
Acta Palaeontol. Pol. 64 (4): 815–830, 2019 https://doi.org/10.4202/app.00640.2019

Conellae, enigmatic structures on cephalopod shells
—shapes, distribution, and formation
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bution, and formation. Acta Palaeontologica Polonica 64 (4): 815–830.

Conellae, enigmatic cone-shaped structures which can be found on the surface of internal moulds of cephalopod shells 
(predominantly of ammonoids), are regarded herein as the product of remote (biologically induced) biomineralization 
formed in closed-off cavities during lifetime and might be primarily composed of vaterite, aragonite, or calcite. To date 
conellae have been interpreted in many different ways: (i) as organisms (gastropods, cirriped crustaceans, or disciniscid 
brachiopods), (ii) pre-diagenetic syn vivo features, i.e., biologically controlled or induced, the product of remote biomin-
eralization, (iii) and diagenetic, i.e., abiogenic origin and post-mortem. The proposed processes of conellae formation 
seem insufficient to explain conellae related phenomena. Further, their assumed primary aragonitic or calcitic mineralogy 
are reviewed and based on new material critically assessed. The stratigraphic range of conellae extends from the Middle 
Ordovician and probably to modern Nautilus. Predominantly, conellae can be found on internal moulds along the keel, 
ribs or nodes, umbilical shoulder, at the transition between phragmocone and body chamber, and can be associated with 
repaired scars. However, conellae are also common on the smooth body chambers of large macroconchs of Jurassic am-
monites. Conellae, which are located on ammonite body chambers, are filled with the same material found in the body 
chamber and can contain small burrows, sand grains, or coprolites. Some of these conellae are partially covered with 
nacreous shell material. Limonitic conellae were also found on the limonitic internal moulds of orthocone nautiloids. 
Moreover, disciniscid brachiopods found on inoceramid bivalves were re-identified herein as conellae. A short guide for 
conellae identification has been provided herein.
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Introduction
Conellae, small cone-shaped structures often found on the 
surface of ammonite internal moulds, were first descri bed 
by Raspail (1829: pl. 6: 36) and Quenstedt (1843: 178, 1851: 
178, 1881–1884). Quenstedt (1881–1884) assigned these cone- 
shaped structures tentatively, but not beyond doubt, as pa-
telloid gastropods; a view held also later by Busse (1976). 
Some workers confused conellae with barnacle-like epi zoans 
providing generic names such as Probalanus or Pyramido-
balanites, (e.g., Bogolubov 1926; Maubeuge 1949; Gerasimov 
1955) or disciniscid brachiopods (Landman et al. 2016: table 
1). Other authors regard conellae as purely inorganic calcite 
crystal growth comparable to cone-in-cone structures (Reis 
1902; Schmidt 1933). Oppel (1853: 33) was the first to propose 

that conellae are a diagenetic product of the shell, which was 
also suggested by Denckmann (1887). Conellae have also 
been investigated in detail by Hölder and Mosebach (1950), 
Hölder (1952a, b, 1954a, b, 1956, 1970, 1973, 1980), Guex 
(1967), and Erben et al. (1969), Erben and Reid (1971), Erben 
(1972), and Birkelund (1981) who regarded them as a pre-dia-
genetic, i.e., syn vivo, feature. While the majority of conellae 
occur on the surface of internal moulds of Jurassic ammo-
nites, a few had been reported for Cretaceous and Triassic 
ammonites: Denckmann (1887) and Hölder and Mose bach 
(1950) for Turrilites, Lehmann (1993) and Frerichs (2007) for 
Austiniceras, Busse (1976), Gensel (1990), Rein (1989, 1993, 
2017), and Rein and Krause (1994) for Triassic Ceratites (see 
SOM, Supplementary Online Material available at http://app.
pan.pl/SOM/app64-Hoffmann_etal_SOM.pdf). Reports of 

http://app.pan.pl/SOM/app64-Hoffmann_etal_SOM.pdf
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conellae associated with the siphuncle and a hollow keel are 
of interest here because these conellae are outside the hollow 
keel (i.e., inside the chamber lumen as shown by Westermann 
1971 for Sonninia). A list of ammonite taxa with conellae is 
provided by Hölder and Mosebach (1950), which comprises 
25 genera. Predominantly, conellae can be found on internal 
moulds along the keel, ribs or nodes, umbilical shoulder, at-
tachment area between suture line and the inner surface of 
the conch wall, and at the transition between phragmocone 
and body chamber (Hölder 1952b). The close association be-
tween shell injuries and the distribution of conellae was first 
mentioned by Guex (1967) (see also Keupp 1976). Conellae 
also occur in belemnites and internal moulds of nautilids 
(Hölder 1973; Seilacher and Gishlick 2015).

Most cone-shaped conellae described to date are com-
posed of calcite, whereas some of them are filled with ma-
terial similar to the host matrix (Gerasimov 1955). Rarely, 
rounded aragonitic conellae occur, while calcitic conellae 
have an angular outline. Roundish, aragonitic conellae repre-
sent spherulitic arrangements of assumed primary aragonite 
crystals. The surface of calcitic conellae form concentric 
rings displaying terrace-like structures, radial lines, or can 
be smooth. The concentric rings, related with organic layers, 
presumably represent imprints of shell layers. The radial 
lines are the result of cleavage planes of the rhomboedric 
calcite. They can occur as single elements, aggregates or as 
rug-like structures covering internal moulds. Isolated cal-
citic conellae can display 4 or 6 surfaces, and rarely 3 or 5 
surfaces. Sometimes conellae are polygonal to roundish in 
cross section with a rounded tip. Based on thin sections of 
conellae found in the hollow keel of Harpoceras eseri Hölder 
and Mosebach (1950) described organic-rich layers, about 20 
μm thick, that cut through all conellae. In addition, small (2 
μm) opaque inclusions of organic matter occur. In rare cases, 
for example, during silicification conellae retain their origi-
nal roundish morphology as reported for Stephanoceras by 
Hölder (1973). Both types of conellae (roundish or angular) 
are reported for the alveolar region of belemnite rostra.

Existing models to explain the formation of conellae 
seem to be insufficient. These difficulties motivated us to 
conduct an in depth study of the conellae-structure which 
should form the foundation for future research on the topic. 
Herein we provide (i) a revised model for conellae forma-
tion, (ii) evidence for their occurrence outside Cephalopoda, 
(iii) further occurrences of conellae on different cephalopod 
shell structures, and (iv) an extended stratigraphic range for 
the occurrence of conellae.
Proposed conellae formation processes.—Different proces-
ses have been proposed for the formation of conellae. (i) 
Hölder and Mosebach (1950), Hölder (1952b) suggested 
that conellae were primarily composed of aragonite crys-
tals that formed charcoal-pile like spherulitic structures 
(= Meilerstellung of Hölder 1950, 1952b). During diagenetic 
transformation of aragonite to calcite, the former roundish 
conellae become angular displaying the typical cleavage 
faces of the calcite crystals. Moreover, they found remnants 

(honeycomb structures) of the primary aragonitic hexagonal 
crystals that formed a single conellae. Hölder and Mosebach 
(1950: 392), based on the organic-rich layers, argued for an 
organic process during the formation of conellae during a 
late stage of shell secretion. Specifically, conellae (e.g., in 
the position of the hollow keel) form during siphuncular 
sheet secretion and are related to the formation of the inner 
prismatic layer. This model explains the general lack of 
conellae on the body chamber the authors described, and 
where the secondary shell is missing (see discussion be-
low). Hölder and Mosebach (1950) proposed that conellae 
are formed by the mantle epithelium secreting a secondary 
conellae-forming substance. However, later Hölder (1952a, 
b) regarded conellae as purely diagenetic features that form 
due to dissolution at rhombohedra cleavage surface of cal-
cite crystals of the recrystallized, now calcitic shell wall 
(i.e., they have been regarded as post-diagenetic in origin). 
The observation of Hölder and Mosebach (1950) that oysters 
(Plicatula), serpulids, or bryozoans grow on such conel-
lae excluded a late diagenetic origin for such cone-shaped 
structures. Hölder (1954a, b: 423) also assumed the presence 
of conellae-like structures in modern oysters and other bi-
valves (Cardium).

(ii) Erben et al. (1969) analysed the shell ultrastructure 
of modern Allonautilus scrobiculatus and found in juve-
nile shells primary aragonitic conellae (about 3 μm) within 
the inner prismatic layer. Erben et al. (1969) also docu-
mented conellae in the outer prismatic layer of Allonautilus. 
Furthermore, these structures are regarded as pre-diage-
netic features which mean they form syn vivo supporting 
the original hypothesis of Hölder and Mosebach (1950). The 
specific spherulitic arrangement of aragonite crystals in 
conellae clearly deviate from the typical parallel arrange-
ment of the aragonite crystals forming the prismatic shell 
layers (Erben et al. 1969; Hölder and Mosebach 1950; Hölder 
1952b). Later diagenetic dissolution of the aragonitic shell 
brings the conellae to the surface (Erben 1972). Based on 
the calcium carbonate polymorph Erben and Reid (1971) ob-
served distinction between aragonitic conellae, observed in 
modern Nautilus and the pristine shell of the Upper Jurassic 
ammonite Pavlovia, and the recrystallized, calcitic struc-
tures described by Hölder and Mosebach (1950). However, 
Erben and Reid (1971) noted on different orientations of 
aragonitic conellae. They proposed that, during the process 
of conellae growth, starting from single nucleation sites, 
neighbouring spherulites come into contact resulting in the 
formation of pyramid-like piles (see Shtukenberg et al. 2012 
for spherulite formation). The space between these primary 
pyramids, with their tips pointing outwards, is filled with 
prismatic crystals automatically acquiring an inverted pyr-
amid-shape (tips pointing inwards). Erben and Reid (1971) 
described the microstructure of the inner prismatic layer for 
such cases as composed of pyramidal and inverse-pyrami-
dal piles of prismatic micro-crystals.

(iii) For the formation of cone-shaped conellae, Keupp 
(2000: 29–30; 2012: 115, fig. 122), following Bandel and 
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Hemleben (1975), favours uncontrolled internal mineral 
growth. Specifically, injuries cause the formation of shell 
irregularities with interspaces filled with organic material 
that is easily decomposed and leaves pores or interspaces 
(Guex 1967, 1968). These interspaces favour the formation 
of uncontrolled mineral growth resulting in conellae. This 
observation explains the occurrence of conellae in taxa that 
otherwise do not develop these structures. Keupp (2012: 115) 
regarded conellae as primary calcitic structures following 
the first hypothesis put forward by Bandel and Hemleben 
(1975: 318) to explain the conellae-phenomenon. The second 
hypothesis put forward by Bandel and Hemleben (1975) 
refers to the differences in size and form of inorganically 
grown aragonite crystals. Inorganic crystals are larger com-
pared to biominerals such as prisms or tablets. Those differ-
ences may play a role during diagenetic alteration processes. 
Potentially, larger crystals are less affected by dissolution 
processes or may be transferred more easily into calcite 
compared to the smaller, organic-rich biogenic aragonite 
crystals. This model significantly differs in the lack of bio-
genic control by the mantle tissue during their formation. 
Furthermore, all models require a closed-system during 
the dissolution and recrystallisation processes taking place 
(Bandel and Hemleben 1975).

(iv) For mineralization processes taking place with-
out direct influence of living tissue Chinzei and Seilacher 
(1993) and Seilacher and Chinzei (1993) coined the term 
remote biomineralization providing main examples from 
modern oysters and cephalopods (Sepia, Spirula). Remote 
biomineralization is opposed to contact mineralization (i.e., 
biomineralization sensu stricto). Products of remote bio-
mineralization, sometimes referred to as secondary or fill 
skeleton, are the result of self-organizing fabricational pro-
cesses under weak functional control. Remote biominerals 
form in closed-off cavities, deviate considerably in their 
mineralization pattern from biomineralized hardparts and 
are variable in morphology, but show recurrent patterns in 
unrelated forms, and become easily recrystallized during 
early phases of diagenesis. In this context, Seilacher and 
Chinzei (1993: 364, fig. 1b, c) compared the morphology 
of the chalky layer of Spirula with conellae in ammonite 
shells. Additional examples of remote biomineralization 
were described by Kemperman and Gittenberger (1988) 
for the hollow ribs of clausiliid gastropods, and by Checa 
(2000) for the bivalves Strigilla and Solecurtus, which both 
share divaricate ribs. The deposition of the free growing 
aragonite prisms take place in closed spaces without contact 
with the mantle, although directly influenced by the fluids 
deriving from it. Crystal growth proceeds by epitaxy, on 
the substrate provided by fibres of composite prisms (Checa 
2000). As it currently stands, processes summarized under 
the term remote biomineralization by Chinzei and Seilacher 
(1993) and Seilacher and Chinzei (1993), are described as 
biologically induced.

Analogue examples or phenomena tentatively excluded 
from true conellae.—Below we provide examples for analogue 

conellae-like structures or structures that were described as 
conellae but are tentatively excluded herein. Accordingly, 
these types are not further discussed herein. Conellae-like 
structures occur in belemnites where they are often found 
on the alveolar wall with the typical charcoal-pile like mor-
phology, e.g., in the Upper Cretaceous genera Actinocamax, 
Gonioteuthis, and Belemnitella (see Christensen in Berg-
ström et al. 1973, Hölder 1973). Moreover, Wanner (1907), 
Stolley (1929), and Hölder and Mosebach (1950) described the 
presence of large conellae at the alveolar wall of the Middle 
Jurassic Hibolithes ingens from Timor. Both, the round-
ish- and the angular-type occur in belemnites but it remains 
unclear whether those were primary aragonitic or calcitic. 
Seilacher and Gishlick (2015) described belemnite rostra as 
the product of self-organization. Because rostra grow from 
the inside out their conellae start to grow near at the apical 
line and fuse outwards into a solid layer. For Chitinobelus 
from the Toarcian Posidonia Shales (Southern Germany) they 
describe true conellae where they sit on the phragmocone 
(Seilacher and Gishlick 2015: 334–335, pl. 20.2). Engeser and 
Reitner (1983: 497) argue that the conellae formed in places 
where higher amounts of organic material prevented the ara-
gonite from early dissolution.

Based on the reports of Barskov (1970) and Spaeth 
(1971) suggesting the presence of aragonite in belemnite 
rostra, Hölder (1973) argued that the belemnite rostrum is 
homologous to the inner prismatic layer of ammonoids. We 
herein reject the idea of Hölder (1973), and regard the bel-
emnite phragmocone and the ammonoid phragmocone as 
homologous structures (Fuchs 2019). Bandel and Spaeth 
(1988) explained that aragonite in belemnites was errone-
ously reported by Spaeth (1971) and Spaeth et al. (1971). 
Recently, Ippolitov et al. (2018) provided convincing data 
for the presence of aragonite in megateuthid belemnite ros-
tra. Nevertheless, it remains unclear whether that arago-
nite is a primary or secondary feature. Finally, the calcitic 
rostrum covers the aragonitic phragmocone (i.e., it would 
rather represent the outer prismatic layer).

Difficult to distinguish from true conellae are struc-
tures found on the shell surfaces of Devonian Platyclymenia 
and Sporadoceras described by Hölder (1973). These small, 
shallow angular conellae-like structures had smooth sur-
faces. Because ammonite shells were completely recrys-
tallized we regard this conellae-like structure as a purely 
abiogenic post-diagenetic phenomenon with a different for-
mation process, such as epitaxy.

Another phenomenon compared with conellae are pits 
on ammonoid internal moulds observed by House (1960). 
Because of their different orientation (tip of conellae points 
outwards while tip of pits points inwards), and significant 
differences in size House (1960) concluded that (i) the pits 
were formed syn vivo, and (ii) the conellae were too small 
and a result of diagenetic dissolution.

A third phenomenon was described from aragonitic 
bivalves by Seilacher (1990) and Seilacher and Gishlick 
(2015). Those bivalves form triangular structures of calcite 
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resulting in divaricate patterns which can be used as win-
dows in photosymbiotic species (Corculum). The triangles 
are, parallel to the shell surface and formed syn vivo, in 
which they differ from conellae.

Usdowski (1963) described single cones resembling 
conellae from the “Nagelkalk”. Similarly, Quenstedt (1881–
1884) regarded the problematic gastropod Conella as an in-
organic formation comparable to the structures found in the 
“Nagelkalk”. Additional abiogenic structures such as stylo-
lithes and cone-in-cone structures (= Duten- or Tütenmergel 
in German) are compared with conellae by Hölder and 
Mosebach (1950). For different hypotheses to explain the 
formation of cone-in-cone structures the reader is referred 
to Brown (1954), Kimpe (1955), Lugli et al. (2005), and 
Kershaw and Guo (2016).

In recent years experimental studies were designed to 
understand the formation processes of complex biominerals. 
For example, Rudloff and Cölfen (2004) and Oaki et al. (2012) 
reported on the formation of cone-shaped macrocrystals of 
5–50 μm height. These crystals, formed by vaterite, arago-
nite, or calcite, show the typical conellae morphology but are 
hollow, i.e., they rather represent a tepee instead of a massive 
pyramid. Furthermore, these crystals grow at the fluid-air in-
terface pointing with their tips downwards. Oaki et al. (2012) 
found that the formation and shape of these hollow-cone car-
bonate crystals largely depends on molecular control.

Institutional abbreviations.—GIN MPC, Geological In sti tute 
of Russian Academy of Sciences, Moscow Pale ontological 
Collection, Moscow, Russia; RUB-Pal, Ruhr- Universität 
Bochum Palaeontology, Bochum, Germany; SNSB-BSPG, 
Staatliche Naturwissenschaftliche Sammlungen Bayerns, 
Bayerische Staatssammlung für Paläontologie und Geologie, 
Munich, Germany.

Material and methods
The material examined in this study ranges stratigraphically 
from Ordovician nautiloids to lowermost Cretaceous am-
monites, and the modern Nautilus pompilius (Table 1). All 
conellae were found on cephalopod remains from Russia, 
Morocco, and Germany. Photographs were taken with 
(Nikon D5500 DSLR camera with Tamron 90 mm, f/2.8 
Di VC USD Macro 1:1 F017 lens). SEM-images were taken 
with a Zeiss Gemini2 Merlin HR-FESEM in Germany and 
TESCAN VEGA-II XMU SEM in Paleontological institute 
of Russian Academy of Sciences in Moscow.

Results
We found that Raspail (1829: pl. 6: 36) and Quenstedt (1843: 
178) in the first issue of his “Flözgebirge” referred to pyra-
mid-like structures that would later be named conellae.

Here we report on the oldest record off conellae from 
the Middle Ordovician of the Leningrad region (Russia, 
Figs. 1, 2). The Ordovician conellae consist of calcite and 
are located on the pointed end of the endocerid siphuncle 
named spiculum, which is positioned inside the last endo-
cone (see Cichowolski 2009: fig. 4D, E for details). Based on 
the location of the conellae, they formed inside these calcitic 
endocones, which are analogous to ammonoid conellae that 
appear within the aragonitic shell wall. The outer surface 
of these endocones is preserved in two specimens (Fig. 1). 
Most of the conellae in endocerids are grouped into dense 
aggregates with fused bases, but also isolated individual 
specimens occur. Endocerid conellae are rather high, with 
a rounded or oval base, their surface is covered with fine 
longitudinal (Fig. 1C1, D) and horizontal lines (Fig. 1A3, C2).

Table 1. Conellae bearing cephalopod remains used in this study in chronological order beginning with the latest records.

Stratigraphy Locality Taxon Position Morphotype Material
Recent Phillipines Nautilus pompilius body chamber aggregates aragonite

Late Volgian 
(Kachpurites fulgens Zone)

Kuntcevo, Moscow, 
Russia Craspedites sp. body chamber single sediment-filled 

(phosphorite)
Middle Volgian 

(Virgatites virgatus Zone)
Borsheva, Moscow 

region, Russia Virgatites virgatus internal mould of the phrag-
mocone

single, loose aggre-
gates along ribs

sediment-filled 
(phosphorite) 

Late Oxfordian 
(Amoeboceras serratum 

Zone)

Rybaki, Moscow 
region, Russia

Amoeboceras 
serratum

last septum, internal mould 
of the body chamber flanks 

and keel
single, aggregates

calcite and sedi-
ment-filled 

(phosphorite) 
Late Callovian 

(Quenstedtoceras lamberti 
Zone)

Peski, Moscow 
region, Russia

Quenstedtoceras 
lamberti

internal mould of the body 
chamber (annular elevation) groups calcite

Middle Callovian (Catasi-
galoceras enodatum Zone)

Nikitino, Ryazan 
region, Russia

Rondiceras, 
Indosphinctes

internal mould of the body 
chamber flanks

single or in small 
groups

sediment-filled 
(oolitic marlstone)

Early Jurassic 
(Pliensbachian)

Buttenheim, 
Germany Pleuroceras flank tightly packed 

aggregates, rug-like calcite

Late Devonian Morocco orthocone nauti-
loids

septum-to-conch-attachment 
area

single, loose aggre-
gates limonite

Middle Ordovician, 
Volkhov Stage

East Baltic, Lenin-
grad region, Russia

Endoceras sp. 
(Endocerida, Nau-

tiloidea)

surface of endosiphuncle and 
spiculum internal mould 

single or tightly 
packed aggregates calcite
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2CC1 D

B

10 mm 10 mm

1 mm5 mm

1 mm 1 mm1 mm

2AA1

3A

Fig. 1. Calcite conellae on internal moulds of siphuncle of Middle Ordovician endocerids from Leningrad region of Russia. A. GIN MPC 4/1, conellae 
in remnants of nautiloid siphuncle endocones; in top (A1) and lateral (A2) views, and close up, lateral view (A3). B. GIN MPC 4/2, single conella on the 
surface of pointed end of the endocerid siphuncle (spiculum). C. GIN MPC 4/3, single conella on the surface of spiculum, both with longitudinal and 
horizontal lines; in lateral (C1) and anterior (adapertural) (C2) views. D. GIN MPC 4/4, group of conellae on the spiculum internal mould. 
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C

A1 2A

B1 2B

A2

B2

2 mm

5 mm

5 mm

500 µm

2 mm

Fig. 2. Calcite conellae on Late Oxfordian Amoeboceras serratum (Sowerby, 1813) [M] internal moulds from Rybaki locality in the Moscow region, 
Russia. A. GIN MPC 4/5, pair of calcite conellae on the last septum with partially preserved aragonite; A2, detail. B. GIN MPC 4/6, single calcite conella 
on internal mould of the last septum; B2, detail. C. GIN MPC 4/7, calcite conellae in the rear part of phosphorite internal mould of the body chamber. 
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Jurassic conellae from central Russia consist rarely of 
calcite (see Fig. 2 for Upper Oxfordian Amoeboceras ser-
ratum and Fig. 3 for the Upper Callovian Quenstedtoceras 
lamberti). The first example is of particular interest since 
for the first time conellae were found in central parts of am-
monite septa. Specifically, the calcitic conellae are located 
within the last septum with its apex pointing towards the 
phragmocone, and in one case they are partially surrounded 
by preserved aragonitic nacre of the septum. All calcitic 

conellae on the ammonites studied herein are low, rela-
tively wide and polygonal in cross section, sometimes with 
a stepped surface (Figs. 2, 3).

The majority of the conellae from Jurassic deposits of 
central Russia are found on the internal moulds of ammonite 
body chambers. Most of these conellae are filled with the 
same matrix of the ammonite internal mould (e.g., phos-
phorite, oolite marlstone, phosphatized sand; Figs. 4, 5). 
Most often they are found on the smooth body chambers of 

Fig. 3. Calcite conellae on the area of annular elevation of Late Callovian Quenstedtoceras lamberti (Sowerby, 1819) [M] (GIN MPC 4/8) from Peski 
locality in the Moscow region, Russia. Overview of the specimen (A1), note the transition from phragmocone to body chamber at about the middle of the 
preserved outer whorl. Close-up of tightly packed aggregates of conellae (A2, A3). 

A1

5 mm

2A 3A

10 mm

A2

A3

5 mm
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macroconchs, and, unlike most of the previously described 
conellae, they are rare on the ribbed ammonite phragmo-
cone. Conellae are especially common on the smooth body 

chambers of large perisphinctids and on the body chambers 
of cardioceratid macroconchs, including: Cadoceras (see 
Gerasimov 1955: pl. 7: 19; Keupp 2012: fig. 227), Rondi-

A B

DC

E F

1 mm

1 mm

1 mm

1 mm

10 μm

500 μm

Fig. 4. Sediment-filled conellae on phosphorite internal moulds of Late Oxfordian Amoeboceras serratum (Sowerby, 1813) (body chambers) from Rybaki 
locality in the Moscow region, Russia. A. GIN MPC 4/9, typical conella of tepee-like shape. B. GIN MPC 4/10, conella of more complex shape, note 
irregular outline. C. GIN MPC 4/11, groups of sediment-filled conellae with different heights. D. GIN MPC 4/12, shape of the neighbouring conellae 
differ significantly. E. GIN MPC 4/13, lateral view of a single conella. F. GIN MPC 4/14, conellae on the ventral keel (body chamber), with seemingly 
two growth phases and a lower conella in front.
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ceras, Quenstedtoceras, and Amoeboceras. Although in 
Amoeboceras conellae sometimes are localized in the area 
of the ventral keel in large quantities, most often they are 
found on the smooth walls of the body chambers of adult 
macroconchs.

Often sediment-filled conellae contain various inclusions 
(e.g., thin burrows, grains of quartz sand, micro-coprolites 
[fecal pellets], and small fragments of unrecognizable phos-
phatized shells; Figs. 6, 7A2). The shape of conellae varies 
considerably from a simple cone with a rounded base to a 
very complex volcanic-like structure with very prominent 
and branched longitudinal ridges and furrows (Fig. 5). Some 
conellae are partially covered by remains of the aragonite 

shell (i.e., nacre tablets see Fig. 7A3, A5). The diameter of 
the conellae on Jurassic ammonites varies between 0.25 
to 4.5 mm, but the majority of conellae are about 1 mm in 
diameter. Interestingly, no conellae were reported from cal-
citic aptychi found in the same deposits of conellae-bearing 
internal moulds (e.g., Mironenko 2018b).

We also found for the first time conellae on the internal 
mould of an orthoconic nautiloid phragmocone from the 
Devonian of Morocco. This specimen consists of limonite 
and originally likely was pyritic. Conellae on this specimen 
are partially single or arranged in rows, relatively wide and 
low, and with round bases (Fig. 8).

Interestingly, we found for the first time mm-sized 
conellae on the body chamber of modern Nautilus relatively 
close to the aperture (Fig. 9A). The conellae are white or 
brownish and occur in an injured area and display aggre-
gates of different sizes. They are roundish in cross section, 
show horizontal layers and are composed of aragonite. The 
conellae are comparable in size with fossil examples. Note 
that ultrathin organic membranes are preserved suggesting 
a growth of the conellae from the shell surface towards the 
center of the fluid filled blister. For comparison we show a 
similarly injured ammonite (Cardioceras) with spherulitic 
conellae-like structures in the healed area (Fig. 9B).

Finally, we found in the report on Maastrichtian scaphitid 
ammonites infested by disciniscid brachiopods by Landman 
et al. (2016: fig. 4) the first evidence of conellae grown in 
inoceramid shells.

Discussion
Based on our findings of conellae on endocerid spiculum 
and on ammonite septa without a prismatic shell layer, we 
reject a strict dependence of conellae formation on the pres-
ence of prismatic shell layers (e.g., Hölder and Mosebach 
1950; Erben and Reid 1971). We also suggest that μm-sized 
conellae-like structures described for modern Nautilus by 
Erben et al. (1969), Erben and Reid (1971), and Erben (1972) 
have nothing to do with the mm-sized conellae described 
from Jurassic ammonites, because (i) conellae are often 
larger than the thickness of the inner prismatic layer, (ii) in-
verse-pyramids of the inner prismatic layer have never been 
observed, (iii) conellae from the outer prismatic layer have 
never been observed as well. Moreover, μm-sized cone-
shaped tubercles are a constant element of the surface of 
ammonoid protoconch since the Triassic (e.g., Landman et 
al. 1996: fig. 12A, B; De Baets et al. 2015b) that do not lead 
to conellae formation. Based on their size and the presence 
of horizontal terrace-like structures we regard the cone-
shaped structures observed on the injured shell area of mod-
ern Nautilus pompilius as true conellae sensu Quenstedt 
(1843). These document that conellae can form syn vivo in 
cephalopods.

The presence of sediment-filled casts of conellae on 
ammonite body chambers (e.g., Keupp 2012: fig. 122 for 

A1

2A

5 mm

1 mm

1A

Fig. 5. A very large single sediment-filled conella on the phosphatized 
fragment of body chamber of Late Volgian macroconch of Craspedites sp. 
(GIN MPC 4/15) from Kuntsevo locality in the Moscow region, Russia. 
SEM image of conella showing the minute surface structure (A1), general 
view of the specimen (A2). 
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Pleuroceras), suggests that the conellae were hollow prior 
to sediment infilling. That observation is particularly in-
teresting, because the original shell aragonite is partially 
preserved around the conellae, and suggests that conellae 
were originally filled with material that was dissolved be-
fore the shell wall material or that conellae were originally 
hollow. In turn, we assume that these conellae were pri-
marily composed of aragonite or vaterite or were originally 
hollow structures. The recent experiments of Rudloff and 
Cölfen (2004) and Oaki et al. (2012) show the possibility 
of existence of hollow-cone conellae-like carbonate crys-
tals. Although these results were obtained in vitro, the oc-
currence of such structures in nature cannot be excluded. 
Therefore, it is theoretically possible that conellae were 
originally hollow aragonite or vaterite structures.

Conellae, which formed inside the endocerid endo-
cones, however, could have a primary calcitic composition 
based on the absence of sediment in them. Regarding the 

Devonian conellae, which consist of limonite (originally 
of pyrite), it is suggested that these were dissolved con-
temporaneously with the shell during pyrite formation. 
Accordingly, they could have been composed of either ara-
gonite or calcite.

Conellae growth direction needs consideration too. 
Erben and Reid (1971) and Erben (1972) argued that the 
apex of the conellae represents the starting point of its for-
mation and the broader base due to spherulitic growth of the 
crystals represents its end. If this is correct, we tentatively 
suggest that conellae growth starts with the formation of the 
outer prismatic layer. That would explain larger conellae 
and the presence of nacre tablets on their surface. However, 
conellae, which are located close to each other on the same 
specimen often have different heights (Figs. 4C, F, 8A3, 
A4; Hölder 1973: fig. 7b). This fact indicates, in case they 
started to grow from the apex, that the starting points of 
the formation of conellae were located at various heights 

500 μm

500 μm 200 μm

500 μm

A B

C D

Fig. 6. Various inclusions in sediment-filled conellae. A, C. Sand grains in the conellae on the body chamber of Middle Callovian macroconch Rondiceras 
sp. from Nikitino locality, Ryazan region, Russia. A. GIN MPC 4/16, large sand grain on the top of conella. C. GIN MPC 4/17, small sand grain in the 
sediment which infilled the conella. B. Sand grain in the conella on phosphorite phragmocone of Late Volgian Virgatites virgatus (Buch, 1830) (GIN MPC 
4/18) from Borsheva locality, Moscow region, Russia. D. Various algal microfossils in the internal mould of a body chamber and a conella, Amoeboceras 
serratum (Sowerby, 1813) [M] (GIN MPC 4/19) from Late Oxfordian, Rybaki locality in Moscow region, Russia.
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within the shell, and not always in its outer prismatic layer. 
Conellae that grow within the hollow keel when sealed off 
on the other hand may start to grow with a broader base and 
the apex might represent the end of conellae growth within 
the remaining body fluid. The latter mode of formation is 
suggested for the conellae observed in modern Nautilus.

As an example for remote biomineralization, it seems 
likely that conellae, depending on the constituting fluid, 

may had have different primary mineralogy (vaterite, ara-
gonite, and calcite). Specifically, primary vaterite and ara-
gonite conellae could be easily transformed into other ma-
terial, such as calcite or silica (Hölder and Mosebach 1950; 
Hölder 1973; and herein) or dissolved during diagenesis 
(Fig. 10). Whether replacement or dissolution of conellae 
material takes place probably depends on composition and 
pH of the diagenetic fluid, and on the position of the conel-

4A

5A

A1

6A

2A

3A

100 μm 200 μm

10 μm100 μm

10 μm 20 μm
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Fig. 7. Sediment-filled conellae on phosphorite internal moulds of Late Oxfordian Amoeboceras serratum (Sowerby, 1813) (RUB-Pal 7-11293, body cham-
bers) from Rybaki locality in Moscow region, Russia. Group of conellae, note the small gap between conellae and internal mould (A1), conella with irregular 
outline showing a microboring, conella partially covered by nacre tablets suggesting that the conellae formed within the shell, was temporarily hollow and 
subsequently filled with sediment (A3, A5), framboid pyrite within the sediment fill of conellae (A4), matrix rich in radiolaria (so far unidentified) (A6). 
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lae. The position of conellae on the ammonite shell may 
influence whether these become filled with sediment (on the 
body chamber) or replaced by calcite (on the phragmocone).

Bayer (1970: 32–33) observed dark bands for muscle 
attachments on pyrite internal moulds situated at the um-
bilical shoulder (= Nabelbandstrukturen of Jordan 1968). A 
different pyrite internal mould shows, in addition to these 
muscle attachment bands, similar darker areas where the 
shell was injured. Accordingly, Bayer (1970) argued that 
in both cases a similar material was used by the animal to 
ensure muscle attachment and to repair the injured shell. 
Along similar lines of evidence, Hölder (1952a, b, 1954a, b, 
1956) argued that conellae found at the flanks of Arietites, 
perisphinctids, and oppeliids represent remains of the mus-
cle attachment material. Further support for this, comes 
from conellae located at the muscle attachment bands on py-
rite internal moulds (Oechsle 1958; Hölder 1952a, b, 1954a, 
b, 1956). It is possible that conellae are associated with areas 
of muscles attachment due to the thickening of the shell in 
these areas, such as in keels and ribs. Our observation of the 
numerous conellae on annular elevation of Quenstedtoceras 
confirms this hypothesis, since this feature is an area of 
soft tissue attachment (e.g., Mironenko 2015). The report 
of Riegraf et al. (1984) on conellae found associated with 
the crop content of Lower Jurassic ammonites from the 
Posidonia Shale supports the notion these features are as-
sociated with higher amounts of organic matter typical for 
injured area, muscle attachment sites and presumed soft 
tissue preservation (see Schweigert and Dietl 1999 for an 
Upper Jurassic Physodoceras). However, in most specimens 
examined for this study, the location of conellae are not re-
lated to muscle scars.

Bayer (1970) speculated that group specific distribution 
of conellae mainly depended on slight variation of the chem-
ical composition of the shell material. We regard this case as 
an example of structures remotely mineralizing from a body 
fluid. The objection that the chemical composition of the 
shell material can explain the distribution of conellae among 
ammonite taxa is rejected. However, the notion that organic- 
rich material along muscle attachment bands as well as at 
injured area might have played a role during conellae for-
mation is accepted (see Keupp 1976, 2012). In contrast to the 
favoured interpretation of conellae as the product of remote 
biomineralization is the fact that none of the remotely min-
eralized structures formed from aragonite or calcite crystals 
is morphologically similar to them (Bandel and Hemleben 
1975; Seilacher and Chinzei 1993; Chinzei and Seilacher 
1993; Kemperman and Gittenberger 1988; Checa 2000). The 
single exception is the shell of the modern Nautilus that 
forms conellae in an injured area.

Instead of diagenetic features of the shell or products of 
remote biomineralization some authors described conellae 
as remains of organisms, e.g., cirripeds, gastropods, or bra-
chiopods. The actual disciniscid brachiopods attached to a 
Hoploscaphites have parts of their calcitic shell preserved, 
a rounded, subcentral apex, an elongated shell, growth on 
the aragonitic ammonite shell, and have minute concentric 
growth lines. In contrast, the structures regarded as discinis-
cid brachiopods described from inoceramid shells are par-
tially intergrown (Landman et al. 2016: fig. 6.2b, c), have no 
shell material preserved, a central apex, growth within the 
shell and on the surface of the internal mould, and have a 
combination of concentric and radial lines (Landman et al. 
2016: fig. 7.1d) covering the surface. Accordingly, we regard 

Fig. 8. Limonite conellae on the internal mould of Late Devonian orthoconic nautiloid (SNSB-BSPG 2014 XXI 81216) from Morocco. Overview on the 
preserved two specimens composed of five preserved chambers each (A1, A2), close up of limonitic conellae of different heights (A3, A4). 
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these structures not as disciniscids but as the first evidence 
of true conellae found on the internal mould of inoceramid 
bivalves. Cirriped shells can be distinguished from conel-
lae because cirripeds have a central angular opening and 
form a net-like structure at their base. Another possible 
interpretation, regards sediment-filled conellae as bore-
holes of parasites or commensals, which lived inside these 
conellae. These parasites used the ammonite shell as shelter. 
According to this hypothesis, parasites exposed their gills 
through the open apex of the conellae for filter feeding and 
respiration. Also the broader bases of the conellae were 
originally open allowing the parasite direct access to the 
ammonite soft body. That interpretation is rejected here for 
the following reasons: conellae are arranged chaotically, 
without any relation to ammonite anatomy or swimming be-
haviour, and have different heights. Not all conellae exceed 
the shell thickness, i.e., did not reached the shell surface. 
Moreover, a reaction of the ammonite host to the presence of 
conellae has never been observed, whereas both ammonoids 

and nautiloids had various reactions to parasite infestations 
(De Baets et al. 2011, 2013, 2015a; Turek and Manda 2016; 
Mironenko 2018b).

Given the difficulties to identify true conellae, we pro-
vide a short identification guide: (i) never occur on shell sur-
faces, but on internal moulds (septal-attachment area, ribs, 
body chamber, last septum, siphuncle); (ii) preferably occur 
on moulds of ammonites with strong ribs, hollow keel, or 
nodes/tubercles or on injured areas or muscle attachment 
sites, but are also very common on smooth surface of mac-
roconch body chambers; (iii) occur exclusively on mollusc 
internal moulds, predominantly on cephalopod remains (so 
far); (iv) mostly 1 mm in size (diameter and height); (v) their 
unknown primary composition can be modified to second-
ary aragonite, calcite, silica or infilled with pyrite, phos-
phorite, marlstone, etc.; (vi) occur as single-, loose- or dense 
aggregates, or as rug-like structures; (vii) base roundish or 
angular often with 4–6 edges (or more); (viii) with horizon-
tal terrace-like or radial lines; (ix) apex of single conella is 

A1 2A

B1 2B

100 μm

5 mm 1 mm
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2B

Fig. 9. A. Aragonitic conellae in an injured area close to the aperture of Recent Nautilus pompilius Linnaeus, 1758 (RUB-Pal 11292) from Philippines; the 
conellae are comparable in size with fossil examples (A1, A2). Note ultrathin organic membrane is preserved and a growth from the shell surface towards 
the center of the fluid filled blister is proposed. B. Aragonitic and calcitic conellae-like structures in an injured area (pathological band-slit: forma aegra 
verticata) of the Late Callovian ammonite Quenstedtoceras sp. (GIN MPC 4/20) from Dubki, Saratov region, Russia; overview (B1), SEM image showing 
the shell microstructure (B2). 
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centrally located; (x) largely (but not exclusively) restricted 
to the Mesozoic; (xi) independent of facies (bituminous cal-
careous deposits, marly carbonates, clay, oolitic, white car-
bonates) but their preservation probably depends on facies 
and position on the shell; (xii) show distinct, internal-par-
allel layers enriched in organic matter that correspond with 
the horizontal layers visible on the surfaces.

Conclusions
Given the variable morphology and occurrence on cephalo-
pod internal moulds as products of remote biomineralization 
(biologically induced), we assume no particular function for 
conellae. Conellae reported for belemnites or from shell sur-
faces are tentatively excluded. Information provided herein 
should form the foundation of detailed petrographic work, 
geochemical analysis applying state-of-the-art methods to 
disentangle the conellae-phenomenon.

Conellae, form in closed-off cavities during lifetime, and 
clearly deviate in their mineralization pattern from biomin-
eralized hardparts, are variable in morphology, but show 
recurrent patterns in unrelated forms, and become easily 
recrystallized during early phases of diagenesis. Their pri-
marily mineralogy comprises vaterite, aragonite, and cal-
cite. Conellae formation is not limited to prismatic shell 
layers. Described micrometer-sized conellae from modern 
Nautilus are excluded from true conellae. At least sedi-
ment-filled conellae were hollow during body chamber in-
fill, whereas shell layers around them were preserved at that 
time. Different growth directions are recognized: conellae 
formed within the shell grow from their tip and broaden 
towards the base, conellae that grow in closed-off fluid 
filled spaces start grow at their base and conellae grow 
ends with the apex. Occurrence of conellae largely depends 
on the presence of higher amounts of organic matter such 
as in injured areas, muscle attachment sites, and stomach 
area. Disciniscid brachiopods described previously in the 

literature are reinterpreted and now regarded here as first 
evidence of conellae found on inoceramid bivalve shells, 
i.e., not cephalopod shells (see Landman et al. 2016). The 
stratigraphic distribution of conellae ranges from Recent 
back to the Middle Ordovician.
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