the growth direction. E) Three dimensional 822 

reconstruction of a single tetrahedron of the belemnite endoskeleton. F) Reconstruction of the 823 

complex spatial arrangement of biogenic and early diagenetic phases. Colour code in lower right. G) 824 

SEM image of a single complex tetrahedron (black line) with indication of structural elements. 825 

Primary skeletal components: br = branch, trc = triradial centre, rf = reinforcement, ic = isopachous 826 

crystallites. (full page width; bw in print, colour in pdf) 827 
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 831 

 832 

 833 

 834 
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Fig. 2A-B) SEM BSD images of Megateuthis gigantea. A-B) Section perpendicular to the c-axes of 837 

calcite fibres (section plane II in Fig. 1D-II). White stippled line indicate dissolution features (early 838 

diagenetic), black stippled line indicate microstylolites (late diagenetic). (full page width; bw in print, 839 

colour in pdf) 840 

 841 

Fig. 2A-B) SEM BSD images of Megateuthis gigantea. A-B) Section perpendicular to the c-axes of 842 

calcite fibres (section plane II in Fig. 1D-II). Blue stippled line indicate dissolution features (early 843 

diagenetic), red stippled line indicate microstylolites (late diagenetic). (full page width; bw in print, 844 

colour in pdf) 845 
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Fig. 4A-E) Megateuthis gigantea, EBSD map with colour code in sections perpendicular to the c-axes 888 

of the fiber bundles. Same colours represent same crystallographic orientations. In A and B angular 889 

deviation from blue to red is up to 40°, in D angular deviation is 2°. A) Overview map showing the 890 

bundling of fibres with identical orientation of a-axes, black frame indicates area for close up in B; 891 

blue frame refers to Fig. 5A-C. B) Close up map, within one bundle blue tinted fibres are mainly 892 

neighboured by other blue fibres, red tinted fibres are surrounded by red fibres. C) Close up to 893 

demonstrate slight documenting minor angular deviation within one fibre (compare with D). D) Map 894 

of a single fibre with an angular deviation of 2° from blue to red, showing a slight systematic shift of 895 

axes orientation. E) Pole-plots of c-axes {001} and a-axes {010} from all fibres shown in A, all c-axes 896 

show nearly the same orientation while the a-axes demonstrate the bundled structure of the rostral 897 

fabric which may have improved the stability of the skeletal structure. (full page width; bw in print, 898 

colour in pdf) 899 
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Fig. 5A-F) Transmitted light, polarized light and cathodoluminescence. Thin section of Megateuthis 913 

gigantea, A-C refer to the blue frame in Fig. 4A, D-F are close ups (black frame in A) A and D) TL 914 

image perpendicular to the c-axes of calcite fibres, filigree biogenic skeletal framework is indicated 915 

by the dark tinted structures, primary porosity is represented by the abiogenic translucent calcites. 916 

Note banded distribution of calcite fibre domains relating to larger and smaller organic-rich biogenic 917 

skeletal elements, single fibres may contain a central portion of transparent calcite of varying size, 918 

bundling of adjacent calcite fibres is indicated by the same orientation of the triangles. B and E) 919 

Uniform extinction (orientation) of adjacent fibres under crossed polarizers. C and F) CL of abiogenic 920 

calcite portions show a dark blue, intrinsic luminescence (pure stoichiometric calcite), CL of the 921 

biogenic skeletal framework show light blue luminescence. (full page width; bw in print, colour in 922 

pdf) 923 
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Fig. 6) Electron microprobe data for Megateuthis gigantea. A) Overview BSE map B) Shows higher 938 

Mg concentrations within the triangular areas dark in BSE images and a lower Mg concentration in 939 

the surrounding area bright in BSE images. C) Shows higher P concentrations within the triangular 940 

areas dark in BSE images and a lower P concentration in the surrounding area bright in BSE images. 941 

D) Shows lower S concentrations within the triangular areas dark in BSE images and higher S 942 

concentrations in the surrounding region bright in BSE images. (full page width; bw in print, colour 943 

in pdf) 944 
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Fig. 7) Fluorescence microscope images for Megateuthis gigantea. A) Transmitted light shows 964 

brownish triangular structures, rich in organic matter and dark in BSE images, partly with central 965 

translucent areas (compare with Fig. 1D section plane IV, Fig. 3D, E, 5A, D). B) Shows brighter 966 

fluorescent triangular area compared to the in transmitted light translucent calcite. (full page width; 967 

bw in print, colour in pdf) 968 
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Fig. 9) Three-dimensional visualization of the filigree biogenic framework. Synchrotron radiation 1016 

based tomographic visualization of a sub-volume of the rostrum of Megateuthis gigantea. Specimen 1017 

was scanned with an isotropic voxel size of 0.74µm. A) Multi-planar image of a sub-domain of the 1018 

original dataset with dimensions of 447x592x663 voxels, triangular elements dark in BSE images 1019 

appear here as dark elements due to reduced densities. B-D) Volumetric renderings of the same sub-1020 

domain with variable rendering settings. (full page width; bw in print, colour in pdf) 1021 
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Fig. 1) Examples of the filigree framework from other belemnite species. A-B) Gonioteuthis 1061 

quadrata, A) shows the Becke line outside of the triangular area with a relatively larger distance 1062 

between the sample and objective. B) Shows Image shows the Becke line within the triangular area 1063 

while the distance between the sample and the objective was reduced, accordingly the triangular 1064 

area (dark in BSE;  (Fig. 3)) has a lower optical relief. C-D)  Belemnitella mucronata, C) thin section 1065 

under polarized light, D) same area under CL showing microfractures filled with Mn-rich calcite 1066 

tracing the outline of triangular elements (encircled). (full page width; bw in print, colour in pdf) 1067 
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Fig. 2) SEM BSD images of Megateuthis gigantea. A-F) Section plane parallel to the c-axes of calcite 1081 

fibres. A-C) stepwise enlargement of a particular area. D-F) stepwise enlargement of a particular 1082 

area. A and D give the impression of a concentric arrangement of distinct darker and brighter layers 1083 

(black frames enlarged in B and E), arrow in D point to an organic rich layer (laminae obscura sensu 1084 

Müller-Stoll, (1936)). B and E) Allow the recognition of single darker structures of tetrahedral 1085 

morphology with their tips pointing towards the outer margin of the belemnite rostrum, i.e. the 1086 

growth direction (black frames enlarged in C and F). C and F) show the intricate framework of 1087 

biogenic (dark) and abiogenic (light) carbonate phase within the rostrum, larger dark grey, triangular 1088 

elements belonging to the biogenic skeletal framework, partly with light grey central abiogenic 1089 

calcite filling of variable size. (full page width; bw in print, colour in pdf) 1090 
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1. Introduction 53 

The ultrastructure of recent biogenic carbonates is of great interest for those concerned with 54 

biomineralization research in general (Weiner and Addadi, 2011; Goetz et al., 2011), those studying 55 

the primary biogenic skeletal structures of fossil skeletal hardparts (e.g., Coronado et al., 2013), and 56 

for palaeoceanographers exploring these materials for their bearing on past climate dynamics 57 

(Saelen, 1989; Cochran et al., 2003; Parkinson et al., 2005; Jarvis et al., 2015; Immenhauser et al., 58 

2016). Whereas the tests of planktonic and benthic foraminifera and coccoliths are important 59 

archives of open marine environments throughout the Cenozoic and beyond (e.g., Zachos et al., 60 

2001), much of what is known about Cretaceous and Jurassic palaeoceanography has been deduced 61 

from the geochemical archive of the calcareous rostra of extinct cephalopods, specifically belemnites 62 

(Dutton et al., 2007). Reasons for the wide use of these archive materials include their abundance in 63 

the fossil record, the diagenetically stable low-Mg calcite mineralogy of rostra (Veizer, 1974; Saelen, 64 

1989), and the broad palaeobiogeographic distribution of belemnites in the marine Boreal and 65 

Tethyan realms, (e.g., Urey et al., 1951; Voigt et al., 2003; Wierzbowski, 2004; McArthur et al., 2007; 66 

Dutton, 2007; Price and Page, 2008; Wierzbowski and Joachimski, 2009; Price et al., 2009 2011; Li et 67 

al., 2012, 2013). As with all biogenic carbonates, however, these archives undergo post mortem 68 

diagenetic alteration, representing a major obstacle in carbonate research (Swart, 2015).  69 

Characteristic geochemical patterns and fabrics in biogenic carbonate hardparts have been used 70 

to test for example molluscs (e.g., Cochran et al., 2003, Sessa et al., 2015, Immenhauser et al., 2016), 71 

brachiopods (Parkinson et al., 2005), or foraminifera (e.g., Huber and Hodell, 1996; Kozdon et al., 72 

2011) for evidence of diagenetic alteration. In the case of ammonites, the degree of preservation of 73 

nacre tablets provides evidence with regard to the preservation of these exoskeletons, to name one 74 

example (e.g., Cochran et al., 2010). With regard to belemnite rostra, the observation of an intact 75 

fibrous microfabrics in thin sections and polished rock surfaces in combination with 76 

cathodoluminescence is commonly used to identify well-preserved belemnite rostra (Rosales et al., 77 

2001). In contrast, cloudy areas, exfoliation, fractures, stylolites, or boring traces are interpreted as 78 
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under crossed polarizers. Calcite occluding space between organic-rich elements and fibre 208 

reinforcement is translucent and contains little or no organic matter (Fig. 5D). Brownish, triangular 209 

elements have a relatively low optical relief, compared to the surrounding translucent calcite with a 210 

relatively higher optical relief (supplement Fig. 1A-B). 211 

Three different luminescence patterns are observed under the cathodoluminescence 212 

microscope (CL): (i) A light blue luminescence of the brownish, triangular elements (Fig. 5C, F); (ii) 213 

dark blue, intrinsic luminescence of the translucent phase; (iii) locally, orange to red luminescent 214 

fractures and microstylolites are observed. In rare cases, fractures retrace the triangular outline of a 215 

fibre (Fig. 5C, F, supplement figure 1D). 216 

Brownish triangular areas under transmitted light display light green fluorescence while the 217 

translucent areas show a dark green fluorescence under the fluorescence microscope (FL). 218 

Microfractures are darker under transmitted light compared to the triangular elements and show a 219 

light green fluorescence (Fig. 7A-B).  220 

Different fluorescence patterns under the CLFM reveals calcite domains visible in BSE (and 221 

other) imaging techniques (Figs. 3, 5-7). Filled cracks fluoresce brightly in green and red wavelengths 222 

(Fig. 8B-C). Domains that are dark in BSE do not fluoresce in CLFM (Fig. 8A-D). Bright domains in BSE 223 

fluoresce brightly in CLFM at all wavelengths observed (Fig. 8A-D). Higher magnification reveals 224 

brighter fluorescence between adjacent domains that appear bright in BSE (Fig. 8D). 225 

 226 

3.2 Scanning-electron microscopy equipped with a backscatter detector (SEM BSD) 227 

Images collected with the scanning electron microscope equipped with a backscatter detector 228 

present important evidence for the presence of two calcite phases (dark and bright) of different 229 

chemical compositions building the rostra studied. The brownish triangular areas under transmitted 230 

light are dark in BSE. Thin sections cut perpendicular to the c-axis of the radiaxal fibrous calcite (Fig. 231 
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1D I-IV) reveal a complex framework, dark in BSE, surrounded by relatively brighter calcite (Figs. 1-3). 232 

Cross sections of the majority of fibres are polygonal or, less often, honeycomb shaped with a tri-233 

radial (120°) symmetry representing an ultrastructure that has not been described in previous studies 234 

(Figs. 1C-G, 3A-E). Individual fibre diameters vary between 10-80 µm. Calcite fibres terminate at 235 

individual concentric growth layers that also form the nucleation site for the overlying, next fibre 236 

generation, displaying increasing thicknesses and occurring in increasing numbers towards the outer 237 

portions of the rostrum (Fig. 1A-D). Brighter area in BSE are more likely to be composed of near-238 

stoichiometric CaCO3 with higher average atomic masses (mainly Ca), whereas excess C, P, Mg, or S 239 

will lower the average atomic mass. Accordingly, areas with decreasing amount of Ca and increasing 240 

amounts of C, P, Mg or S are darker. 241 

Four section planes are presented to describe the intricate bio-composite mineral present 242 

within a single fibre. The following description distinguishes between the darker framework (i), i.e., 243 

micrometre-thick branches terminating in wall-like reinforcements and (ii) tri-radial central portions; 244 

and brighter fabric (iii) consisting of calcite crystals forming isopachous cement layers with individual 245 

crystallites coated by submicrometre thick layers of matter darker in BSE (Fig. 1G). In all sections, we 246 

observed isopachous calcite crystals oriented perpendicular to the inner dark walls (Fig. 3A-E). 247 

Section plane I consists of three simple, dark in BSE branches of variable lengths. Often, these 248 

branches exhibit reinforcements of variable lengths and thicknesses (about 1 micrometre) and 249 

increasing widths towards neighbouring branches (Figs. 1D-I, 3A). Conversely, reinforcements being 250 

connected to neighboring triangles are rarely observed. Section type II is characterized by an 251 

enlarged, dark in BSE central element of variable diameter (2-30 µm, Figs. 1D-II, 3C). Some of the 252 

larger central elements display an inner zone with additional tri-radial structures comprising of 253 

smaller, isopachous, brighter in BSE area calcite crystals rotated by 60° relative to outer branches 254 

(Figs. 1D-III, 3D; section type III). Section type IV represents the most complex fabric. Here, the inner 255 

portions of larger central elements display alternating darker and brighter in BSE areas (Figs. 1D-IV, 256 
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wt.%) and lower concentrations in the darker areas in BSE images (SO3 = 0.20-0.50 wt.%; Fig. 6D). For 282 

better comparison with BSE images from other samples and with the element distribution, BSE data 283 

were obtained for the same field of view (Fig. 6A). 284 

  285 

3.4 Electron Backscattered Diffraction imaging (EBSD) 286 

Electron backscattered diffraction was used to document the biological controlled (sensu 287 

Lowenstam and Weiner, 1989; Dupraz et al., 2009; Weiner and Addadi, 2011) formation of what is 288 

here assumed to represent the primary biogenic skeletal carbonate. EBSD reveals a very low 289 

variation of c-axes orientation of calcite fibres (Fig. 4A). The sub-parallel orientation of the c-axes 290 

{001} is documented by their close fitting in the lower hemisphere of a Schmidt net (Fig. 4E, left plot). 291 

A different characteristic is found for the crystallographic orientation of the a-axes {010} of calcite 292 

fibres (Fig. 4E, right plot). All a-axes are aligned along a great circle whilst the colour code of the 293 

according fibres is indicative of an arrangement in bundles. Adjacent fibres (10 to 100 fibres) share a 294 

similar - if not identical - orientation (Fig. 4A-B). The majority of fibre bundles are characterized by 295 

blue, green and red colour coding. Specifically, the spatial orientation of individual a-axes within a 296 

single fibre bundle deviates by 20° or less from the bundle mean value. Variation in the orientation of 297 

the c-axis of a single calcite fibre in the range of 1-3° was observed (Fig. 4D). As the angular 298 

resolution from blue to red rainbow colour shown in EBSD maps (Fig. 4A-B) has a resolution of 50°, 299 

minor angular deviations (<1°) are not visible in Fig. 4A-B.  300 

 301 

3.5  Synchrotron radiation based micro-computed tomography (SRµCT) 302 

Tetrahedral structures are visible in three dimensions in the tomographic dataset despite the 303 

high signal to noise ratio and artefacts. There is a distinct difference in X-ray attenuation between the 304 

inner tri-radial elements and the surrounding calcite. 305 
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 306 

4. Interpretation and Discussion 307 

4.1 Reconstruction of the primary belemnite rostrum ultrastructure 308 

 309 

 Data presented here document a repeated pattern of triangular elements that seem to be 310 

originally connected, building a concentric layered, highly complex, and porous framework. The 311 

space between the former skeletal elements is interpreted as pore space probably filled by body 312 

fluids or organic material during the life time of these organisms. The latter assumption is based on 313 

analogous observations in the porous endoskeletons of recent Sepia (Sherrard, 2000; Guerra, 2006). 314 

Referring to the high porosity observed in both, the belemnite rostrum and the sepiid cuttlebone, it 315 

is important to note that these structures are not homologous (Fuchs 2012).  316 

 Accordingly, the belemnite rostra originally consisted of an organic-rich biogenic framework of 317 

calcitic tri-radial tetrahedrons (triangular pyramids arranged perpendicular to the concentric layers 318 

during lifetime). Tetrahedrons are elongated along their c-axis with the tip of the pyramid pointing 319 

towards the precipitation site i.e., in growth direction towards the outer margin of the rostrum (Fig. 320 

1C-D). Individual branches protruding from the edges of the tetrahedrons possess outer 321 

reinforcements acting as stabilizers. The central portion of the tetrahedrons may yield a channel-like 322 

cavity (Fig. 1D III-IV). Organic membranes at which nucleation of the tetrahedrons may have started 323 

and stopped are not preserved. However, it seems likely that such membranes were present because 324 

the bases of the tetrahedrons follow a concentric layer. Structurally, the bundling of the tri-radial 325 

elements forms a simple honeycomb-like framework in which the terminations of branches of 326 

adjacent elements are connected. The mechanical stability of the honeycomb structure is enhanced 327 

by reinforcement walls (Figs. 1D, G, 3C).  328 

 Based on the variable dimensions of skeletal elements seen in thin sections, intra-rostral pore 329 

space was visually estimated to range between 50-90% of the total rostrum  (Fig. 3A: 90% pore space 330 

and 10% skeletal elements; Fig. 3B; 50% pore space and 50% skeletal elements). In this context, the 331 
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observation that pore space is not limited to the apical line region but is present across the bulk 332 

rostrum is important. The secretion of a porous, but mechanically stable orthorostrum is probably 333 

best seen in the context of a considerable reduction of energy and building material required to form 334 

this structure compared to a massive endoskeleton (Sherrard, 2000). Strict biological control, i.e. in 335 

the presence of organic templates (Chateigner et al., 2000; Richter et al., 2011), over the 336 

precipitation of primary skeletal elements is demonstrated by a systematic arrangement of adjacent 337 

elements into bundles of similar or identical orientation of their crystallographic a-axes. This 338 

configuration results in a much higher mechanical load capacity and torsion stiffness of the 339 

framework of the rostrum.  340 

 Alternating concentric Ca-rich (brighter; laminae obscurae) and C-rich layers (darker; laminae 341 

pellucidae) of Müller-Stoll (1936) are related with the banded distribution of larger and smaller 342 

organic-rich triangular elements of the primary skeletal structure of the belemnite orthorostrum (Fig. 343 

1D, supplement Fig. 2). These layers potentially indicate differences in calcite precipitation rates. 344 

Based on petrographic and ultrastructural evidence, the Mg and Ca elemental concentrations of the 345 

rostrum, the lack of secondary micro-dolomite, and the absence of blotchy luminescence, the widely 346 

held assumption of a primary low-Mg calcite mineralogy for the studied belemnite rostra is 347 

confirmed (see discussion in Richter et al., 2003). 348 

 349 

4.2 Early and late diagenetic processes 350 

 351 

The presence of a highly porous primary rostrum architecture during the life time of the 352 

belemnite organism as proposed here, is in contrast to the dense fabrics observed in rostra collected 353 

in Mesozoic sedimentary successions (Fig. 1A-B). Hence, the diagenetic pathway from porous to 354 

dense fabrics deserves attention. The marine diagenetic alteration of biominerals is initiated directly 355 

after the death of a carbonate-secreting marine organism when metabolic processes come to a halt. 356 

At this early stage, organic matter outside of the orthorostrum (i.e., the belemnite animal itself) and 357 
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The nucleation and precipitation of the secondary calcite phase (Fig. 1D, G, 2-3) was possibly 384 

dominated by sulphate reduction increasing the saturation index and hence favoring precipitation of 385 

CaCO3. During crystals growth, remnants of belemnite organic matter combined with microbial 386 

mucus were likely trapped between single crystals or at the growth front of crystals and delineate 387 

crystal boundaries. Specifically, the growth of fibrous calcitic crystals will proceed as long as growth 388 

rate, fluid supersaturation, and temperature are low enough to discourage spontaneous nucleation 389 

(Oti et al., 1989). Similar processes have been described from extant echinoderm endoskeletons that 390 

share a comparable amount of primary porosity with the described belemnite orthorostra (Richter et 391 

al., 2003).  392 

During this early stage of diagenetic evolution, the rostra most likely preserved their original 393 

morphology due to the biogenic calcite framework and abiogenic calcite progressively occluding 394 

former pore space preventing, in combination, a collapse of the rostra. The directly comparable, dark 395 

blue intrinsic luminescence of the translucent secondary outer calcite layer and the calcite infill of 396 

central pore space of many of the larger triangles (Figs. 3D-E, 5A, D, 6) suggest that both phases 397 

precipitated from one fluid, or different fluids with near-identical geochemistry. This is, of course, 398 

within the limitations of the geochemical resolution of the cathodoluminescence method and with 399 

reference to elements that affect luminescence patterns (e.g., Mn2+, Fe2+ and REE; see discussion in 400 

Barbin 1991, 1993; Ritter et al., 2015). Conversely, the organic matter-rich triangles display a 401 

moderately brighter blue luminescence pattern (Fig. 5C, F). This feature is best explained by calcite 402 

lattice deformation due to the incorporation of organic matter into the crystal lattice 403 

(intracrystalline) and is not necessarily indicative of a different geochemical composition. This 404 

concept is supported by x-ray diffractometry (Richter et al., 2011) documenting that the fibrous 405 

fabric of the belemnite rostra, lacking late diagenetic Mn-rich cements, is composed of 406 

stoichiometric or near-stoichiometric calcites (d (104) = 3.030 to 3.035 Å). 407 

A late diagenetic (burial) stage of rostra is documented by dissolution and compaction features 408 

as indicated by microfractures and microstylolites (Figs. 2, 5C, F; Rosales et al., 2004a, b). The 409 
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 461 

5.2 Primary skeletal ultrastructure and preservation of organic matter 462 

 463 

The authors acknowledge the fact that despite the very detailed information regarding the 464 

belemnite ultrastructure shown here, our study lacks direct evidence for a primary biogenic origin of 465 

the complex, highly porous framework and the subsequent cementation by an early diagenetic 466 

calcite phase. Open questions, however, remain. Specifically, the significance of preserved organic 467 

matter in the biogenic belemnite calcite deserves attention. In the following, we present several lines 468 

(petrographic, optical, and geochemical data) of circumstantial evidence suggesting the presence of 469 

preserved organic matter. 470 

 The sector-wise systematic arrangement of triangular elements - with their a-axis being 471 

oriented subparallel to parallel (Figs. 3A-C, 4A-B, 5A, D) - in bundles, indicate a biologically controlled 472 

origin (Lowenstam and Weiner, 1989) of these fabrics. The primary belemnite rostrum ultrastructure 473 

is brownish (Figs. 5A, 7A) in thin sections under transmitted light and has a relatively low optical 474 

relief. According to Ullmann et al. (2014), brownish areas in thin sections of biogenic carbonates are 475 

indicative of remnant organic matter (Corg). Under the cathodoluminescence- and fluorescence 476 

microscope, the primary filigree belemnite framework shows a light blue luminescence (CL) and light 477 

green fluorescence (FL). According to Wanamaker et al. (2009) and Pérez-Huerta et al. (2008), 478 

fluorescence in biominerals is triggered by organic macromolecules associated with chitin 479 

polysaccharides and proteins. Dark fluorescence patterns commonly refer to portions of the skeletal 480 

hardparts that are relatively depleted in organic matter. Bright green fluorescence patterns typify 481 

areas with increased amount of organic matter (Wanamaker et al., 2009).  482 

Primary skeletal structures display darker colours in SEM-BSE images. Electron microprobe 483 

analyses revealed that the biogenic skeletal calcites contain more P and Mg but less S compared to 484 

what is here considered an early diagenetic, pore-filling calcite phase. Higher concentrations of P (Fig. 485 

6C) may be related to the presence of organic matter. Arguments for this have been presented by 486 



20 
 

Longinelli et al. (2002, 2003) and Gröcke et al. (2003) who found phosphate (PO4
3-) of presumed 487 

biogenic origin being preferentially enriched along concentric growth rings. Generally, the phosphate 488 

concentration of ancient belemnite rostra is variable but very low (less than 0.3%) comparable to 489 

that in modern Sepia.  490 

The primary filigree belemnite framework does not fluoresce under the CLFM. The factors 491 

that cause fluorescence in samples studied under the CLFM are poorly constrained (Fig. 8). Naturally-492 

occurring organic compounds such as proteins or polysaccharides can cause fluorescence in other 493 

biogenic carbonates, including brachiopods (Pérez-Huerta et al., 2008), gastropods (Guzman et al., 494 

2007), or cephalopods (Linzmeier et al., 2016). In modern brachiopods and Nautilus, portions of the 495 

exoskeletons with higher amounts of intracrystalline organic matter (Clark, 1999) appear dark under 496 

CLFM (Pérez-Huerta et al., 2008; Linzmeier et al., 2016). This pattern lends support to the argument 497 

that dark triangular areas in BSE images represent the primary biogenic skeleton and contain 498 

remnants of organic matter. Marine sediments may contain abundant humic substances resulting 499 

from the degradation of marine organic matter (Nissenbaum and Kaplan, 1972) and evidence has 500 

been presented that the sulphur content of the humic substances increases with degradation 501 

(Francois 1987). Concluding, it is here proposed that humic substances caused elevated S 502 

concentrations in the diagenetic calcite phase that occludes the skeletal pore space (Fig. 6D) and 503 

causes the CLFM fluorescence in all three wavelengths (Blyth et al., 2008; Orland et al., 2009, 2012; 504 

Fig. 8).  505 

Similarly, microtomographic data indicate the former presence of organic matter in dark 506 

triangular areas of rostra (Fig. 9) as observed in BSE images. The brightness of a carbonate observed 507 

in CT image indicates the degree of attenuation of an X-ray passing through this material (Mobilio et 508 

al., 2015). As the inner tri-radial structures of rostra appear darker in colour relative to the calcite 509 

phase fringing these structures, we suggest that the fringing phase is made of a denser calcite phase 510 

compared to the inner structure. That observation is in line with the observation of a low optical 511 

relief of these features (supplement Fig. 1A-B). 512 



21 
 

The interpretation presented here with regard to belemnite rostra is arguably consistent with 513 

observations of 10-40% organic matrix in the Sepia cuttlebone (Birchall and Thomas, 1983; Florek et 514 

al., 2009). This is relevant as we suggest that the belemnite rostrum is structurally similar but not 515 

homologous (Fuchs 2012) to the Sepia cuttlebone with regard to the primary intra-skeletal porosity. 516 

Having said this, the presence of preserved organic matter in ancient biogenic carbonates 517 

particularly, intra-crystalline organic matter is not uncommon (Clark, 1999, 2005). Excess carbon 518 

observed for Megateuthis has been interpreted as evidence for a former organic matrix within these 519 

low-Mg calcite biominerals (Dunca et al., 2006). Similarly, Florek (2004) argued for an excess of 520 

carbon in the rostra of Belemnopsis and Hibolites. Summing up: Different lines of circumstantial 521 

evidence point to the presence of remnant organic matter within biominerals. These data require 522 

verification or rejection via the application of spatially highly resolved geochemical data. This work is 523 

presently in progress.  524 

 525 

5. Conclusions 526 

Ultrastructural data documented here suggest that the calcitic rostra of Mesozoic belemnites 527 

yielded 50-90% primary porosity probably filled with body fluids and/or organic matter during the life 528 

time of the animal. Porosity was distributed throughout the rostrum as opposed to being limited to 529 

the central apical area. The primary biogenic rostrum framework consists of triaxial branches and 530 

tetrahedrons of variable size forming a honeycomb-like network. This structure arguably combined 531 

mechanical stability with an energy-efficient biomineralization strategy.  532 

The recognition of belemnite rostra as a highly porous structure requires a re-interpretation of 533 

the function of the rostrum as counterweight to the soft body and has implications for the swimming 534 

mode of belemnites. On the level of a working hypothesis, we argue that the low-porosity fabric 535 

found in fossil rostra collected in outcrops worldwide is the result of a syntaxial, early diagenetic 536 

cement phase that nucleated upon the surface of the biogenic framework and subsequently 537 

occluded the pore space. The possibility of gradual occlusion of skeletal porosity by remote 538 
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biomineralization during later ontogenetic stages during the life of the animal is possible but seems 539 

unlikely at present.  540 

If the here-presented concepts hold true, then these new findings have significant implications 541 

with regard to geochemical proxy data collected from fossil belemnite rostra. Specifically, the fact 542 

that rostra may consist of biogenic and abiogenic calcite phases formed at different times may 543 

explain the controversially low reconstructed seawater temperatures and the uncommonly high 544 

scatter of proxy data even from well-preserved rostra collected in the same stratigraphic interval. 545 

This is because seawater properties of surficial water masses, the habitat of nektobenthic 546 

belemnites, are recorded in the biogenic portions of the rostrum whereas the early diagenetic phase 547 

reflects cooler basinal bottom or marine pore water signatures. Findings presented here form a solid 548 

and well-constrained petrographic data set but one that must be verified by high-resolution 549 

geochemical data of all paragenetic calcite phases observed.   550 

 551 
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 801 

 802 

Figure captions 803 

 804 

Fig. 1A-B) Structural and ultrastructural composition of belemnite rostra. Belemnitella mucronata, 805 

thin sections photographed under crossed polarizers. A) Cross section with pseudo-uniaxial cross 806 

indicating radially arranged calcite fibres, red box refers to C. B) Longitudinal section with central 807 

apical line and radiating fibres from the centre to the margin, stippled line refers to the position of 808 

cross section shown in A. C) Idealized bundle of calcite fibres, each fibre contains a stack of 809 

tetrahedral elements. D) SEM BSD image of the tetrahedral ultrastructure of Megateuthis gigantea, 810 

dashed lines (I-IV) indicate section planes and corresponding reconstructions. Primary skeletal 811 

framework is shown in blue, yellow and green whilst early diagenetic phase is shown in white and 812 

red for the crystal boundaries. The basis of tetrahedrons points toward the centre of the belemnite 813 

rostrum and its tip towards the rostrum margin i.e. the growth direction. E) Three dimensional 814 
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reconstruction of a single tetrahedron of the belemnite endoskeleton. F) Reconstruction of the 815 

complex spatial arrangement of biogenic and early diagenetic phases. Colour code in lower right. G) 816 

SEM image of a single complex tetrahedron (black line) with indication of structural elements. 817 

Primary skeletal components: br = branch, trc = triradial centre, rf = reinforcement, ic = isopachous 818 

crystallites. (full page width; bw in print, colour in pdf) 819 

 820 

Fig. 2A-B) SEM BSD images of Megateuthis gigantea. A-B) Section perpendicular to the c-axes of 821 

calcite fibres (section plane II in Fig. 1D-II). White stippled line indicate dissolution features (early 822 

diagenetic), black stippled line indicate microstylolites. (full page width; bw in print, colour in pdf) 823 

 824 

Fig. 2A-B) SEM BSD images of Megateuthis gigantea. A-B) Section perpendicular to the c-axes of 825 

calcite fibres (section plane II in Fig. 1D-II). Blue stippled line indicate dissolution features (early 826 

diagenetic), red stippled line indicate microstylolites. (full page width; bw in print, colour in pdf) 827 

 828 

 829 

Fig. 3A-F) SEM BSD images of Megateuthis gigantea. A-E) Section perpendicular to the c-axes of 830 

calcite fibres. A) Triangular structures with a relatively thick outer, light grey margin of abiogenic 831 

early diagenetic cement and a small darker centre with branches giving rise to reinforcement 832 

structures representing the primary biogenic skeletal framework. B) Larger dark grey, organic rich 833 

triangular elements belonging to the biogenic skeletal framework, partly with light grey central 834 

abiogenic calcite filling of variable sizes. Branches are often short and cut off at variable distances 835 

from the centre. C) Some smaller and a few larger biogenic skeletal elements with cut off branches 836 

(lower arrow) and reinforcement structures (upper arrow). Note the variable expression of early 837 

diagenetic crystallites with sheaths of remnant organic matter. D) Close up of larger, biogenic skeletal 838 

elements and abiogenic isopachous calcites coated by remnants of organic matter within the brighter 839 

outer margin. Central portion of the biogenic skeletal elements shows abiogenic crystal; arrows point 840 
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 867 

 868 

 869 

 870 

 871 

Fig. 5A-F) Transmitted light, polarized light and cathodoluminescence. Thin section of Megateuthis 872 

gigantea, A-C refer to the blue frame in Fig. 4A, D-F are close ups (black frame in A) A and D) TL 873 

image perpendicular to the c-axes of calcite fibres, filigree biogenic skeletal framework is indicated 874 

by the dark tinted structures, primary porosity is represented by the abiogenic translucent calcites. 875 

Note banded distribution of calcite fibre domains relating to larger and smaller organic-rich biogenic 876 

skeletal elements, single fibres may contain a central portion of transparent calcite of varying size, 877 

bundling of adjacent calcite fibres is indicated by the same orientation of the triangles. B and E) 878 

Uniform extinction (orientation) of adjacent fibres under crossed polarizers. C and F) CL of abiogenic 879 

calcite portions show a dark blue, intrinsic luminescence (pure stoichiometric calcite), CL of the 880 

biogenic skeletal framework show light blue luminescence. (full page width; bw in print, colour in 881 

pdf) 882 

 883 

 884 

Fig. 6) Electron microprobe data for Megateuthis gigantea. A) Overview BSE map B) Shows higher 885 

Mg concentrations within the triangular areas dark in BSE images and a lower Mg concentration in 886 

the surrounding area bright in BSE images. C) Shows higher P concentrations within the triangular 887 

areas dark in BSE images and a lower P concentration in the surrounding area bright in BSE images. 888 

D) Shows lower S concentrations within the triangular areas dark in BSE images and higher S 889 

concentrations in the surrounding region bright in BSE images. (full page width; bw in print, colour 890 

in pdf) 891 

 892 
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 919 

Supplementary Figures 920 

Fig. 1) Examples of the filigree framework from other belemnite species. A-B) Gonioteuthis 921 

quadrata, A) shows the Becke line outside of the triangular area with a relatively larger distance 922 

between the sample and objective. B) Image shows the Becke line within the triangular area while 923 

the distance between the sample and the objective was reduced, accordingly the triangular area 924 

(dark in BSE; Fig. 3) has a lower optical relief. C-D)  Belemnitella mucronata, C) thin section under 925 

polarized light, D) same area under CL showing microfractures filled with Mn-rich calcite tracing the 926 

outline of triangular elements (encircled). (full page width; bw in print, colour in pdf) 927 

 928 

 929 

Fig. 2) SEM BSD images of Megateuthis gigantea. A-F) Section plane parallel to the c-axes of calcite 930 

fibres. A-C) stepwise enlargement of a particular area. D-F) stepwise enlargement of a particular 931 

area. A and D give the impression of a concentric arrangement of distinct darker and brighter layers 932 

(black frames enlarged in B and E), arrow in D point to an organic rich layer (laminae obscura sensu 933 

Müller-Stoll, 1936). B and E) Allow the recognition of single darker structures of tetrahedral 934 

morphology with their tips pointing towards the outer margin of the belemnite rostrum, i.e. the 935 

growth direction (black frames enlarged in C and F). C and F) show the intricate framework of 936 

biogenic (dark) and abiogenic (light) carbonate phase within the rostrum, larger dark grey, triangular 937 

elements belonging to the biogenic skeletal framework, partly with light grey central abiogenic 938 

calcite filling of variable size. (full page width; bw in print, colour in pdf) 939 
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Highlights 

We present well-constrained petrographic evidence for the complex primary biogenic framework of 

belemnite rostra. 

 

Petrographic evidence demonstrates a high (50-90%) primary porosity for the bulk of the belemnite 

rostrum. 

 

The relative proportion of biogenic skeletal framework versus abiogenic, earliest diagenetic calcite 

occluding the former pore space in rostra is assessed. 

 

We discuss the timing and formation modes of pore-filling calcites.  

 

The significance of these findings for reconstructions of marine palaeo-environments and the 

function of the rostrum is discussed.  
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