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Extended abstract 
Marine calcifying organisms have a great significance in the biodiversity and 

stability of the ecosystems they inhabit. They play a key role as global carbon 

dioxide reservoirs and are of major economic relevance, both in food production 

and biotechnology applications.  

The investigation of their microstructures, mineralogy, and 

crystallography holds paramount importance for a comprehensive 

understanding of their biomechanical properties, their biomineralization 

processes, and their susceptibility to the intrinsic factors associated with climate 

change (e.g., variations in ocean acidity and temperature). However, while major 

marine calcifying taxa (such as corals, mollusks, echinoderms, and foraminifera) 

have garnered considerable attention and research in recent decades, other 

groups, albeit less recognized but equally important, have been comparatively 

understudied. 

This is the case of the two principal classes of bryozoans (stenolaemates 

and gymnolaemates) and of the serpulid polychaetes. Both are marine calcifying 

animals that belong to different phyla. They build calcium carbonate skeletons 

and are pivotal in marine ecosystems worldwide. They produce sophisticated 

microstructures for which little to nothing is known regarding their 

crystallography or their biomineralization processes. 

The present Ph.D. work aims at elucidating the mineralogy and 

crystallography of the main microstructures found in bryozoans and serpulids. 

Further, we unravel the biomineralization processes inherent to each group 

considering the morphology of the microstructures, their growth dynamics, and 

the theoretical position of the secretory epithelium. 

For this purpose, we have applied high-resolution techniques such as 

scanning electron microscopy (SEM) and associated techniques: energy 

dispersive spectroscopy (EDX), focused ion beam (FIB), and electron backscatter 
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diffraction (EBSD). We have completed the micro and nano-structural analysis 

with micro-computed tomography (micro-CT) and atomic force microscopy 

(AFM), respectively. Likewise, we have studied the mineralogy and 

characterized the organic fraction using X-ray diffraction (XRD), RAMAN and 

Fourier transform infrared spectroscopy (FTIR), and thermogravimetric analysis 

(TGA).  

To achieve the aforementioned objectives, this Ph.D. study is divided into 

three main lines of research: 

• Bryozoan class Stenolaemata. We have studied the microstructures, 

mineralogy, and crystallography of three extant species (Fasciculipora ramosa, 

Hornera robusta, and Cinctipora elegans). We have differentiated two sophisticated 

microstructures: foliated calcite and tabular calcite. For each one, we have 

established consistent models of their crystallography. Foliated calcite is present 

in Fasciculipora ramosa and Cinctipora elegans and consists of co-oriented laths 

arranged with their c-axes aligned to their elongation axis and parallel to their 

main surfaces. One of the a*-axis is perpendicular to the main surfaces. The 

foliated calcite displays a well-defined sheet texture. In contrast, the tabular 

calcite is only present in Hornera robusta and consists of polygonal tablets with 

the c-axis as the fiber axis, perpendicular to the tablet surface. Thus, tabular 

calcite displays a characteristic axial texture.  

• Bryozoans class Gymnolaemata. We have studied the microstructures, 

mineralogy, and crystallography of eight extant cheilostome species (Calpensia 

nobilis, Schizobrachiella sanguinea, Rhynchozoon neapolitanum, Schizoretepora 

serratimargo, Pentapora fascialis, Adeonella pallasii, Schizomavella cornuta, and 

Smittina cervicornis). We have distinguished five basic microstructures, three 

calcitic (tabular, irregularly platy and granular) and two aragonitic (granular-

platy and fibrous). The calcitic microstructures consist of crystal aggregates that 

transition from tabular or irregularly platy to granular assemblies toward the 

interior of the zooid chambers. Fibrous aragonite consists of fibers arranged into 
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spherulites. In all cases, the crystallographic textures are axial, and stronger in 

aragonite than in calcite, with the c-axis as the fiber axis. We reconstruct the 

biomineralization sequence in the different species by taking into account the 

distribution and morphology of the growth fronts of crystals and the location of 

the secretory epithelium. 

• Serpulid polychaetes. We have reviewed the microstructures of seven 

different serpulid species (Cruzigera websteri, Spirobranchus triqueter, Serpula 

vermicularis, Spirobranchus giganteus, Serpula crenata, Crucigera zygphora, and 

Floriprotis sabiuraensis), and studied their mineralogy and crystallography. We 

have identified three main microstructures: granular-prismatic and lamello-

fibrillar calcite, and fibrous aragonite. The granular-prismatic may present two 

different appearances: finely unoriented and coarsely oriented prisms. Serpulids 

generally have a high amount of organic matter within the tube structure, 

consisting of chitin + proteins. Calcite is always present as medium to high 

magnesium calcite. Except for the finely granular-prismatic, which displays a 

scattered texture for all their crystallographic axes, the rest of the microstructures 

display axial textures, with the c-axis aligned with the crystal elongation axis.  

We conclude that stenolaemate bryozoans, despite being an older group 

and currently having less evolutionary success, present more sophisticated 

microstructures than gymnolaemates. This is due to the secretory epithelium 

being close to the forming shell in the former. The foliated calcite of 

stenolaematans is homeomorph to that of bivalves but has significantly different 

crystallography. As for the tabular calcite, it lacks the spiral morphology of the 

tablet-shaped calcite of craniiform brachiopods, differing also in their 

crystallography. Conversely, except for the tabular calcite, the biomineralization 

in gymnolaematans is remote and occurs within a relatively wide extrapallial 

space, which is consistent with the inorganic-like appearance of the 

microstructures, whose surfaces show signs of free growth.  
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In serpulids, recrystallization processes are widespread. Only the external 

coarse prismatic layer and the lamello-fibrillar are primary (i.e. directly secreted 

by the animal) microstructures. Secondary (i.e. substitution) microstructures 

grow within the primary calcitic microstructures and retain remnants of the 

original structures, such as vestigial crystals or major growth increments. We 

conclude that the absence of a proper extrapallial space in serpulids and their 

characteristic growth by episodic increments is directly related to the 

biomineralization by high-magnesium calcite, which eventually favors the 

recrystallization processes. The high-ordered arrangement of the lamello-fibrillar 

microstructure may be explained by a previous cholesteric liquid crystal phase 

of the organic precursors, which would serve as a template for the fiber's 

crystallization by oriented nucleation. 
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Resumen extendido 
Los organismos calcificadores marinos tienen una gran importancia en la 

biodiversidad y la estabilidad de los ecosistemas que habitan. Desempeñan un 

papel clave como reservorios globales de dióxido de carbono y tienen una gran 

relevancia económica, tanto en la producción de alimentos como en aplicaciones 

en biotecnología.  

La investigación de sus microestructuras, mineralogía y cristalografía es 

de capital importancia para conocer en profundidad sus propiedades 

biomecánicas, sus procesos de biomineralización y su susceptibilidad a los 

factores intrínsecos asociados al cambio climático (como, por ejemplo, las 

variaciones de acidez y temperatura del océano). Mientras que los principales 

taxones calcificadores marinos (como corales, moluscos, equinodermos y 

foraminíferos) han sido objeto de considerable atención e investigación en las 

últimas décadas, otros grupos menos reconocidos, pero igualmente importantes, 

han sido comparativamente poco estudiados. 

Éste es el caso de las dos clases principales de briozoos (estenolemados y 

gimnolemados) y de los poliquetos serpúlidos. Ambos son animales marinos 

calcificadores que pertenecen a filos diferentes. Construyen esqueletos de 

carbonato cálcico y son fundamentales en los ecosistemas marinos de todo el 

mundo. Producen sofisticadas microestructuras de las que poco o nada se sabe 

sobre su cristalografía o sus procesos de biomineralización. 

El presente trabajo de doctorado tiene como objetivo dilucidar la 

mineralogía y cristalografía de las principales microestructuras encontradas en 

briozoos y serpúlidos. Además, desentrañamos los procesos de 

biomineralización inherentes a cada grupo considerando la morfología de las 

microestructuras, su dinámica de crecimiento y la posición teórica del epitelio 

secretor. 
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Para ello, hemos aplicado técnicas de alta resolución como la microscopía 

electrónica de barrido (SEM) y técnicas asociadas a ella, como la espectroscopia 

de energía dispersiva (EDX), el haz de iones focalizado (FIB) y la difracción de 

electrones retrodispersados (EBSD). Además, hemos completado el análisis 

macro y nanoestructural usando tomografía microcomputerizada (micro-CT) y 

la microscopía de fuerza atómica (AFM), respectivamente. Asimismo, para 

estudiar la mineralogía y la caracterización de la fracción orgánica, hemos 

utilizado difracción de rayos X (DRX), RAMAN y espectroscopia infrarroja por 

transformada de Fourier (FTIR), y análisis termogravimétrico (TGA).  

Para alcanzar los objetivos mencionados, este estudio de doctorado se 

dividió en tres investigaciones principales: 

• Briozoos clase Stenolaemata. Hemos estudiado las microestructuras, 

mineralogía y cristalografía de tres especies actuales (Fasciculipora ramosa, 

Hornera robusta y Cinctipora elegans). Diferenciamos dos microestructuras 

altamente sofisticadas: calcita foliada y calcita tabular. Para cada una de ellas 

hemos establecido modelos coherentes de su cristalografía. La calcita foliada está 

presente en Fasciculipora ramosa y Cinctipora elegans y consiste en láminas 

coorientadas dispuestas con sus “ejes c” alineados al eje de elongación y paralelos 

a las superficies principales de los cristales. Uno de los “ejes a*” es perpendicular 

a dichas superficies. La calcita foliada presenta una textura en láminas bien 

definida. En cambio, la calcita tabular sólo está presente en Hornera robusta y 

consiste en tabletas poligonales con el “eje c” como eje de fibra, perpendicular a 

la superficie de la tableta, mostrando una característica una textura axial.  

• Briozoos clase Gymnolaemata. Hemos estudiado las microestructuras, la 

mineralogía y la cristalografía de ocho especies actuales (Calpensia nobilis, 

Schizobrachiella sanguinea, Rhynchozoon neapolitanum, Schizoretepora serratimargo, 

Pentapora fascialis, Adeonella pallasii, Schizomavella cornuta y Smittina cervicornis). 

Hemos distinguido cinco microestructuras básicas, tres calcíticas (tabular, foliada 

irregular y granular) y dos aragoníticas (granular-laminar y fibrosa). Las 
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microestructuras calcíticas consisten en agregados de cristales que pasan de 

tabulares o irregularmente laminares a conjuntos granulares hacia el interior de 

las cámaras de los zooides. El aragonito fibroso consiste en fibras dispuestas en 

esferulitos. En todos los casos, las texturas cristalográficas son axiales, y más 

fuertes en el aragonito que en la calcita, con el “eje c” como eje de elongación de 

las fibras. Hemos reconstruido la secuencia de biomineralización en las diferentes 

especies teniendo en cuenta la distribución y morfología de los frentes de 

crecimiento de los cristales y la localización del epitelio secretor. 

• Poliquetos serpúlidos. Hemos revisado las microestructuras de siete 

especies diferentes de serpúlidos (Cruzigera websteri, Spirobranchus triqueter, 

Serpula vermicularis, Spirobranchus giganteus, Serpula crenata, Crucigera zygphora y 

Floriprotis sabiuraensis), y hemos estudiado su mineralogía y, por primera vez, su 

cristalografía. Identificamos tres microestructuras principales: calcita granular-

prismática y lamello-fibrillar, y aragonito esferulítico. La granular-prismática 

puede presentar dos apariencias diferentes: prismas finamente desorientados y 

prismas gruesamente orientados. Los serpúlidos presentan generalmente una 

elevada cantidad de materia orgánica, constituida por proteínas y polisacáridos 

sulfatados. La calcita está siempre presente como calcita media o alta en 

magnesio. Excepto los prismas pequeños de la granular-prismática, que 

muestran una textura dispersa para todos sus ejes cristalográficos, el resto de las 

microestructuras muestran texturas axiales, con el “eje c” alineado con el eje de 

elongación del cristal.  

Concluimos que los briozoos estenolemados, a pesar de ser un grupo más 

antiguo y con menor éxito evolutivo en la actualidad que los gimnolemados, 

presentan microestructuras más sofisticadas, hecho que puede estar relacionado 

con un contacto más estrecho del epitelio secretor en los estenolemados. La calcita 

foliada de los estenolemados es homeomorfa a la de los bivalvos, pero tiene una 

cristalografía diferente. En cuanto a su calcita tabular, carece de la morfología 

espiral de la calcita tabular de los braquiópodos craniiformes, difiriendo también 
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en su cristalografía. Por el contrario, la biomineralización en los gimnolemados 

es remota y se produce en un espacio extrapaleal relativamente amplio, lo que 

concuerda con el aspecto inorgánico de las microestructuras, cuyas superficies 

presentan indicios de un crecimiento libre (excepto para el caso de la calcita 

tabular). En los serpúlidos, los procesos de recristalización están muy 

extendidos. Sólo la capa prismática gruesa externa y la lamello-fibrillar son 

microestructuras primarias (es decir, secretadas directamente por el animal). Las 

microestructuras secundarias (es decir, de sustitución) crecen a partir de las 

microestructuras calcíticas primarias y conservan restos de las estructuras 

originales, como cristales vestigiales o sus incrementos de crecimiento. 

Concluimos que la ausencia de un espacio extrapaleal aislado del medio externo 

en serpúlidos y su característico crecimiento por incrementos episódicos está 

directamente relacionado con la biomineralización de calcita alta en magnesio, lo 

que eventualmente favorecería los procesos de recristalización. La disposición 

altamente ordenada de la microestructura lamello-fibrillar podría explicarse por 

una fase colestérica de cristal líquido de los precursores orgánicos, que serviría 

de plantilla para la cristalización de las fibras a partir de un proceso de nucleación 

orientada. 
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1. Introduction 

1.1. Biomineralization 

Biomineralization is a complex process whereby living organisms control the 

synthesis of mineralized tissues. This phenomenon is essential for several 

biological functions, including skeletal formation and tooth enamel production 

in vertebrates (Kovacs et al. 2021), otoliths (Hüssy et al. 2020) and guanine 

crystals in fishes (Levy-Lior et al. 2008; Zhang et al. 2019), and the secretion of 

shells in a broad variety of invertebrates such as mollusks, corals, brachiopods, 

bryozoans, foraminifers, and many other biocalcifying organisms (Checa et al. 

2021; Coronado et al. 2019; Crippa et al. 2020; Simonet Roda et al. 2022; Yin et al. 

2021) (Fig. 1). As a whole, biomineralization plays a significant role in carbon 

sequestration and climate change mitigation by transforming the dissolved 

carbon dioxide (CO2) into solid mineral forms, thereby reducing the amount of 

CO2 in the atmosphere. 

Figure 1. Examples of the different varieties of biominerals present in nature. 
 

Biomineralization occurs through the interaction of organic molecules, 

often proteins and polysaccharides, with inorganic minerals, leading to the 

controlled nucleation and growth of mineral phases. Both organic and inorganic 

precursors are secreted by a specialized epithelium (e.g. the calcifying cells of the 
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mantle in mollusks), and released into an extracellular medium space (that can 

be an enclosed space or not), where the mineral precipitation takes place. Studies 

conducted by Addadi and Weiner (1992) elucidated the role of organic matrix 

proteins in controlling calcium carbonate mineralization in mollusk shells, 

highlighting the importance of interfacial interactions in biomineralization 

processes. In vertebrate animals, proteins such as collagen and osteocalcin play 

crucial roles in bone mineralization. These biomolecules often possess specific 

amino acid sequences or structural motifs that interact with mineral ions, 

facilitating their deposition and organization of hydroxyapatite crystals into 

ordered structures (Mann 1983, 2001). 

It is precisely due to these interactions between organic and inorganic 

components that biominerals exhibit a wide variety of morphologies with 

remarkable biomechanical properties, such as elasticity and fracture toughness, 

which exceed by far that of the homologous inorganic minerals (Currey 1977; 

Currey and Taylor 1974) (Fig. 2). 

Figure 2. Nacre fracture. the zig-zag arrangement of the tablets and the organic membranes 
promote fracture line dispersion. Adapted from Chen et al. 2012. 

 

The morphological diversity exhibited by shells and skeletal structures of 

marine invertebrates has captivated biologists for centuries (Haeckel 1899), 

serving also as a guiding principle for geologists and paleontologists in 

unraveling the Earth’s history. This pursuit was initially suggested by Georges 
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Cuvier (1797-98) and further implemented by Leopold von Buch (1839), who 

advocated for the utilization of fossils, particularly shell morphology, as a 

stratigraphic dating tool.  

Fossil skeletal remains harbor tangible evidence of environmental 

conditions from geological epochs in the past. With the emergence of modern 

high-resolution microscopy and thanks to the advances in chemical element and 

isotope analytical techniques, fossils have emerged as primary proxy objects for 

paleoenvironmental reconstructions (Brand et al. 2003; Lowenstam 1981; Urey et 

al. 1951; Veizer et al. 1999, 2000). The generation of geochemical models building 

on isotopic and trace element signatures that the shell material acquires during 

its formation or diagenesis is one of the prime objects of sclerochronology, which 

uses this natural material database to study climatic events with a precision of a 

year or even for sub-annual events (Hudson et al. 1976; Schöne & Gillikin 2013; 

Peharda et al. 2021). 

Thus, the understanding that all these aforementioned characteristics of 

biominerals are strictly related to their microstructures and crystallographic 

textures makes their study even more relevant. It contributes not only to our 

knowledge of a fundamental biological phenomenon involved in the growth, 

development, and survival of individuals, but also holds promise for unraveling 

the paleoenvironmental reconstructions and for applications in material science 

and engineering, regenerative medicine, and environmental protection face to 

climate change.  

Based on all these premises, the present PhD research is intended to shed 

light on two completely different phyla of calcifying organisms that have not 

been exhaustively studied yet: the bryozoans and serpulid polychaetes.  

 The following sections provide a general introduction to both groups of 

animals (classification, biology, skeletal morphology, and mineralogy). 

Additional information on microstructures and crystallography found in the 
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scientific literature is reported in the introduction of chapters III (parts 1 and 2) 

and IV. 

 

1.2. Introduction to the Phylum Bryozoa 

Bryozoans comprise an entire phylum of aquatic, exclusively colonial animals 

that occur worldwide in freshwater as well as in marine environments, and from 

shallow to deep waters (Ryland 1977; Taylor 2020) (Fig. 3). 

Figure 3. Gymnolaemate bryozoan Pentapora fascialis from the Mediterranean Sea (Granada 
coastline), found at a depth of 15 m. Photo by Prof. Luís Sánchez Tocino (Department of Zoology, 
Faculty of Sciences, University of Granada). https://litoraldegranada.ugr.es/el-litoral/el-litoral-
sumergido/fauna/briozoos/briozoos-del-litoral-granadino/. 

The total number of living bryozoan species is currently estimated at 6,461, 

distributed among the classes Gymnolaemata (5,805 species), Stenolaemata (654 

species), and Phylactolaemata (<100 species) (WoRMS Editorial Board 2024).  

Except for the class Phylactolaemata, all the bryozoans live in seawater 

(only a few of them in brackish water) and secrete calcium carbonate skeletons, 

which makes them an important fossil group (Hageman et al. 2003; O’Dea et al. 

2011; Taylor and Allison 1998). Together with their importance in the fossil 

record, they also register the effects of climate change in the marine environment, 

and constitute a significant CO2 fixation reservoir, along with many other marine 

calcifying proto- and metazoans (e.g., corals, mollusks, foraminifera) (Taylor and 
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Allison 1998). Due to the absence of calcium carbonate skeleton in the class 

Phylactolaemata, the present Ph.D. research focuses on the study of species 

belonging to the classes Stenolaemata and Gymnolaemata.  

Bryozoans form colonies composed of clone individuals, called zooids. 

The zooids are small, typically measuring under a millimeter in length. However, 

because colonies can contain a large number of zooids, colonies can vary in size 

from a few centimeters to more than one meter (composed of tens of thousands 

of zooids, e.g. in Pentapora fascialis, Fig. 3). The basic bryozoan zooid consists of a 

body wall (cystid) containing a fluid-filled cavity (coelom) within which is 

suspended a polypide with a lophophore (feeding organ) and gut. (Fig. 4). 

Figure 4. Schematic drawing of a basic cheilostome bryozoan, pointing out some of the most 
important anatomical features of the zooids (from Taylor 2020). 
 

The mineralized skeletons are covered by an organic layer, the cuticle. The 

cuticle forms at the growing edge of the colony where newly budded zooids 

originate. It is secreted by an epithelium consisting of palisade, fusiform, and 

vesicular cells, and serves as a template for the nucleation of calcium carbonate 

crystals during the early stages of skeleton formation (Tavener-Smith and 

Williams 1972) (Fig. 5). 
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Figure 5. Schematic drawing of a cheilostome colony growth. A. Longitudinal section of the 
skeletal at the growing edge. The black arrows indicate the direction of expansion. B. Sagittal 
section of the secretory epithelium at the tip edge. The principal cells responsible for the organic 
cuticle and the mineralized skeleton formation are depicted (after Sandberg 1983 and Taylor et al. 
2015). 
 

As mentioned above, depending on the species, each colony can be formed 

by a few to many thousands of zooids. Nevertheless, despite their identical 

genetic pool, zooids can have diverse morphologies (polymorphism) due to 

either a different developmental stage (ontogeny and astogeny) or because of 

functional differentiation depending on their role within the colony: feeding 

lophophorate zooids (autozooids), brooding zooids (gonozooids), defensive 

zooids (avicularia), and structural zooids (kenozooids) (see Ryland 1977 and 

Taylor 2020 for a biological introduction to the phylum) (Fig. 6). This phenotypic 

plasticity has played a fundamental role in the evolutionary and adaptive success 

of this phylum throughout its history (Shack et al. 2019).  
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The different zooids that make up a colony are interconnected by a 

network of channels known as “the funicular system” (Bobin 1977; Bone and 

Keough 2010; Carle and Ruppert 1983). This network promotes the exchange of 

nutrients and oxygen from the feeding autozooids to the remaining polymorphic 

individuals of the colony. 

 

Figure 6. Zooid polymorphism present in the cheilostome Schizoretepora serratimargo. A. Micro-
CT image of a colony fragment. The framed area is magnified, showing different types of zooids: 
autozooids, ovicells, and adventitious avicularia. B. SEM image of a fragment of the same sample. 
It can be observed the double-layered wall of the (fractured) ovicells and a giant adventitious 
avicularium (top right). 
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The species belonging to the class Stenolaemata account for about 10% of 

the living bryozoans. They inhabit only marine environments, produce 

mineralized skeletons consisting exclusively of calcite, and have a characteristic 

“tubular-shaped” zooid chamber (Figs. 7 and 9). They are currently represented 

by a single order, Cyclostomata. They were the first bryozoans to appear, present 

already in the Early Cambrian (Cambrian Age 3), and participated in the 

Cambrian Radiation (Zhang et al. 2021). They spread their diversity during the 

Great Ordovician Biodiversity Event (Harper 2006) and remained the dominant 

group of bryozoans until the Upper-Jurassic radiation of the gymnolaematans 

(Taylor 1994) (Fig. 9). 

Figure 7. Stenolaemate bryozoan Tubulipora aperta from Granada coastline (La Herradura, at 5 m 
depth). It can be appreciated the characteristic tubular-shaped zooid chambers. Photo by Prof. 
Luís Sánchez Tocino (Department of Zoology, Faculty of Sciences, University of Granada). 
https://litoraldegranada.ugr.es/el-litoral/el-litoral-sumergido/fauna/briozoos/briozoos-del-
litoral-granadino/tubulipora-aperta/. 

On the other hand, gymnolaematans represent more than 89% of the 

extant bryozoan species. They all live in marine environments (except a few 

species that can live in brackish conditions) (Fig. 8). The Order Cheilostomatida, 

which appeared in the Late Jurassic (Taylor 1994) and diversified from the mid-

Cretaceous on (Jablonski et al. 1997), became the dominant group of bryozoans 

 Figure 8. Different cheilostomes species found on Granada coastline: A. Myriapora truncata. B. 
Adeonella calveti. C. Chartella tenella. D. Schizobrachiella sanguinea. Photo by Prof. Luís Sánchez 
Tocino. https://litoraldegranada.ugr.es/el-litoral/el-litoral-sumergido/fauna/briozoos/briozoos-
del-litoral-granadino/. 
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until today, comprising more than 94% of the species of the group (Taylor 2020). 

All cheilostomes have a characteristic box-shaped zooidal chamber (Figs. 4, 8, 

and 9). They have three types of zooidal walls: basal, vertical (parallel or 

transverse to the elongation axis), and frontal (Figs. 10 and 11). 

Unlike stenolaematans, the skeletons of cheilostomes can be made of two 

calcium carbonate polymorphs: calcite and aragonite. Some species are either 

entirely calcitic or, much less often, entirely aragonitic, and others can secrete 

both polymorphs (bimineralic) (Lowenstam 1954; Sandberg 1977; Smith et al. 

2006; Taylor et al. 2009).  

 

Figure 9. Schematic comparison of the principal features representative of the two major groups 
of bryozoans: stenolaemates (up) and gymnolaemates (down). 
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Among cheilostomes, the 

greatest differences are found in the 

structure of the frontal wall, which 

may be either wholly membranous 

or underlain by a calcified cryptocyst 

in some taxa (e.g. in the informal 

group Anasca), or calcified to form 

an external wall called “frontal 

shield” (e.g. in the informal group 

Ascophora) (Dick et al. 2009) (Fig. 

10). It is also important to consider 

whether the walls are interior walls 

(internal partitions where secretory epithelia are found on both sides of the 

surfaces) or exterior walls (secretory epithelium on one side and the cuticle on 

the opposite side). Additionally, two external walls separating adjacent zooids, 

with their cuticles placed side by side in the center, are defined as compound 

walls (Figs. 10 and 11).  

Figure 11. Longitudinal cross-section schemes of different cheilostome frontal wall types. A-C. 
Anascan group, with the cryptocyst under the frontal membrane (green color). D-F. Ascophoran 
group, with the external frontal wall (frontal shield, in red color) and the underlying ascus. (from 
Taylor 2020). 

Figure 10. Stylized vertical section scheme of a 
hypothetical bryozoan colony. The cuticle is in 
red. The calcified epithelium is depicted by the 
dashed lines. The different wall types are 
indicated (from Taylor et al. 2015). 
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Finally, regarding cheilostome mineralogy, numerous studies performed 

on a large number of species (summarized in Taylor et al. 2009, 2015) have 

demonstrated a strong latitudinal pattern: calcitic bryozoans are dominant at 

high latitudes (around the polar circles), while towards the equator, the number 

of aragonitic and bimineralic species increases until reaching a proportion similar 

to the calcitic ones (Fig. 12). 

Figure 12. Mineralogy of cheilostome bryozoans. There is a strong latitudinal influence: at high 
latitudes (60º-90º) predominate calcitic bryozoans with low Mg-calcite. At mid-latitude (30º-60º) 
the is an increase of bimineralic and aragonitic bryozoans, and calcite appears as medium Mg-
calcite. At low latitudes (0º-30º) the is a more or less equal proportion between calcitic, bimineralic, 
and aragonitic bryozoans, and calcite appears as high Mg-calcite (data from Taylor et al. 2015). 

 

Other studies based on scanning electron microscopy and electron 

microprobe (Taylor et al. 2008) determined the location of both calcium carbonate 

polymorphs within the skeleton of some bimineralic bryozoans. The aragonite is 

restricted to the outer layer of the frontal shield (in ascophorans) or the cryptocyst 

(in anascans), while the rest of the skeletal walls are usually made of calcite (Fig. 

13). On rare occasions, aragonite is located in adventitious avicularia in 

Odontionella cyclops and Stylopoma inchoans, or in the outermost part of the basal 

walls in Pentapora foliacea (Taylor et al. 2008).  
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Figure 13. Calcite and aragonite distribution in bimineralic cheilostome bryozoans. A-C. SEM 
images (backscattered mode) of three different cross-sectioned colony samples: Margaretta 
cereoides (A), Odontionella cyclops (B), and Pentapora fascialis (C). Light grey corresponds to 
aragonite and dark grey to calcite. Aragonite is restricted to the frontal shields, whereas calcite 
comprises the interior basal and compound walls. The framed areas (A1, B2. C3) were selected 
from each species to perform electron microprobe maps of strontium (Sr). As the Sr is only 
incorporated by the aragonite phase mineral, the maps show the presence of aragonite at the 
frontal shields. The intensity of the Sr signal is given by the color key bar (from Benedix et al. 
2014). 
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1.3. Introduction to serpulid polychaetes (Phylum Annelida) 

The family Serpulidae (Rafinesque, 1815) comprises a diverse group of sedentary 

marine tubeworms that belong to the class Polychaeta (phylum Annelida). The 

current number of known serpulid species is 568 (WoRMS Editorial Board 2024) 

and they are widely distributed, from shallow to deep waters (Hove and 

Kupriyanova 2009; Kupriyanova et al. 2014). Except for the sabellid genus 

Glomerula and some cirratulid species, serpulids are the only family that secretes 

calcium carbonate tubes, where they live in (Hedley 1958; Fischer et al. 2000; Vinn 

et al. 2008a; Vinn 2009). They are commonly known as “feather duster worms” 

because of their characteristic organ for suspension feeding and respiration called 
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the radiolar crown, which can be completely retracted inside the tube (Tilic et al. 

2021) (Fig. 14). 

Because of their ability to attach to hard substrates and their invasive 

habits (Kupriyanova et al. 2016), serpulids contribute to biofouling impact 

(Charles et al. 2018; Lacoste and Gaertner-Mazouni 2015), along with other sessile 

organisms (such as sponges, barnacles, bryozoans, calcareous algae or bivalves). 

Nevertheless, they also play an important ecological role in structuring diverse 

marine ecosystems. They provide new habitats for other species by occasionally 

building reefs, which promote biodiversity (Rossbach et al. 2021). Serpulids 

contribute significantly in terms of biomass productivity and sediment 

formation, acting as carbonate sinks (Montefalcone et al. 2022). They are useful 

as metal pollution indicators (Xie et al. 2005) and as hypoxic events markers 

related to anthropogenic activity (Jewett et al. 2005). Serpulids are vulnerable to 

ocean acidification, which adversely alters the biomechanical properties 

(hardness and elasticity) of the tube structure (Chan et al. 2012).  

Regarding serpulid life’s cycle, they reproduce sexually and generate a 

trochophore larva. The larva swims away and, after metamorphosing into a 

juvenile stage, settles on a new substrate (Nelson et al. 2017). The secretion of the 

tube begins a few days after the juvenile serpulid settles (e.g., five days in 

Galeolaria hystrix, Nelson et al. 2017) (Fig. 15).  

 

 

 

 

 

 Figure 14. Pictures of three different serpulids polychaetes from the Granada coastline. A. 
Serpula vermicularis. B. Protula tubularia. C. Protula intestinum. It can be appreciated how the 
radiolar crown can be protruded or retracted inside the calcium carbonate tube. Photos by Prof. 
Luís Sánchez Tocino. https://litoraldegranada.ugr.es/el-litoral/el-litoral-
sumergido/fauna/anelidos/poliquetos/poliquetos-del-litoral-granadino/. 
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Figure 15. Settlement and juvenile growth of Galeolaria hystrix (days 22-27). A. Settled individual 
at the end of trochophore lava metamorphosis (after 19 days). B-C. The presence of a transparent 
tube can be appreciated. D-G. The initial site of calcification (dark bands framed in D) starts after 
5 days of settlement in the substrate (after Nelson et al. 2017). 
 

Calcification is carried out by the neck folds (anatomically named 

“peristomial collar”, situated just below the radiolar crown), where the calcium-

secreting tubular-racemose glands are located, surrounded by a secretory 

epithelium composed of mucus cells (Hedley 1956). As a whole, a mix of calcium 

carbonate precursors and a sulphomucopolysaccharide matrix is secreted and 

deposited at the growing edge of the tube (Hedley 1956; Neff 1969) (Fig. 16).  

 

Figure 16. A. Longitudinal thin section of Spirobranchus triqueter soft body, showing the radiolar 
crown, the thorax, and the anterior region of the abdomen. The calcium secretory glands are 
indicated, located below the collar folds (from Hedley, 1956). B. An image of Eupomatus dianthus 
removed from its tube and allowed to regenerate calcium carbonate mineral for about 4 hours. A 
small mineral concretion lies under the fold of the collar and directly over the opening of the 
calcium-secreting glands. (20x). C, collar; MR, mineral regenerate; TH, thoracic membrane (from 
Neff, 1969). 



1. Introduction 

19 

Concerning their mineralogy, serpulids can secrete calcite, aragonite, or 

both calcium polymorphs within a single tube (Lowenstam 1954; Ten Hove and 

Van den Hurk 1993; Vinn et al. 2008c, b). Although the mineralogy of most species 

is unknown, the majority of serpulids studied are calcitic (around 40%), followed 

by bimineralic (36%) and aragonitic (24%) 

(Smith et al. 2013). Calcite is always 

medium to high magnesium calcite (7-15 

wt% MgCO3) (Smith et al. 2013) (Fig. 17A). 

Based on a review of a large number of 

previous studies, these authors concluded 

that latitude accounts only part of the 

variations in both calcite percentage and 

Mg-calcite content, with most of the 

variation attributable to phylogenetic 

diversity among specimens (Fig. 17B)  

Finally, another important aspect to 

consider is that the tube structure of 

serpulids contains a significant amount of 

organic matter, which occurs primarily as 

membranes marking the different growth 

increments (Vinn 2011). The organic 

fraction can be separated into soluble and 

insoluble organic matter (SOM and IOM), 

which are mainly composed of carboxylate 

and sulfated polysaccharides (Tanur et al. 2010). 

  

Figure 17. A. Skeletal mineralogy of 155 
specimens of serpulids from which both 
wt% calcite and wt% MgCO3 are 
known, including the tube structure 
and the opercula. B. Effect of latitude on 
serpulid mineralogy. Latitude explains 
only a small proportion of variation in 
calcite and Mg content (dark grey area 
represents 50% of credible intervale and 
light grey 95%) (Smith et al. 2013). 
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1.4. Objectives

Within the framework of a major research project on diverse marine calcifying 

organisms (I+D Spanish National Project CGL 2017-85118-P) the present Ph.D. 

thesis (FPI fellowship PRE-2018-085419) focuses on applying high-resolution 

techniques to perform an in-depth study to elucidate the microstructures and 

crystallography of the bryozoans and serpulid polychaetes skeletons. 

Therefore, the main objective of the present Ph.D. work is to determine the 

degree of organization and the physical and biological factors operating on the 

microstructures of bryozoans and serpulids polychaetes.  

To achieve this objective, the following goals were established: 

• Characterize the organization and crystallography of bryozoan

microstructures:

- Study the calcitic microstructures of stenolaemate bryozoans.

- Identify the calcitic and aragonitic microstructures of gymnolaemate

bryozoans.

- Analyze the membranes and organic matrices involved in the

biomineralization process.

- Establish the relationship between the position of the calcifying

epithelium, the morphology of the microstructures, and the growth

mechanisms.

• Determine the organization and crystallography of microstructures of

serpulid polychaetes:

- Identify the calcitic and aragonitic microstructures of the different genera

selected.

- Study the membranes and organic matrices involved in the

biomineralization process.

- Investigate the relationship of the calcifying epithelium at the growing

edge of the tube.

- Elucidate the biomineralization processes that occur in serpulids.
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2. Material and Methods 

2.1. Samples preparation for SEM and EBSD 

For SEM and EBSD measurements, all the bryozoans and serpulids analyzed 

were prepared according to the following protocol: 

 

1. Cleaning. All the samples studied in this Ph.D. were cleaned by immersion in 

commercial bleach (~ 5% active chlorine) for 2 h in a stirring set. Then, the 

bleach solution was removed by several sonicated washes (2-3 min each). The 

fragments were dried in a laboratory oven at 40ºC for 24h.  

 

2. Embedding. Selected fragments of 

each sample were embedded in epoxy 

resin (EpoFix, Struers). The epoxy 

resin must be mixed with a hardening 

solution (Hardener EpoFix, Struers) 

(Fig. 1). For our samples, the 

proportion used was [7:1]. For 

instance, for a final volume of 50 ml, 

taking into account the resin density, 

we mixed around 58 gr of resin with 

8.28 gr of hardener. The mixture 

should be done in a plastic pot and heated up to about 50ºC while moving for 

5 min until reaches transparency and liquid texture. It is highly recommended 

to carry out the whole process under safety measures: all the samples were 

manipulated wearing laboratory gloves and the embedding was performed 

in a laminar flow air extractor.  

  

Figure 1. Epoxy resin “EpoFix” and 
hardener from Struers. 
https://www.struers.com. 
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3. Vacuum. To avoid air bubbles inside or surrounding the samples, it is highly 

recommended to put the samples in a vacuum chamber just after embedding 

(60 pa / 10min) (Fig. 2). After 24-48h for hardening, the samples are ready to 

start directly the grinding and polishing steps or to be firstly cut.  

 

4. Cutting. The samples were sectioned longitudinally or transversally, mostly 

just along the equatorial plane, using a precision sectioning saw (IsoMet® 

1000, Buehler) (Fig. 3). After cutting, if necessary to fill the voids, the resulting 

surface is re-embedded again following the same process explained before. 

 

5. Sanding. The surface of interest of 

the different samples was sanded in 

successive steps with electroplated 

diamond discs: 360, 600, and 1200; 

ANSI/CAMI US grit number). It is 

important to rotate the sample 90º to 

avoid titled surfaces and to have all 

scratches in the same direction as we 

progress to finer sanded stages.  

 

Figure 2. Vacuum pump coupled with a glass desiccator. 
https://www.labbox.eu/product/vacuum-pump-ibx-instruments-v-series/. 

Figure 3. IsoMet® 1000 precision 
sectioning machine. From Buehler. 
https://www.buehler.com/products/sec
tioning/precision-cutters/isomet-1000-
precision-cutter/. 
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6. Polishing. To eliminate the scratches of 

the sanding steps, the samples were 

firstly polished with silicon carbide 

powder (9µm, 4,5µm and 3µm) mixed 

with water, performing smooth circular 

or infinitum (“∞”) movements against a 

glass surface. Between each step, the 

samples were washed with sonicated 

distilled water to remove silicon 

carbide. Then, the samples were 

polished with 

high-density wool 

felt pads (adding 1 

µm and ¼ µm of polycrystalline diamond suspension, 

Struers), until reaching a mirror surface (Fig. 5). Both 

grinding and polishing steps were carried out with the 

Hi-Tech Diamond machine (All-U-Need model) (Fig. 4). 

For EBSD analyses, a final manual polishing step was 

done using Aluminum Oxide or Silica Oxide (¼ µm) in 

order to eliminate amorphized layers on the surface, 

formed during the final polishing steps. 

  

Figure 4. Hi-Tech Diamond polishing 
machine “All-U-Need” (rock/mineral 
model). 
https://hitechdiamond.com/products/al
l-u-need-rock-mineral-model. 

Figure 5. ¼ µm 
Polycrystalline 
diamond suspension, 
Struers. 
https://www.struers.co
m/en/Products/Grindi
ng-and-
Polishing/Grinding-
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7. Decalcification. Only for SEM observations, some of the polished samples 

were immersed in an etching and decalcifying solution (2.5% glutaraldehyde, 

0.25M HEPES buffer, and 0.05M EDTA), for 1 minute in an orbital shaker (Fig. 

6). This step sharpens and highlights the microstructures by clearing the 

surface of amorphous layers. 

 

  

Figure 6. Protocol of etching and decalcifying samples using 2.5% glutaraldehyde, 0.25M 
HEPES buffer, and 0.05M EDTA solution. 
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2.2. Guide to EBSD data Processing by AZtec and Project Manager 

(CHANNEL5) 

 

2.2.1. AZtec 

1º: On the home screen, we can choose between using the interface for EDS-SEM 

or for EBSD (choose EBSD). 

2º: Initiate a new Project or open a previously created project (e.g., “Specimen 1”). 

3º: On the vertical bar to the left of the screen, a vertical menu called “data tree” 

is displayed, where all the analyses performed are saved (SEM photos, EBSD 

and/or EDS maps, etc.). 

4º: In the “scan images” or “acquire map” tab, we can view the maps in larger 

size and export them (simply right-click in the mouse and select “copy image”). 

5º: Once the specimen with the EBSD maps has been selected, go to the horizontal 

toolbar, click “Files” and “Export to CHANNEL5”. Save in the corresponding 

folder (Fig. 7). 

 

IMPORTANT: Two files are exported, the "CHANNEL5 project file" and another 

one in "CRC" format, both must be saved in the same folder and must have the 

same name, including spaces; otherwise, it will not be possible to open them. 

Figure 7. Files exported from Aztec to CHANNEL5. 
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2.2.2. Project Manager (HKL CHANNEL5) 

1º: Open the exported file and select our profile (previously 

created with the preestablished parameters). A narrow 

"Project Manager" window will open with the downloaded 

applications (we will only use Tango and Mambo). Drag the 

open project to one of the two applications: first to "Tango" 

to process the map and then to "Mambo" for the creation of 

pole figures (Fig. 8). 

2º: In the menu bar, under “view”, we can see different 

options that we will use later: 

 - Statistics. 

 - Record Browser. 

 - Misorientation and angle distribution. 

 - 3D Crystal orientation (unit cell) —> check the “acquire surface” box. 

 - Virtual chamber (Fig. 9). 

 

2.2.3. Tango (mapping) 

1º: Go to the horizontal toolbar and 

select “Edit —> Noise Reduction”: first, 

click on "Extrapolate Wild spikes" and 

then on "Extrapolate Zero solutions" 

(medium level). Repeat it only twice 

(two clicks in each one) (Fig. 10). 

 
Figure 9. Examples of “virtual chamber” 
and “3D crystal orientation” user 
interfaces. 

Figure 8. Project 
Manager interface 
“general”. 
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2º: Edit —> Map properties: Drag the "Band 

contrast" component (take into account to 

check or uncheck the "Semi-Transparency" box 

for different combinations). 

3º: View —> Legend. In the graph, right-click 

and select "properties." Choose "user defined" 

and define the range of the histogram. 

4º: View —> Zero solutions (optional if there 

are many non-indexed areas).  

5º: Edit —> Map properties: Open different tabs (copy map) with different map 

components selected (Band Contrast, Phase, and IPFz) (Fig. 11). 

6º: Capture screenshots of the different maps and export them to a PowerPoint 

or click on the map with the right mouse button 

—> export —> to Clipboard (bmp) in a Word 

document. For each map, attach the 

corresponding legend with the adjusted 

parameters as explained earlier. Obtain results 

from each analysis with SEM and AZtec images 

from the map area, Band Contrast and Phase 

map, IPFx, IPFy, or IPFz color orientation maps 

with their corresponding Pole Figures. Attach 

the corresponding legend to each map (Fig. 12). 

Figure 10. User interface of noise 
reduction tool. 

Figure 11. User interface of map 
composer tool. You can select 
different components by 
dragging them (from the right 
column) to the phase selected 
(to the left column). 

Figure 12. Screenshots of band contrast, phase, and IPFz maps (from left to right). 



Organization and crystallography of the microstructures of bryozoans and serpulids 
 

30 

2.2.4. Mambo (Pole Figures): 

1º: Drag the project to the Mambo application  

(Fig. 8). 

2º: In the horizontal toolbar, choose “Sheet 

properties” —> Select the phase you wish to plot 

(in this case, calcite or aragonite) (Fig. 13). 

3º: Edit —> “Template properties” or click the 

right button of the mouse and choose  “Template 

properties” —> “General” —> Coordinate system 

CS0. 

4º: Previously, the characteristics of each PF (planes and crystallographic faces 

of each phase) have been established. Right-click "Template properties" —> 

"Items": 

- Aragonite: a, b and c-axes: (100), (010), (001) 

- Calcite: (direction) c-axis <001> and planes (100) and (104). 

5º: Mouse right-click "Template properties" —> "Projection" and select 

"Stereographic". You can choose to plot the "lower or upper hemispheres" (Fig. 

14). 

6º: Right-click on the pole figures and select "New Contouring" to obtain the 

contour version with the MUD value (Fig. 15). Select the following parameters: 

 - Half width: 5º 

 - Data Clustering: 3º 

 

Figure 13. Pole Figure sheet 
composer. You can select 
different templates by 
dragging them (from the right 
column) to the phase selected 
(to the left column). 

Figure 14. Screenshot of aragonite Pole 
Figures. The “a, b and c-axes” has been 
plotted. 

Figure 15. Screenshot of the contouring 
version of the same aragonite Pole Figures. 
The MUD value (40.67) is provided. 
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7º: Preferences —> General —> Display: 

- Scheme: rainbow o extended rainbow 

- PF axis: select the first option (Y0, X0, Z0). 

8º: Toolbar —> Shortcut: click on "Subset selection" to add or remove values 

directly in the PF projection. 

 

2.2.5. Tango (advanced options) 

1º: Edit —> Detect Grains (or use the "Grain click" shortcut on the toolbar). For 

the detected grain size, indicate a "Critical misorientation = 2°" (increase to values 

of 10°, 20°, or 30° if you want to capture larger 

areas, for example, to select an area of interest 

and create a "subset"). 

2º: Edit —> Subset Selection (or use the "Subset 

selection" toolbar). Select the different options 

to create a "new subset". Alternatively, click on 

a specific area, then right-click and select "into 

current subset —> Highlighted grain or 

Neighbours grain") (Fig. 16). 

IMPORTANT: For the selected subset to stand out on the map: 

- Tango: Preferences —> General —> Subsets —> Pixel transformation: select 

"Tone Down" for Anti-subset and "No transformation" for Subset. 

- The map magnification must be "1x or greater". If it is 0.5x or lower, the 

highlighted "subset" does not appear. 

3º: Select a map from any created subset 

and continuous as follow: 

• Mambo: Preferences —> General —> 

Display (change color, grain size, etc...) 

(Fig. 17). 

Example of  

Figure 16. IPFz map screenshot 
showing the selected subset of a 
grain. 

Pole figure y Contouring del subset, calcita. 
MUD = 67 Figure 17. Pole figures and its 
contoured version of a selected grain. 
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• Project Manager —> View: obtain information from Statistics, Record Browser, 

Misorientation and angle distribution, 3D Crystal orientation.  

4º: If you want to remove any region from the general map, select a subset and in 

the "Project Manager" window —> Subset tab —> "Nullify" and then "Delete". 

5º: Toolbar —> Shortcut: click on "Misorientation Profile" and create a 

misorientation profile in the desired area. Important: select the option "Relative 

to the first point" (Fig. 18). 

6º: Edit —> Map properties —> Local disorientation (click 

on the icon to open the "properties for components" 

window): 

- Color scheme: rainbow. 

- Local Misorientation: “Filter size” (3x3) and “Subgrain 

angle” (5º) 

 

  

Figure 18. 
Misorientation 
profile traced 
along two grains. 
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2.3. Techniques 

2.3.1. Micro-computed tomography (Micro-CT) 

Micro-CT is a non-destructive three-dimensional imaging modality that employs 

X-rays to penetrate and visualize internal structures of objects, layer by layer. 

Micro-CT operates at a miniature scale, offering high-contrast images at a 

significantly enhanced resolution (e.g. limit of 0.7 µm in the equipment used).  

Micro-CT works by rotating a sample and acquiring a series of x-ray 

projections from multiple angles. Each projection provides information about the 

attenuation of X-rays as they pass through the sample, revealing variations in 

density and composition. By reconstructing these 2D projections, a 3D volumetric 

image of the sample is generated. Standard Micro-CT setup includes an X-ray 

source, a sample stage, and a detector (Fig. 19) 

Figure 19. Principle of Micro-CT technique. The diagram above is a schematic representation 
of the operating module. Below, is the interior setup. From left to right: X-ray source, sample 
stage, and contrast-optimized detectors. https://siemindustrial.com/product/zeiss-xradia/. 
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With the aim of 

studying the complex 

morphology and 

arrangement of zooids in the 

different types of colonies, 

samples from the two main 

groups of bryozoans were 

selected for this technique. 

Therefore, it was not 

considered necessary to 

perform micro-CT on serpulid tube samples, whose tubular structure is less 

complex. The scans were performed in an X-ray microtomograph Xradia 510 

VERSA Zeiss (CIC, UGR) (Fig. 20). 

 

2.3.2. Scanning Electron Microscopy (SEM) 

The SEM is a powerful technique used for imaging the surface morphology and 

composition of materials at high resolution. It operates on the principle of 

scanning a focused electron beam across the sample surface and detecting 

various signals generated by interactions between the electron beam and the 

atoms in the sample (Fig. 21). For instance, in these interactions, several signals 

are emitted, including secondary electrons (SE), backscattered electrons (BSE), 

and characteristic X-rays (Fig. 22).  

 

Figure 20. Micro-CT Xradia 510 VERSA Zeiss (CIC, 
UGR). https://intranet-cic.ugr.es/servicios-y-
unidades/ficha.php?codServicio=6&unidad=103. 
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The electron source 

typically consists of a tungsten 

filament or a field emission gun 

(Fig. 23). Electromagnetic lenses 

are used for focusing the electron 

beam. A scanning system is in 

charge of moving the beam across 

the sample. Finally, detectors are 

placed to capture the emitted 

signals from the sample, all placed 

in a vacuum chamber to prevent 

electron scattering by air 

molecules.  

There are two principal imaging modes 

and one associated technique: 

- Secondary Electron (SE): provides topography 

information by detecting low-energy electrons 

emitted from the sample surface.  

- Backscattered Electron (BSE): offers 

compositional contrast, 

where the intensity of 

backscattered electron 

correlates with the atomic 

number of the elements in 

the samples. 

- Energy-Dispersive X-ray 

Spectroscopy (EDS): 

provide information about elemental composition 

and quantification of a sample by detecting X-ray 

Figure 21. Schematic principles of a SEM. DOI: 
http://doi.org/10.5772/intechopen.91438.  

Figure 23. Tungsten 
filament. 
https://www.deltam
icroscopies.com/. 

Figure 22. Diagram of the 
principles of secondary 
electrons and backscattered 
electrons. 
https://www.nanoscience.com/
blogs/which-electron-detector-
is-right-for-your-application/.  
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(characteristic for each element) emitted from the sample when it is 

bombarded with the electron beam in the SEM.  

 

 

2.3.3. Electron backscattered diffraction (EBSD)  

EBSD is a powerful technique used for analyzing the crystallography structure, 

orientation, and microstructure of crystalline materials at the micrometer to 

nanometer scale. It operates on the principle of detecting electrons backscattered 

from a sample surface and analyzing the diffraction patterns (known as “Kikuchi 

bands”) (Fig. 25) produced by interactions between the incident electron beam 

and the crystal lattice. These diffraction patterns contain information about the 

crystal orientation, phase, grain size, grain 

boundaries, and other microstructural features of 

the material (Fig. 26). To perform the technique, 

the SEM has to be equipped with an EBSD 

detector. It consists of a phosphor screen coupled 

with a charge-coupled device (CCD) camera, 

which captures the diffraction patterns formed 

by the backscattered electrons. To obtain the best 

diffraction patterns, the sample has to be tilted at 

Figure 24. Carl Zeiss AURIGA (FIB-FESEM) work station (left) and SEM FEI Quanta 400 
(right). https://cic.ugr.es/servicios/servicios-unidades#contenido7  

Figure 25. Diagram of the 
formation of a Kikuchi band in 
an electron backscattered 
diffraction pattern. 
https://www.ebsd.com/ebsd-
explained/pattern-formation . 
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an angle of 70º and at a predetermined distance to the electron beam and the 

EBSD detector (Fig. 27). 

Information obtained from 

EBSD diffraction measurements was 

processed by CHANNEL 5 HKL 

software (as explained in section 2.3). 

The results are presented as band 

contrast measurement images and as 

Inverse Pole Figure (IPF) maps. 

White or dark regions in the band 

contrast maps correspond to higher 

or weaker signal strengths, respectively, of the EBSD Kikuchi diffraction patterns. 

The IPF maps are color-coded crystal orientation images, where similar colors 

indicate similar orientations. The term “texture” relates to the orientation of the 

crystallographic axes within a material. The texture is represented by the pole 

figures (PFs) corresponding to each EBSD map. The PFs are presented either as 

individual data points or, in the contoured version, as the densities of poles. In 

the latter case, we use the lowest possible degree for half-width (5°) and cluster 

size (3°). The half-width controls the extent 

of the spread of the poles over the surface 

of the project sphere. A cluster comprises 

data with the same orientation. We also 

provide the Multiple of Uniform 

Distribution (MUD) values. Low MUD 

values point to random orientation or low 

crystal co-orientation, while a high MUD 

value indicates high crystal co-orientation. 

Very high values (MUD> 700) indicate a 

single-crystal nature. 

Figure 26. Schemes of spherical diffraction 
patterns generated by different orientations of 
a cubic structure. https://www.ebsd.com/ebsd-
explained/interpreting-the-diffraction-pattern.  

Figure 27. Diagram of the operating of 
EBSD technique, showing the tilted 
sample and the EBSP projected onto a 
phosphor screen at the end of the EBSD 
detector https://www.ebsd.com/how-
does-ebsd-work. 
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2.3.4. Transmission-electron backscatter diffraction t-EBSD (t-EBSD) and Focused 

Ion Beam (FIB)  

Transmission Kikuchi 

Diffraction (TKD) technique, also 

known as transmission-electron 

backscatter diffraction (t-EBSD), 

operates on the same principle of 

electron diffraction (as explained 

in section 2.4.3). But now, the 

electron beam is transmitted 

through a thin sample. The 

sample must be prepared using 

FIB technique as a thin foil with a 

thickness on the order of tens to 

hundreds of nanometers to allow 

for electron transmission. FIB is 

an advanced nanofabrication 

and characterization technique 

that operates on the principle of directing a focused ion beam of ions, typically 

gallium ions (Ga+) onto the sample surface. The high-energy ions interact with 

the sample, causing various effects such as sputtering, milling, deposition, and 

imaging. By controlling the beam intensity and scanning patterns, FIB can 

selectively remove material, fabricate nanostructures, or analyze samples with 

high spatial resolution (Fig. 28).  

  

Figure 28. Schematic diagram of a typical FIB-SEM 
setup. It combines a SEM and a FIB single device, 
often equipped with multiple detectors (ETD, BSE, 
EDS, EBSD). Gas injection systems as well as 
manipulators are also commonly included in the same 
equipment. 
https://analyticalscience.wiley.com/content/article-
do/focused-ion-beams-overview-technology-and-its-
capabilities. 
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2.3.5. Atomic Force Microscope (AFM)  

AFM is a high-resolution imaging and characterization technique used in various 

scientific and engineering fields to investigate surface topography, mechanical 

properties, and interactions at the nanometer scale. AFM 

operates by scanning a sharp probe tip, located at the end 

of a cantilever, over the sample surface. The tip interacts 

detecting interaction forces, such as van der Waals, 

electrostatic, and chemical bonding forces (Fig. 29).  

These interactions cause the cantilever to deflect, 

and the deflection is measured by a laser providing 

information about the sample’s topography and 

mechanical properties (Fig. 30). Finally, a feedback 

system controls the tip-sample interaction forces. 

 

  

Figure 30. AFM cantilever. A laser measures the cantilever 
deflection. https://m.parksystems.com/. 

Figure 29. AFM tip 
probe interacts with 
the sample surface, 
experiencing 
attraction or repulsion 
forces. 
https://m.parksystems
.com/. 
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2.3.6. Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR spectroscopy is a useful, non-destructive analytical technique used to 

identify chemical bonds and functional groups in a wide variety of materials. 

FTIR spectroscopy measures the 

absorption of infrared radiation at 

specific frequencies corresponding to the 

vibrational modes of their chemical 

bonds, providing valuable information 

about its molecular composition and 

structure. The sample's absorption 

spectrum is obtained by Fourier 

transforming the measured 

interferogram, which is plotted as 

absorbance versus wavenumber (Fig. 31). 

The technique is conducted by an FTIR spectrometer, which emits a 

broadband infrared light source (Fig. 32). In this Ph.D., an Attenuated Total 

Reflection (ATR) module has been used to accommodate the samples. The ATR 

consists of a platform that contains a flat surface called IRE (Internal Reflection 

Element). The surface is typically made of a high-refractive-index material (e.g., 

diamond, as used in this Ph.D.). 

The sample is brought into contact 

with the IRE surface, and infrared 

light is directed through the IRE at 

an angle greater than the critical 

angle for total internal reflection. As 

the infrared light interacts with the 

sample at the IRE surface, it 

undergoes multiple reflections, resulting in an evanescent wave that penetrates a 

few micrometers (Fig. 33).  

Figure 31. Vibration modes of molecules 
bonds: stretching, scissoring and twisting. 
https://kpu.pressbooks.pub/organicchemi
stry/chapter/6-2-infrared-ir-
spectroscopy/. 

Figure 32. Infrared spectrometer. 
https://www.jasco-global.com/solutions/high-
sensitivity-atr-unit-for-ftir-spectroscopy/. 
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Finally, The interferometer modulates the infrared light, producing an 

interferogram that contains information about the sample’s absorption spectrum, 

which is Fourier transformed to yield the sample’s infrared absorption spectrum 

to identify chemical bonds and functional groups.  

 

2.3.7. RAMAN Spectroscopy 

RAMAN spectroscopy, similarly to FTIR spectroscopy, is a non-destructive, 

analytical technique used to provide information about molecular vibrations, 

rotational modes, and other low-frequency excitations within a sample. It is 

based on the inelastic scattering of monochromatic light (usually laser light) by 

molecules of a sample. When a photon interacts with a molecule, most of the 

scattered light retains the same energy (Rayleigh scattering). However, a small 

fraction undergoes energy exchange with the molecules, resulting in a frequency 

Figure 33. Schematic diagram of an ATR module, showing the reflections of the infrared 
light on the IRE surface. https://www.jasco-global.com/solutions/high-sensitivity-atr-unit-
for-ftir-spectroscopy/. 

Figure 34. RAMAN spectroscopy setup, equipped with an optical microscope. 
https://cic.ugr.es/servicios/servicios-unidades/analisis-y-determinacion-
estructuras/espectroscopia-microraman-y-ftir. 
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shift known as the RAMAN shift. This shift corresponds to the energy gained or 

lost by the molecule due to changes in its vibrational or rotational modes, 

constituting unique signatures of each functional group. 

RAMAN spectroscopy setup consists of a laser light source (commonly in 

the visible or near-infrared range) fitted to an optical microscope. Then, a 

monochromator or filter is used to select the desired wavelength. Finally, a 

detector (often a charge-coupled device or CCD) captures the Raman-scattered 

light, which is analyzed to generate a RAMAN spectrum (Fig. 34). 

 

2.3.8. X-ray Diffraction (XRD) 

XRD is a widely used analytical technique for determining the crystallographic 

structure, phase composition, and preferred orientation of crystalline materials. 

XRD relies on the principle of X-ray diffraction by the atomic planes of a 

crystalline material. The diffraction follows Bragg’s law, which describes the 

relationship between the angle of incidence, the wavelength of X-rays, and the 

spacing between crystallographic planes. The reflected rays undergo constructive 

interference when the distance between adjacent crystal planes is equal to an 

integer multiple of the X-ray wavelength. This results in the scattering of X-rays 

in specific directions which produces characteristic peaks in the X-ray diffraction 

pattern (Fig. 35). 

Figure 35. Scheme of the basic principles of X-ray diffraction and Bragg’s Law. 
htps://doi.org/10.1007/978-981-19-1562-8_2. 
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The technique is carried out in an X-ray diffractometer, which consists of 

an X-ray source, a 

sample holder, an X-

ray detector, and a 

goniometer for rotating 

the sample (Fig. 36). By 

rotating the sample 

and measuring the 

intensity of diffracted 

X-rays at different 

angles, a complete X-ray diffraction pattern is obtained.  

 

2.3.9. Thermogravimentric Analysis (TGA) 

TGA is a thermal analysis technique used to characterize the thermal stability, 

composition, and mass changes of materials as a function of temperature or time. 

It monitors the weight change of a sample 

as it is heated or cooled under controlled 

conditions. The temperature varies at a 

constant rate, in an inert or oxidative 

atmosphere, while weight is continously 

recorder in a high sensitive balance. 

Changes in sample weight result from 

processes such as decomposition, 

desorption, oxidation, phase transitions, 

and chemical reactions occurring within 

the sample. TGA instruments may include additional features such as gas flow 

controllers, mass spectrometers, and differential scanning calorimetry (DSC) 

modules for simultaneous analysis.

Figure 36. X’pert Pro θ-θ system in reflection Bragg-Brentano 
geometry for powder measurements. Petrology and 
Mineralogy Department, Facultad de Ciencias, UGR. 

Figure 37. Thermic analyser instrument. 
https://www.mt.com/es/es/home/products
/Laboratory_Analytics_Browse/TA_Famil
y_Browse/ta-instruments/thermal-
analysis-system-TGA-DSC-3-plus.html. 





 



  



 



  



III. Phylum Bryozoa. Part 1: Class Stenolaemata 

49 

Microstructure and crystallographic characteristics of 

stenolaemate bryozoans (Phylum Bryozoa, Class 

Stenolaemata) 

Christian Grenier1, Erika Griesshaber3, Wolfgang Schmahl3, Antonio G. Checa*1,2 

1Departamento de Estratigrafía y Paleontología, Universidad de Granada, 18002 

Granada, Spain 

2Instituto Andaluz de Ciencias de la Tierra, CSIC-Universidad de Granada, 18100 

Armilla, Spain 

3Department of Earth and Environmental Sciences, Ludwig-Maximilians Universität, 

80333 Munich, Germany 

Submitted: 11/10/2022 
Accepted: 29/12/2022  
Published online: 9/01/2023 



Organization and crystallography of the microstructures in bryozoans and serpulids 

50 

 

ABSTRACT 
The bryozoan Cass Stenolaemata is currently represented by the Order 

Cyclostomata. They produce skeletons made exclusively of calcite crystals 

assembled into different microstructures. Despite extensive previous research, no 

appropriate crystallographic techniques have been applied to decipher their 

crystallographic organization. We present an in-depth crystallographic study of 

the microstructures of three extant species (Fasciculipora ramosa, Hornera robusta, 

and Cinctipora elegans) using scanning electron microscopy and associated 

techniques (energy-dispersive spectroscopy and electron backscatter diffraction), 

together with atomic force microscopy and micro-computed tomography. We 

differentiate two microstructures, foliated and tabular calcite, and establish 

consistent models of their crystallography. Foliated calcite of F. ramosa and C. 

elegans consists of co-oriented laths arranged with their c-axes parallel to their 

elongation axis and to their main surfaces, and one a*-axis perpendicular to the 

latter (sheet texture). Tabular calcite of H. robusta consists of polygonal tablets 

with the c-axis as fiber axis (axial texture), perpendicular to the tablet surface. The 

foliated calcite of bryozoans is homeomorph to that of bivalves but has a 

significantly different crystallography. The tabular calcite of bryozoans lacks the 

spiral morphology of the tablet-shaped calcite of craniiformis brachiopods and 

has a different orientation of the c-axis with respect to the constituent tablets. 
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1. Introduction 
In the last decades, 

numerous studies based on 

SEM imaging have 

described different types of 

microstructures in both 

fossil and recent genera of 

stenolaemate bryozoans. 

These authors highlighted 

the widespread presence of 

granular, laminar, or 

tabular fabrics. They established primary, secondary, and even tertiary layers 

based on their chronological secretion sequence (from earliest to latest, 

respectively) by the secretory epithelium (Fig. 1). A summary of the foremost 

studies conducted in the last decades is presented below.  

Söderqvist (1968) was the first to image the microstructure of cyclostome 

bryozoans with SEM and noted the presence of two calcite layers: a thin outer 

prismatic layer and a thicker inner lamellar layer. In the same year, Boardman 

and Cheetham (1968) reviewed, 

from both thin sections and SEM 

imaging, the colony structure, the 

zooid arrangement, and the skeletal 

fabrics of bryozoans. They 

confirmed the existence of 

laminated lath-like fibers in 

“tubular” (i.e., stenolaemate) 

bryozoans. Later, Tavener-Smith 

and Williams (1972) studied the 

Figure 1. Cross-section of tubular-shaped zooid 
chambers of a cyclostome bryozoan (Entalophora) colony. 
The locations of the successive primary and secondary 
layers are depicted (from Tavener-Smith 1972). 

Figure 2. Diagram showing the distribution and 
morphology of the primary and secondary 
layers in the cyclostome bryozoan Lichenopora 
(from Tavener-Smith 1972). 
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walls of cyclostome (i.e., stenolaemate) genera of different extant and fossil 

species, determining that they are generally constituted of a primary (outer) 

granular calcite layer succeeded by a secondary (inner) laminated layer (Figs. 1 

and 2). Brood (1976), in trying to use the skeletal structures (constituting single 

or double walls) as a new character in phylogeny, reported three different layers 

in the walls cross-sections of the order Cyclostomatida: a primary granular layer 

bounded by two secondary laminar layers on both sides (Fig. 3). More recently, 

Boardman et al. (1992) described the shell ultrastructure of their new 

stenolaemate family Cinctiporidae, demonstrating the presence of an inner layer 

of transverse fibrous crystallites covered by a laminated layer made of lath-like 

crystals. Later, Taylor and Jones (1993) described the microstructure of Hornera 

robusta as made up of polygonal tablets. Finally, in a complete review of the 

skeletal ultrastructure of the Cyclostomata, Taylor and Weedon (2000) 

summarized a total of six fundamental ultrastructural fabrics based on SEM 

images of 87 different species: granular, planar spherulitic, transverse fibrous, 

foliated, rhombic semi-nacreous and hexagonal semi-nacreous (according to 

their terminology, see Fig. 4).  

 

 

 

Figure 3. Diagram showing two examples of interzooidal walls at different stages. The 
primary granular layer and the secondary laminar layer are depicted. A. The growing edge of 
an invagination of the secretory epithelium, creating a new inner wall. B. Already formed 
inner wall. From Brood 1976. 
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Although Carter and Clark (1985) had previously used the term “Semi-

nacre calcite” to name the rhombic 

and hexagonal platelets in bryozoans, 

this “calcitic semi-nacre” term was 

first described in craniid brachiopods 

to refer to “calcitic laminae that grow 

spirally from single or double screw 

dislocations” (Williams 1970; 

Williams and Wright 1970). However, 

Simonet Roda et al. (2022) disregarded 

the term “semi-nacre” because of their 

lack of affinity with nacre 

(mineralogically, microstructurally, 

and crystallographically) and 

considered this microstructure as 

being formed by tablet-shaped calcitic 

elements. Following Simonet Roda et 

al. (2022), we will adopt the term 

tabular calcite for the “semi-nacre” of 

bryozoans from here on.  

 

Figure 4. Summary table of the six different microstructures described by Taylor and Weedon 
(2000) in stenolaemate bryozoans. 

Figure 5. Diagram of the crystallography and 
growth by accretion of the calcite cleavage 
rhomb of the foliated, the transverse fibrous, 
and the rhombic semi-nacre fabrics by Taylor 
and Weedon (2000). The c-axis is at 45º to the 
surface and the main crystal’s faces correspond 
to {104}. 
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Previous studies have described bryozoan microstructures in detail based 

on SEM images, but very few have provided crystallographic data on the 

prevailing crystal orientations. Based on SEM images, Taylor and Weedon (2000) 

suggested that the laths of the foliated fabric had a main external surface of the 

{104} type ({101�1} in their notation), and the c-axis was inclined by 45° in the 

direction of elongation (growth) of the laths. The elongation proceeded by 

accretion of the {104} faces looking in that direction. They differentiated a second 

variety, their transverse microstructure, which was made by laths growing along 

a direction perpendicular to that of the foliated microstructure (Fig. 5).  

In their “rhombic semi-nacre” (tabular microstructure), the tablets also 

had the same distribution of crystallographic axes but they grew at their 

periphery in all directions.  

Additionally, they explained the hexagonal variety of semi-nacre as platy 

crystals growing at their periphery, where the 

c-axis is perpendicular to the top surface, which 

would then be a {001} surface, with oblique 

{104} lateral faces (Fig. 6).  

To date, only two studies based on the 

electron backscatter diffraction (EBSD) 

technique have provided crystallography data. 

Batson et al. (2021) and Negrini et al. (2022) 

examined the “laminated calcite” (i.e. tabular 

calcite) of the cyclostome bryozoans Hornera 

currieae and Hornera robusta, concluding, in line 

with the interpretation of the “hexagonal semi-

nacre” by Taylor and Weedon (2000), that the c-

axes were oriented perpendicular to the 

Figure 6. Diagram of the 
crystallography and growth by 
accretion of the calcite cleavage 
rhomb of the hexagonal semi-nacre 
fabric according to Taylor and 
Weedon (2000). The c-axis is 
perpendicular to the surface and 
the main crystal’s face corresponds 
to {001}. 
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skeletal walls, whereas the a*-axes were 

randomly oriented “laying predominantly in 

the plane of the wall” (Fig. 7).  

Contrary to other groups of 

biomineralizers such as corals, mollusks, and 

brachiopods, where numerous and complete 

crystallographic studies of their 

microstructures have been carried out (Checa 

et al. 2021; Crippa et al. 2020; Simonet Roda 

et al. 2022; yin et al. 2021), there is still much 

to learn about in bryozoans. Accordingly, we 

decided to conduct a thorough study of the 

distribution and crystallography of the 

microstructures of the two main groups of 

bryozoans: cheilostomes and cyclostomes.  

In this study, we provide new crystallographic data for three cyclostome 

species: Fasciculipora ramosa, Hornera robusta, and Cinctipora elegans. We studied 

their microstructures using SEM imaging, energy dispersive spectroscopy (EDS), 

and EBSD. Additional data were obtained with atomic force microscopy (AFM) 

and micro-computed tomography (Micro-CT). For the first time, we provide 

specific modes of crystal orientations for the foliated and tabular calcite and 

compare their similarities and differences with homeomorphic microstructures 

of other phyla. 

 

  

Figure 7. Crystallography data of the 
“laminate calcite” (i.e. tabular calcite) 
microstructure of Hornera currieae 
(adapted from Negrini et al. 2022). A. 
SEM image of the tabular calcite 
displaying rhombic and hexagonal 
shape. B. IPFz map showing the c-
axis perpendicular to the surface. 
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2. Materials and methods 

2.1. Material 

We analyzed three different species of Stenolaemata, order Cyclostomatida: 

Fasciculipora ramosa (d’Orbigny, 1842), Hornera robusta (MacGillivray, 1883), and 

Cinctipora elegans (Hutton, 1873). Fragments of colonies were obtained from the 

palaeontological and zoological reference collections of the Natural History 

Museum (London). 

 

2.2. Micro-computed tomography (Micro-CT) 

Fragments of colonies from both Cinctipora elegans and Hornera robusta were 

selected for micro-CT analyses. The fragments were fixed to the tip of a needle 

holder with glue. The measurements were performed in an X-ray 

microtomograph Xradia 510 VERSA ZEISS (CIC, UGR) with a maximum 

resolution of 0.7 µm. The established parameters were as follows: 60 kV 

acceleration voltage, 4 W power, and 4x magnification objective. The binning 

used was “bin 1” for the CDD camera detector, with a voxel size of 0.9951 µm. 

The distance from the source to the sample was 25 mm and the distance from the 

detector to the sample was 60 mm. The exposure time (per projection) and the 

source filter were adjusted at 30 seconds and a LE1 filter for both C. elegans and 

H. robusta samples. The total number of projections was 3201. For center shift and 

beam hardening effect corrections, images were processed using Reconstructor 

Scout and ScanTM (Zeiss, Oberkochen, Germany). We used 3D image analysis 

Dragonfly ProTM (Object Research System, slice registration method SSD) for 

advanced post-processing. 

 

2.3. Scanning Electron Microscopy (SEM) 

Fragments of the three stenolaemate species studied were prepared for SEM 

observation as explained in section 2.1. Once the fragments were cleaned and 
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oven-dried, some of them were directly selected for observation, whereas others 

were embedded in epoxy resin. Once the resin solidified, the samples were 

sanded and polished in serial steps until reaching a mirror surface (Hi-Tech 

Diamond polishing machine, All-U-Need model). Some samples, both polished 

and unpolished, were immersed in an etching and decalcifying solution (2.5% 

glutaraldehyde, 0.25 M HEPES buffer, and 0.05 M EDTA) for 2-5 min in an orbital 

shaker. SEM observations were performed after carbon coating (Emitech K975X 

carbon evaporator) using Secondary Electron (SE) and Back Scatter Electron 

(BSE) detectors in a field emission SEM FEI QemScan 650 F (Centro de 

Instrumentación Científica, CIC, University of Granada, UGR). 

 

2.4. Atomic Force Microscope (AFM) 

Two colony fragments of Fasciculipora ramosa and Hornera robusta were cleaned 

by immersion in commercial bleach (∼5%, 1h) and subsequently reduced to small 

fragments oriented so that the inner chamber surfaces were exposed. For 

imaging, an AFM Park Systems NX20 equipped with a cantilever MikroMasch 

ACTA (K = 40 N/m, F = 320 kHz) (CIC, UGR) was used in Tapping and PinPoint 

modes to record height, amplitude, and phase signals. Images were obtained 

with Smart Scan v12 and processed using XEI software (4.3.0. Build2, Park 

Systems). 

 

2.5. Electron Backscattered Diffraction (EBSD) 

Shell samples were embedded in epoxy resin, sectioned, and subjected to several 

sequential mechanical grinding and polishing steps (as explained in section 2.1). 

For EBSD analysis, the samples were coated with 4 to 6 nm of carbon (Leica EM 

ACE200). Measurements were taken on a Hitachi SU5000 field emission SEM, 

equipped with an Oxford Instruments NordlysNano II EBSD detector. The SEM 

was operated at 20 kV, and Kikuchi patterns were indexed with the CHANNEL 
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5 HKL software. EBSD measurements were performed in step increments 

between 200 and 500 nm. 

 

3. Results 

3.1. Colony structure and zooid arrangement 

The colony of Cinctipora elegans (Fig. 8) presents a cylindrical erect morphology. 

In the fragment analyzed, two levels of concentrically disposed zooids can be 

observed (Fig. 8A). In the inner central region, we can see smaller, disordered 

chambers of different sizes that may correspond to enclosed dormant autozooids 

(kenozooids) (Fig. 8A). In the longitudinal section (Fig. 8B), the autozooids have 

a conical tubular shape, which is significantly wider at the aperture. The zooids 

are connected to each other through interzooidal pores, which are more 

abundant toward their central region. The interzooidal walls, which separate two 

generations of autozooids, are interconnected by special pores called hypostegal 

pores (white arrows, Fig. 8B). 3D reconstruction reveals the inner volumes of the 

zooids, the hypostegal pores, and the funicular system (white arrows) (Fig. 8C). 
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Figure 8.  Micro CT images from Cinctipora elegans. A. From left to right: frontal, oblique and 
zenithal views of the cylindrical colony fragment analyzed. Concentrically disposed 1st and 2nd 
level autozooids (indicated) can be observed. In the central region, the structural kenozooids are 
delimited with white dashed lines. B. Longitudinal (top) and oblique (bottom) views of the 
colony. The conical-tubular-shaped zooid chambers (wider at the aperture) are concentrically 
arranged. They are connected to each other through interzooidal pores, which are more 
numerous towards the kenozooids. Interzooidal walls (indicated with white arrows) separate two 
generations of autozooids that remain connected by the hypostegal pores. C. Oblique views of a 
longitudinal section of the colony. The reconstructed interior volumes of the zooid chambers are 
interconnected by channels (funicular system). The hypostegal pores, through which budding 
growth proceeds, are indicated. 

 

The zooids of Hornera robusta build branched erect colonies, arranged in a 

fan-like manner. The free-walled zooids present long tubular chambers, slightly 

widening toward the aperture (Fig. 9). The branch has an abfrontal (posterior) 

part from which the lateral autozooids bud and grow (Fig. 9A). Autozooids curve 

towards their frontal part. The boundaries between adjacent zooids and the 

skeleton (shown with cyan and gold colours in Fig. 9B) can be distinguished. The 

communicative channels (funicular system, shown in Fig. 9C) connect two 

adjacent zooids along the entire length of the chamber. New generations of 

autozooids grow through parental budding (dashed circles, Fig. 9C). They are 
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separated by the interzooidal walls, but are, however, connected through the 

hypostegal pores (white arrows, Fig. 9C). 

Figure 9. Micro CT images of Hornera robusta. A. Abfrontal (left) and frontal (center) views of the 
colony fragment analyzed. The micro-CT reconstruction (right) shows the inner volume of the 
zooid chambers (cyan) and the skeleton (gold). B. Same reconstruction in lateral (left) and oblique 
(right) views, with the skeleton partially removed to show the long tubular shape and the 
disposition of the lateral autozooids (white arrows), projected toward the front. They are 
connected to each other through the interzooidal pores (funicular system). C. Inner volume 
reconstruction of a partly sectioned colony in posterior view. New generations of autozooids, 
connected with to the parental autozooids by hypostegal pores, are indicated (dashed circles). 

3.2. Microstructures 

In the three investigated stenolaemates species we have identified two calcite 

microstructures: foliated and tabular.  

3.2.1. Foliated calcite 

Foliated calcite was found in Fasciculipora ramosa (Fig. 10) and Cinctipora elegans 

(Fig. 11), and formed, for both species, the skeleton of the entire colony. From the 
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Figure 10. Foliated calcite of Fasciculipora ramosa. A-C. Views, at increasing magnifications, of the 
inner surface of a few zooid chambers from unpolished and slightly decalcified colony fragments. 
D-K. Unpolished bleached surfaces. D. Representative fragment of a zooidal chamber. E-K. 
Foliated calcite of the inner surface of the chamber. Note the ordered arrangement of the calcite 
laths, with their characteristic arrowhead endings. Arrows in E, F, G, H and I point to regions 
where laths adapt to changes in the surface topography by bending and/or bifurcating. Inset in 
H shows the highly inclined smooth surfaces of the lath endings (arrow). J. Cross-section of an 
interzooidal wall showing a central granular layer (delimited by white dashed lines). Laths are 
parallel to the inner surfaces of both chambers. The wall is interrupted by a mural pore that 
connects two adjacent zooids. Mural spines are widely distributed over the inner surfaces 
(arrows). The inset shows a mural spine. L-P. Slightly etched surfaces with highly marked growth 
lines. The close-up views (N-P) of the laths display a patent surface nanoroughness. 
Nanoprotrusions are arranged in particular directions (dashed lines in P). 
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SEM images of unpolished fragments (Figs 10 and 11), we can observe that the 

calcite laths are co-oriented and, in general, elongate in the growth direction of 

the zooidal chambers. The main planar crystal faces are parallel to the chamber 

surface. The laths show some degree of imbrication and their exposed part ranges 

in length from a few to several tens of microns. Their width ranges from one to 

ten microns, being longer and thinner in Cinctipora elegans. The characteristic 

arrowhead ending of the laths can be acute or obtuse, sometimes truncated by a 

transversal surface (Figs. 10A-K and 11A-I). Although laths tend to show a 

predominant growth direction, it is not uncommon that they change their 

orientation by bending, sometimes accompanied by bifurcation (white arrows 

Figs. 10E, F, G, H, I and 11E, F). This feature allows them to adapt to changes in 

the topography, such as protuberances, pores, transversal walls, depressions 

(Figs. 10F, I, J and 11F) and internal mural spines (inset in Fig. 10J). At higher 

magnification, the growth lines are visible on the main planar surfaces of the laths 

(Figs. 10I, K and 11E, F, G, I), becoming clearly discernible after decalcification 

(Fasciculipora ramose, Fig. 10L-P; Cinctipora elegans, Fig. 11J-L). This same 

treatment reveals the rough nanostructure of the laths (Figs. 10O, P, and 11K). On 

polished colony fragments of F. ramosa and C. elegans (Fig. 12A and G, 

respectively), the aspect of calcite laths differs depending on whether they are 

sectioned parallel (e.g., solid arrow in Fig. 12B) or transversal (empty arrows in 

Fig. 12B) to their main upper surfaces. The laths demonstrate their whole width 

in sections parallel to their main surfaces (i.e., to the zooid surfaces) (Fig. 12C, D), 

 Figure 11. Foliated calcite from unpolished surfaces of Cinctipora elegans. A-B. Lateral and 
oblique views (micro-CT images) of the cylindrical colony fragment analysed (see also Fig. 8). C-
I. Unpolished bleached inner surfaces. C. Representative fragment of a zooidal chamber, similar 
to the area framed in B. The growth direction is indicated by the bottom dotted arrow. D-I. 
Detailed views of the foliated calcite. D. Close up of C showing preferential alignment of the laths. 
E, F. Calcite laths exhibit a high growth plasticity (arrows), by tightly adapting to the surface 
protuberances. G is an anaglyph of a surface protuberance (to appreciate the 3D effect, red-cyan 
glasses have to be used). H, I. The terminal and highly inclined surfaces of the laths are smooth 
(arrows).  J, K. Slightly etched surfaces. Some growth lines are highly marked and can be 
correlated across different laths (solid arrows), even between laths resulting from splitting of a 
parental lath (empty arrows). The surface nanoroughness is clearly exposed in K. L. Cross-
sectional view of the laths, revealing their space-filling arrangement. 
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Figure 12. Polished and slightly decalcified colony fragments of Fasciculipora ramosa (A-F) and 
Cinctipora elegans (G-L). A, G. General views of the colonies. B. Detail of a sectioned chamber. 
Laths exhibit different morphologies depending on how they have been sectioned: parallel to 
their main surfaces in the center of the chamber (solid arrow) and perpendicular to it toward the 
sides (empty arrows). C, D. Details of the central area (framed in B). E, F. Details of the margins 
of the chamber. Laths have been sectioned transversal (E) and parallel (F) to their growth axes. 
H, I. Sections of two protuberances, showing the disposition of the calcite laths inside and around 
them. J, K. Laths sectioned transversal to the growth axis. Their space-filling behaviour is evident. 
The surface nanoroughness is neat in K (inset). L. Laths sectioned parallel to the growth axis. 
Organic threads extend between them (inset). 
 

whereas they have rectangular, narrow shapes when cut transversely (Fig. 12E, 

F). In cross sections, their space-filling disposition can be appreciated, even 

within the interior of protuberances (Fig. 12H, I, J, and K). Upon decalcification, 
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the presence of very thin intervening organic threads is revealed (i.e., in Cinctipora 

elegans, Fig. 12L). 

 

3.2.2. Tabular calcite 

Tabular calcite, formerly described as semi-nacre (Carter and Clark 1985), is only 

present in Hornera robusta (Figs. 13, 14, 15, and 16), and constitutes the bulk of the 

skeleton of the entire colony. Calcite tablets completely carpet the inner surface 

of the zooidal chambers (Fig. 13D, E). They have polygonal morphologies and 

are arranged parallel to the surface, stacked onto each other and unevenly 

distributed (Fig. 13E, F). Their number of sides ranges from three to six. The range 

of tablet diameters is between 3 and 10 µm and their average thickness is ~150 

nm (Figs. 13G-J and 15). The edges of the tablets may be straight or irregular. 

Adjacent tablets tend to overlap, except when their edges are at the same height 

(white arrows in Fig. 15B, C, E, F). Under high magnification, the main surfaces 

of the polygonal tablets reveal a rough nanostructure (Fig. 13G-I), similar to the 

surface of the laths that form the foliated calcite. Concentric growth lines, mainly 

parallel to the edges of the tablets, are also observable on their main surfaces 

(Figs. 13F, H-J, M and 15B, D-N). In the cross-section of the inner walls, that 

separate adjacent zooidal chambers (Fig. 13K), we can discern a thin central layer 

made of irregular, sometimes polyhedral, calcite grains (delimited by a dashed 

line in Fig. 13K). Immediately adjacent, in both growth directions, the tabular 

layer becomes organized and the tablets align parallel to the central granular 

layer, which is arranged in laminae. As previously described (Taylor and Jones 

1993), virtually all the tablets in Hornera robusta have a “triple-spiked” outgrowth  

in the center. This structure is characteristic of the tabular calcite of Hornera 

robusta, and consists of a short stem that trifurcates into three pointed branches 

that are evenly separated from each other by angles of 120º (Figs. 13H-J, M, and 

15C-N). The spikes have variable heights, usually 100-300 nm, only occasionally 

reaching up to 1 µm (Figs. 13J and 15I). The profiles of the triple spikes can be 
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observed on both sides of the growth surfaces in fractures across the inner walls 

(white arrows, Fig. 13K). 

Figure 13. Tabular calcite of the interior of a colony fragment of Hornera robusta. A-C. Oblique 
(partly sectioned) (A, B) and posterior (C) views (micro-CT images) of the colony fragment 
analyzed (see also Fig. 9). D. Fractured fragment showing the characteristic tubular shape of 
the zooids, which are connected by interzooidal pores. E. Inner surface of a zooidal chamber 
covered by polygonal tablets. F. Close-up of the inner surface. The white dots correspond to 
triple-spiked structures at the centers of the tablets (arrows). G-J. Close-up views of polygonal 
calcite tablets. Growth lines and nanoroughness on the surfaces of the tablets are clearly 
discernible. The triple-spiked outgrowths measure from 100 nm to 300 nm in height, 
exceptionally up to 1 µm (J). K. Cross-section of an inner wall separating two zooid chambers. 
A central granular layer (marked by dashed lines) can be appreciated. The tablets are parallel to 
both surfaces and the spikes point perpendicularly (arrows). L. Fracture showing the smooth 
lateral surfaces of the tablets (white arrows). M. Single tablet with central triple-spike. 
Crystallographic faces have been tentatively indexed. The spikes diverge at equal angles (they 
appear distorted in the present view due to the tablet being slightly inclined with respect to the 
plane of the image). 
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Figure 14. Cross-section views of the tabular calcite of Hornera robusta A. Polished and partly 
decalcified colony. B-D. The external wall section shows the multi-layered undulated patterning 
that flattens progressively toward the inner surface. The peaks correspond to the external 
protuberances. E-G. Cross-section of an inner wall. The sections are entirely composed of tabular 
calcite (arrow in F), except for the central granular layer (marked with dashed lines). H. Detail 
showing the organic membranes running uninterruptedly between lamellae of polygonal tablets. 
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Figure 15. Tabular calcite of Hornera robusta. All images are from the inner surface of the zooidal 
chambers, previously cleaned with commercial bleach (5%, 1h). A, B. Overviews of the inner 
surface. C-L. Close-up views of different examples of tabular calcite. The polygonal tablets that 
are at the same level cease to grow when their margins collide (arrows in B, C, E and F). New 
tablets overlap previous ones, except for their spikes (E, H, K). Polygonal outlines vary from 
triangular to hexagonal. Growth lines and nanoroughness on the surfaces of the tablets are clearly 
discernible. The triple-spiked outgrowths are from 100 nm to 300 nm in height, exceptionally up 
to 1 micron (e.g., I). The three spikes are oriented at 120º from each other (e.g., F). M and N are 
anaglyphs. To appreciate the 3D effect, red-cyan glasses have to be used. 

 

The external surface (Fig. 16C) shows the same tabular calcitic fabric that 

covers the entire internal surface, as described above, though moulded to the 

complex topography of the external surface, studded with protuberances (Fig. 

16A). Here, the tablets display a certain degree of imbrication (Fig. 16B, C), which 

led them to be described as a different microstructure (“pseudofoliated calcite”, 

Taylor and Jones 1993). This plasticity is a feature shared with the foliated calcite 

of Fasciculipora ramosa and Cinctipora elegans (see above). In cross-section of the 

external wall (Fig. 16D), the polygonal tablets form a multi-layered, undulated 
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wall, where the crests of the undulations correspond to the external 

protuberances (Fig. 14A-D and 16D). The undulations flatten progressively 

toward the inner surface. Polished and slightly decalcified cross-sectional 

surfaces from colony fragments of Hornera robusta (Fig. 14) clearly show the 

arrangement of calcite tablets and the granular central layer in the interzooidal 

walls (marked with dashed lines in Fig. 14E-G). Details of the decalcified tablets 

display the network of thin organic membranes separating the laminae (Fig. 

14H). Organic membrane thickness has been estimated at ~70 nm.  

 

Figure 16. A. Hornera robusta colony fragment. B. Closer view of the outer surface studded by 
numerous protuberances. The white semi-transparent area represents the cross-sectional plane 
of the fragment shown in D. C. Detail of the outer surface showing the microstructure, constituted 
by the same polygonal tablets as found in the zooidal chamber's interior. The calcite tablets are 
partly imbricate and appear heavily distorted due to surface irregularities. D. External wall 
section where the protuberances have been cut transversely, showing the multi-layered 
undulated wall where the crests of the waves coincide with the protuberances. 
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3.3. Morphological analysis and surface nanoroughness 

The foliated calcite of Fasciculipora ramosa displays the partially imbricated 

arrangement of the laths, as well as their characteristic arrowhead endings (Fig. 

17A, B). The lath surfaces are irregular, which is more visible in the height and 

amplitude images (Fig. 17A). The phase signal does not show any consistent 

change in composition related to those irregularities. Laths vary greatly in size, 

orientation and morphology across small areas (Fig. 17B), as revealed also by  

SEM (Figs. 1 and 2). Laths vary greatly in size, orientation and morphology across 

small areas (Fig. 17B), as revealed also by SEM (Figs. 1 and 2). The laths are at a 

small angle to the growth surface (less than 15º). Their irregular and inclined 

surfaces can be seen in the profile graphs across selected laths (height images in 

Figs. 17A and B). The same graphs indicate lath thicknesses at the tip between 0.2 

and 0.4 µm. The polygonal shapes of the calcite tablets of Hornera robusta can be 

observed in the height and amplitude images, together with the growth lines seen 

on their surfaces (Fig. 17C). In a close-up view of the surface (Fig. 17D), we can 

clearly observe its marked nano-roughness. The phase signal does not show 

significant changes in contrast. 
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Figure 17. AFM analysis of the foliated and tabular calcite of Fasciculipora ramosa (A and B) and 
Hornera robusta (C and D). A. Height and amplitude images of a set of calcite laths. They display 
characteristic arrowhead endings and are partly imbricated. The irregular surfaces of laths are 
evident in the amplitude image (see framed lath). The profile graph of the transect marked both 
in the height shows a smooth highly sloped surface (red arrow) at the tip of the lath, with an 
unevenness of 0.38 µm. B. PinPoint mode of lateral strength and height images from another 
region. The profiles of the transects delineated in the height image show that the lateral and 
terminal facets (red arrows) of the laths are subvertical. C. Height image of the calcite tablets, 
where the polygonal contours and the growth lines are visible. D. Height and phase images of 
the area framed in C. The nanoprotrusions of the tablet’s surface can be appreciated. The profile 
graph of a selected nanoprotrusion (red transect in the height image) indicates a height of 12 nm 
and a length of 240 nm. 
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3.4. Crystallography 

A total of 27 EBSD maps were taken on the three studied species of stenolaemate 

bryozoans (between 8-10 maps per species). All EBSD phase maps indicate that 

the skeletons are always made of calcite. 

The crystallographic arrangement of the foliated calcite of F. ramosa can be 

appreciated in the selected map of Fig. 18. The shapes of the calcite laths are 

discernible in the band contrast map (Fig. 18A). The central granular layer of the 

interzooidal walls (e.g., SEM image Fig. 10G) appears darker (white arrows in 

Fig. 18A) as a result of a weaker diffraction signal strength. The EBSD map (Fig. 

18B) shows similar colors across large regions, alternating between green and 

purple, which indicates a slight variation in the orientation of the crystal laths 

(see color key for orientations). The corresponding contoured pole figures 

display defined clusters for both the c and a*-axes, which indicate that all the 

crystallographic axes are co-oriented. This is known as a sheet texture (Fig. 18B). 

The MUD values are relatively high (44 for the example of Fig. 18B). The c-axis is 

oriented parallel to the main surfaces and to the direction of elongation of the 

laths. The a*-axis pole figures display one maximum in the center of the 

stereographic projection, which indicates that the main planar surface of the laths 

corresponds to a prismatic (100) calcite face. The isolated crystal highlighted in 

Fig. 18B, with a MUD value of 585, provides a representative example of such an 

orientation. The distribution of crystallographic axes inferred from EBSD data is 

illustrated in Fig. 18C. The c-axis is contained within the main surfaces of the 

laths and parallel to the growth direction (arrow). There is an a-axis contained 

within the main surface, and the other two a-axes at 60° to that surface. 

Accordingly, this surface is of the (100) type. The different laths generally display 

a good coorientation, hence the sheet texture. 
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Figure 18. EBSD analysis of the foliated calcite of Fasciculipora ramosa. A. EBSD band contrast map 
in grey-scale, where the shapes of the calcite laths are discernible. Darker regions (white arrows) 
indicate a lower diffraction signal strength, matching the central granular layer between two 
inner walls. B. EBSD map of the same area as in A. The top pole figures (contoured version) show 
good co-orientation of the calcite laths, as also indicated by the relatively high MUD value. The 
orientation of the selected calcite lath (in blue) is provided by the pole figures and the unit cell, 
where the c-axis is parallel to the surface and to the elongation axis of the laths, and one a*-axis 
(intermediate between two a-axes) is perpendicular to the main surface. The extremely high MUD 
value is indicative of its single-crystal nature. C. The distribution of crystallographic axes inferred 
from EBSD pole figures is illustrated on a set of laths. The color triangle in C is the color key for 
orientation in all cases. 
 

The foliated calcite of C. elegans presents a distribution of crystallographic 

axes similar to that of F. ramosa. The region analyzed in Fig. 19A comprises an 

entire wall cross-section, from the exterior to the interior of the zooid chamber. 

The EBSD color orientation map (right map in Fig. 19A) shows a variation in the 

orientation of the central region with respect to the lateral regions. This indicates 

a change in the orientation of the c-axes of the laths with respect to the sectioning 

plane, from being at a high angle (red colors) in the central area to close to parallel 

(green, purple, and blue colors) toward the internal and external surfaces. 
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In Fig. 19B we have cropped the areas corresponding to the external and internal 

walls. The contoured pole figures reveal good co-orientation of the calcite laths 

(MUD values of 72 and 50 in Fig. 19B), with defined clusters for all 

crystallographic axes. The c-axes are oriented parallel to the surface, while the *a-

axes display maxima that are less well-defined than in F. ramosa. A clear example 

of such orientations is depicted by an isolated single-crystal lath (MUD of 506) 

and its 3D unit cell (Fig. 19B). The SEM image provides a representative example 

of such an orientation, inferred from EBSD data, in which the c-axis is oriented 

parallel to the elongation direction of the lath (Fig. 19C) 

 

Figure 19. EBSD analysis of the foliated calcite of Cinctipora elegans. A. EBSD band contrast map 
(grey scale) and color orientation map. B. Pole figures (contoured version) of the two areas 
highlighted in the EBSD map. They correspond to the lateral margins of the chamber. The pole 
figures demonstrate good co-orientation (relatively high MUD values) and a sheet texture, with 
the c-axis in plane and the *a-axes having defined maxima. The orientation of the selected calcite 
lath (in green) is provided by the pole figures and the unit cell; the c-axis is parallel to the surface 
and to the elongation axis of the laths, and there is one a*-axis (intermediate between two a-axes) 
perpendicular to the main surface. The extremely high MUD value is indicative of its single-
crystal nature. C. The distribution of crystallographic axes determined from EBSD pole figures is 
illustrated on a set of laths. The color triangle in A is the color key for orientation in all cases. 
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As occurs in F. ramosa, there is an a-axis contained within the main surface and 

the other two are at 60° to that surface. Accordingly, these surfaces are of the (100) 

type. The laths display a certain coorientation, hence the diffuse sheet texture. 

EBSD measurements performed on H. robusta are from both a cross-section 

of the external wall (Fig. 20A, C, and E) and a section through several zooid 

chambers at a low angle to the wall (Fig. 20B, D, and F). Despite the smaller size 

of the calcite tablets compared to the calcite laths of F. ramosa and C. elegans, we 

can observe good signal strength in the band contrast maps (Fig. 20A, B). The 

EBSD maps come in multiple colors, which indicate different crystal orientations 

(Fig. 20C, D). In the section across the wall (Fig. 20C), the c-axis is broadly 

oriented in plane and perpendicular to the external surface (Fig. 20E). In this kind 

of section, the tablets are sectioned perpendicular to their main surfaces (Figs. 

13K and 14B, G, H) and parallel to the outer shell surface. In the section parallel 

to the wall (Fig. 20D), where the tablets are sectioned parallel to their main 

surfaces, the c-axes are broadly perpendicular to the cutting plane. All this 

implies that the c-axes are perpendicular to their main surfaces. The pole figures 

indicate an axial texture, given the ring-like distribution of the a*-axes (Fig. 20E, 

F). The low MUD values (less than 10), confirm the low co-orientation of the 

crystals. The two single crystals selected, each from a different section (Fig. 20E, 

F), confirm that the c-axis is subperpendicular to the main surfaces of the tablets. 

Accordingly, these surfaces are of the (001) type. The a-axes are approximately 

contained within the main surfaces and change in orientation across individual 

tablets (Fig. 20G). In this way, an axial texture is obtained. 
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Figure 20. EBSD analysis of the tabular calcite of Hornera robusta from two different regions: a 
cross-section of the external wall (A and C) and a section of the colony wall at a low angle (B and 
D). A, B. Band contrast maps in grey-scale, showing good signal strength and recognizable 
structures, like the undulated layered wall in A. C, D. Color orientation maps. In both cases, there 
is low crystal co-orientation (low MUD values). E, F. Pole figures (contoured version) display an 
axial texture, where the c-axis is roughly perpendicular to the tablets, while the a*-axes spread in 
all directions. Data for individual tablets (small frames in C and D) from both maps are provided. 
The pole figures and the extremely high MUD values confirm that they are single crystals. G. The 
distribution of crystallographic axes inferred from EBSD pole figures is illustrated on a set of 
tablets. The orientations of the a-axes are tentative, based on the sketches of Fig. 10B. Their 
disorientations across tablets are inferred from those of the tablet edges. The color triangle in D 
is the color key for orientation in all cases. 
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4. Discussion 

4.1. Zooid arrangement and funicular system  
Micro-CT results show a different colony structure for the species Cinctipora 

elegans and Hornera robusta. While C. elegans has a cylindrical erect colony 

structure, where the zooids are arranged concentrically, H. robusta forms erect 

polyfurcate branched colonies, where the zooids are arranged in a fan-like 

manner and are curved toward the front. Autozooid chambers of C. elegans are 

more conic and wider at the aperture (Fig. 8). Nevertheless, they seem to be 

proportionally shorter than the long tubular-shaped chambers of the autozooids 

of H. robusta (Fig. 9). Kenozooids are present in the inner central region of C. 

elegans. Their structural function is that of a pillar for the cylindric colony (dashed 

line, Fig. 8A). Both species present a highly interconnected channel network, the 

funicular system, which goes through the interzooidal pores of the inner walls 

and provides oxygen and nutrients from the feeding autozooids to the rest of the 

colony (Bobin 1977). According to Batson et al. (2021; 2022), the interzooidal 

walls, which separate the new zooid generations from the parental ones, are 

interconnected by special pores called “hypostegal pores”, through which 

growth by budding takes place through the transmission of the coelomic cavity 

(Figs. 8C and 9C). 

 

4.2. Central granular layer  

According to our observations, foliated calcite constitutes the bulk of the entire 

colony skeleton of both Fasciculipora ramosa and Cinctipora elegans, whereas 

tabular calcite is the principal microstructure of Hornera robusta. In all the samples 

analyzed, there is a central granular layer located in the center of the interzooidal 

walls, made up of randomly oriented polyhedral crystals (Figs. 10J, 13K, 14E-G) 

from which the main microstructures soon organize. This granular layer was 

previously described as a “primary layer consisting of granules or prisms of 
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calcite that occurs medially in interzooecial walls in cyclostomate bryozoans” 

(Brood 1976; Tavener-Smith and Williams 1972). Nevertheless, evidence of this 

layer was not found in the species of H. hornera, H. robusta, and H. squamosa 

(Taylor and Jones, 1993). In the EBSD band contrast map of F. ramosa, the central 

granular layer comes in dark colors (Fig. 18A), which indicates a weak diffraction 

signal strength, likely due to either the small crystal size or the presence of 

organic matter.  

 

4.3. Foliated calcite  
Our EBSD results show that the foliated calcite of both F. ramosa and C. elegans 

has a sheet texture, with the c-axes oriented parallel to the surface (Figs. 18 and 

19), and the a*-axes perpendicular to the main surfaces of the laths, which, in this 

way, would roughly correspond to {100} prismatic faces. The arrowhead endings 

are bounded by {104} planes sectioned along the main {001} surfaces (see Figs. 

10H inset, 11H, I, 21, and 22). However, whereas the terminal, highly inclined 

surfaces of the lath endings are smooth, their main upper surfaces are rough 

(Figs. 11F, G, I, J, and Figs. 17A, 21, and 22). This indicates that the former are 

true {104} faces. The main upper surfaces lack the smoothness typical of 

crystallographic faces. Accordingly, they are not true {100} faces but very close 

surfaces.  

Conversely, Taylor and Weedon (2000) hypothesized, based on SEM 

observations, that the c-axis was inclined at 45º to the main lath surfaces. They 

distinguished between the foliated calcite of F. ramosa and the “transverse fibrous 

fabric” present in C. elegans, according to the obtuse or acute angles of the lath 

endings, respectively. In our EBSD-based model, the coexistence of acute or 

obtuse angles is explained by the bifurcations and switches in the elongation 

direction of laths that occur at constant crystallographic orientation. The changes 

in the growth direction of the laths with respect to the c-axis explain the 
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differences in the displacement of the arrowhead tip with respect to the central 

axis of the laths, and even its disappearance, with the development of single 

terminal faces (Fig. 21A). The fact that the arrowhead endings may or may not be 

truncated by additional flat surfaces can be explained by differences in the way 

in which the {104} rhombohedron is sectioned: 1) above or below the c-axis, and 

2) parallel or at a certain angle to the c-axis (Fig. 21B). Accordingly, we do not 

consider Taylor and Weedon’s (2000) as a valid argument. 

 

Figure 21. Crystallographic explanation of the morphological changes of lath endings. A. The 
displacement of the arrowhead tips (white dashed lines) with respect to the growth axis of the 
laths is a consequence of switches in growth direction, sometimes due to bifurcations (bottom 
image) that occur at constant crystal lattice orientation. B. Sketches of the calcite {104} 
rhombohedron oriented with one a-axis perpendicular to the plane of the image and the c-axis 
parallel to it (orientation key is provided on top). The crystallographic orientation of the foliated 
calcite has been determined from EBSD results (see schemes in Figs. 6C and 7C). The different 
rhombohedra are sectioned along the {100} planes at different heights, explaining the transition 
from sharp arrowheads to truncated terminal faces of the laths (dashed circles in the SEM image). 
The foliated calcite crystallography. 
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This ability to change the growth direction and bifurcate indicates that the 

foliated calcite has a high ability as filling material, in much the same way as 

described for the homoeomorphic foliated calcite of bivalves (Checa et al. 2007; 

Checa et al. 2019). Nevertheless, the foliated calcite of bryozoans is 

crystallographically different from that of bivalves, where the c-axis is at a great 

angle to the main surface of laths (Checa et al. 2019). Interestingly, the terminal 

faces of the laths in bivalves are also {104} faces, but their main surfaces are 

different from {100} as in bryozoans, of the type {10l}, with l being a high to very 

high Miller index, within the tentative range 8 to 25 (Checa et al. 2019). 

 

Figure 22.  Views of the foliated calcite of C. elegans (A-C) and F. ramosa (D). The main surfaces of 
the laths are rough, with visible growth lines, whereas the highly inclined terminal surfaces are 
smooth (arrows). 
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4.4. Tabular calcite 

Our EBSD results show that the microstructure of Hornera robusta has an axial 

texture, where the c-axis is oriented perpendicular to the surface of the tablets 

(Fig. 20C, D). A similar texture was found with EBSD measurements in H. curriae 

(Batson et al. 2021). Thus, the main flat surfaces of tabular calcite are 

approximately {001} planes (Fig. 23A). The edges then correspond to the 

intersection of the {001} plane with the calcite rhombohedron (Fig. 23A). This is 

supported by the smoothness of the lateral facets when seen in oblique view 

(arrows in Figs. 13L and 24A, B), typical of {104} rhombohedral faces. In the 

images of tubuliporine bryozoans of Taylor and Weedon (2000) (their figure 8B, 

E), calcite plates are particularly thick and extensive, and adequately oriented 

rhombohedral faces are evident. Depending on the level at which the 

rhombohedron is sectioned, the number of edges will be three (either {104} or 

{104�} planes) or six (both {104} and {104�} planes) (Fig. 23B). If we introduce small 

changes in the inclination of the sectioning plane with respect to the c-axis, we 

may find the whole range from three to six edges. In any case, the edges will 

advance along <100> directions (Figs. 13M and 23A). Our crystallographic model 

is similar to that proposed by Taylor and Jones (1993) and Taylor and Weedon 

(2000), based on SEM observations. Nevertheless, these authors only explained 

the existence of six-edged tablets (hexagonal semi-nacre fabric).  

The term “calcite semi-nacre” was first used to refer to the “spiral laminae” 

present in the secondary layer of craniid brachiopods (Williams and Wright 

1970). It was later extended to bryozoans (Carter and Clark 1985) and, 

subsequently, to the polygonal tablets of H. robusta (Taylor and Jones 1993). 

Simonet Roda et al. (2022) proposed to replace the term semi-nacre with tabular 

calcite, based on the lack of any relation with molluscan nacre. In this study, we 

also adopt the term “tabular calcite” instead of semi-nacre in bryozoans, because, 

in addition, the units display a tabular habit without any consistent spiral or  
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Figure 23. A. Hypothetical indexation of an ideal hexagonal calcite tablet from H. robusta (left), 
and of an actual hexagonal tablet (right). The crystallographic orientation of the tabular calcite 
has been established according to our EBSD results (see scheme in Fig. 8G). The main flat surfaces 
roughly correspond to {001} planes, with the c-axis oriented perpendicular to them. The highly 
inclined and smooth edges are (104) faces that advance along the <100> directions. B. Sketches of 
the calcite rhombohedron oriented with the c-axis perpendicular to the surface. Depending on 
the level at which the rhombohedron is sectioned, the number of edges is either three or six. Small 
changes in the inclination of the sectioning plane concerning the c-axis provide us the whole 
range of edges, from three to six. The lower SEM images are tentative examples of each case. 

 

“screw dislocation-like” growth. The tabular calcite of bryozoans differs in its 

crystallographic arrangement from that of craniid brachiopods, where the c-axis 

is at a low angle to the tablet surface (Checa et al. 2009; Simonet Roda et al. 2022). 

Another microstructure formerly described for the external surface of Hornera 

was “pseudofoliated calcite” (Taylor and Jones 1993). According to our 

observations, this is merely a variety of tabular calcite composed of imbricated 

calcite tablets (Fig. 16). 
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As previously described (Taylor and Jones 1993), virtually every tablet 

develops a “triple-spiked” outgrowth in the center. This seems to be a particular 

feature of the tabular calcite of Hornera robusta (Figs. 13 and 15), since it did not 

appear in the tabular calcite of the rest of cyclostome bryozoans (Taylor and 

Weedon 2000). This structure consists of a short to negligible stem that trifurcates 

into pointed branches (spikes) that diverge from each other at an estimated angle 

of ~120°. Comparable, though much larger, three-branched structures (aerials) 

were observed on the shell surface of the glass scallop bivalve Catillopecten 

(Kamenev 2018). Checa et al. (2022) interpreted that the branches of the aerials 

were aligned with the edges of the {104} calcite rhombohedron, that is, the <4�41> 

directions, being at a high angle (63.64°) to the c-axis. These are the strongest 

periodic bond chains (PBCs) of calcite (Aquilano et al. 2011; Massaro et al. 2008), 

and their growth can hardly be inhibited by the action of organic molecules. The 

minute size of the triple-spike branches of H. robusta has prevented us to analyse 

them by EBSD, but we hypothesize that, likewise, their growth directions might 

well be along the edges of the rhombohedron corresponding to the underlying 

calcite tablet.  

 

4.5. Surface nanoroughness 

High-resolution SEM and AFM images allow us to observe that both the foliated 

and tabular calcites have a marked surface roughness (Figs. 10N-P, 11K, 13H, I, 

M and Fig. 17), which is characteristic of almost all biominerals (Dauphin 2006; 

Rodríguez-Navarro 2015; Sethmann et al. 2006). From AFM analysis, biominerals 

typically present two phases with different contrasts: a light phase forming the 

bulk of the material and a dark phase distributed within the light phase in the 

form of pellicles (Bruet et al. 2005; Dauphin 2001; Dauphin 2008). Our AFM 

observations have not revealed the existence of the dark phase. According to our 

SEM observations of etched samples of foliated calcite, the nanoprotrusions 
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elongate and align parallel to the terminal edges of the laths, i.e., along directions 

contained within the {104} faces (Fig. 10P). In the rhombohedral calcite of the 

barnacle Austromegabalanus psittacus the nanoprotrusions were oriented along the 

<4�41> crystallographic directions, i.e., the calcite PBCs (see above) (Checa et al. 

2020). We hypothesize a similar orientation for the observed alignments of 

nanoprotrusions of foliated calcite. 

 

Figure 24. Close-up view of calcite tablets of H. robusta. A, B. Lateral views, showing the highly 
inclined lateral surfaces. They are smooth and straight (white arrows). C, D. Top views of the 
rough main surfaces of the tablets, with visible growth lines. 
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4.6. Final remarks 
Previous research, primarily based on SEM and TEM, show that the 

periostracum, which is secreted by an initial stratum of palisade cells, acts as the 

seeding sheet for the early crystals. Calcium carbonate is secreted and released 

into the extrapallial space by the adjacent epithelial cells, which contain an 

abundance of intracellular electron-dense vesicles (Nielsen and Pedersen 1979; 

Tavener-Smith and Williams 1972). According to the images of Nielsen and 

Pedersen (1979), the extrapallial space between the secretory epithelium and the 

periostracum is very reduced (100-200 nm), and is traversed by tonofilamens 

which connect the soft body to the shell at hemidesmosomes. This pattern is 

similar to that found by Simonet Roda et al. (2019a,b) in articulate brachiopods. 

Most possibly, bryozoans follow the route of the rest of metazoans, by which 

calcite formation proceeds from an amorphous calcium carbonate (ACC) 

precursor phase (Gal et al. 2014; Weiner et al. 2009). Indirect evidence for this is 

the surface nanoroughness observed with AFM, which is usually interpreted as 

resulting from the aggregation of ACC nanoparticles (De Yoreo et al. 2015; Gal et 

al. 2014), although other studies (Checa et al. 2020; Macías-Sánchez et al. 2017) 

see it as an indication of crystallization from the previous amorphous phase 

across an irregular front.  

Seawater chemistry at the time when clades first acquired their skeletons 

has been invoked as a factor influencing the skeletal mineralogy (calcite or 

aragonite), since it favors the production of the most stable polymorph, thus 

reducing the physiological costs of biomineralization (Hardie and Stanley 1997). 

Later on, seawater chemistry has little influence on the mineralogy because 

biomineralization takes place in a controlled and enclosed environment, isolated 

from seawater (Porter 2007; Weiner and Dove 2003). Accordingly, the fact that 

stenolaemate bryozoans only produce calcite could be seen as an evolutionary 

constraint, dating back to the origin of the group, in the Early Cambrian Stage 3 
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(Zhang et al. 2021), after the switch from “aragonitic” to ‘calcitic’ seas within the 

Early Cambrian Stage 2 (Maloof et al. 2010; Porter 2007). They continued to 

produce calcite despite the two subsequent aragonitic sea intervals II and III (late 

Mississippian to late Triassic or early Jurassic, and early or mid-Cenozoic to the 

present) (Sandberg, 1983). 

The biomechanical properties of the foliated and tabular calcite of 

stenolaemate bryozoans have never been studied. The homeomorph foliated 

calcite of bivalves performs poorly in tension, compression, and bending, 

particularly compared to aragonitic microstructures, such as nacre and crossed-

lamellar (Currey 1976). Possibly, the same can be applied to the calcitic 

microstructures of bryozoans. Despite this, foliated and tabular calcite have their 

own adaptive value due to their filling-space behavior, enabled by their high 

morphological versatility. 
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ABSTRACT 

Gymnolaemata bryozoans produce CaCO3 skeletons of either calcite, aragonite, 

or both. Despite extensive research, their crystallography and biomineralization 

patterns remain unclear. We present a detailed study of the microstructures, 

mineralogy, and crystallography of eight extant cheilostome species using 

scanning electron microscopy, electron backscatter diffraction, atomic force 

microscopy, and microcomputed tomography. We distinguished five basic 

microstructures, three calcitic (tabular, irregularly platy, and granular) and two 

aragonitic (granular-platy and fibrous). The calcitic microstructures consist of 

crystal aggregates that transition from tabular or irregularly platy to granular 

assemblies. Fibrous aragonite consists of fibers arranged into spherulites. In all 

cases, the crystallographic textures are axial, and stronger in aragonite than in 

calcite, with the c-axis as the fiber axis. We reconstruct the biomineralization 

sequence in the different species by considering the distribution and morphology 

of the growth fronts of crystals and the location of the secretory epithelium. In 

bimineralic species, calcite formation always predates aragonite formation. In 

interior compound walls, growth proceeds from the cuticle toward the zooecium 

interior. We conclude that, with the exception of tabular calcite, biomineralization 

is remote and occurs within a relatively wide extrapallial space, which is 

consistent with the inorganic-like appearance of the microstructures. This 

biomineralization mode is rare among invertebrates. 
 

1. Introduction 

As was described for the stenolaemate bryozoans, previous research in 

gymnolaematans has described different microstructures arranged in distinct 

layers, either primary, secondary or even tertiary, according to the secretion 

sequence during skeletal wall growth. As explained in the general introduction 

(section 1.2), the box-shaped zooid chamber of gymnolaemates leads us to 
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distinguish principally between the inner walls and the frontal wall. The inner 

walls can be basal or vertical, and two vertical walls separating adjacent zooids 

with the cuticle in the middle are called “inner compound walls”. It is important 

to highlight that in the group of anascans, the frontal wall is named as 

“cryptocyst” and in the group of ascophorans is known as the “frontal shield” 

(explained in the introduction chapter, section 1.2). 

Regarding the microstructures of cheilostomes, the vast majority of studies 

have focused on bimineralic species (Taylor et al. 2015). The first studies based on 

SEM images and X-ray diffraction were performed on the genus Metrarabdotos by 

Boardman and Cheetham 1969 and Cheetham et al. 1969. According to their 

results, a primary calcitic “lamellar layer” constitutes the interior basal and 

vertical walls, as well as the inner layer of the frontal shields. While a secondary 

aragonitic “fibrous or wavy-lamellar layer” formed the outermost layer of the 

frontal shields (Figs. 1 and 2).  

 

Figure 1. Longitudinal (above) and transversal (below) cross-section of an ascophoran 
“umbonuloid type” cheilostome bryozoan. The diagram shows different ontogenetic stages 
of the growing edge of a colony. Note the characteristic box-shaped zooid chambers. The inner 
walls (basal and vertical) are the first to be formed, and are constituted by parallel lamellar-
like microstructures. The frontal shield is subsequently formed, firstly by a basal lamellar 
layer and later by fibrous or wavy layers. From Boardman and Cheetham (1969). 
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Later, in an in-depth 

study with fossil and recent 

specimens, Sandberg (1971) 

recognized the same 

aragonitic microstructure in 

the frontal shield, which he 

named “transverse fibrous”. 

He also described a total of 

six different calcitic 

microstructures grouped 

into “parallel layers” 

(lamellar, massive internal, fibrous, and crystal stacks) and “transverse layers” 

(columnar or “cell-mosaic” and transverse fan).  

More recently, Weedon and Taylor (2000) recognized seven different 

fabric suites in sixteen extant anascan (with primitive organization) cheilostome 

species (Fig. 3). All these microstructures can be grouped into both “platy or 

lamellar-like microstructures”, where the plates are arranged into irregular 

lamellae parallel to the surface, and “perpendicular fibrous aragonitic 

microstructure”, formed by perpendicular fibers arranged into spherulites in the 

frontal shield (Benedix et al. 2014; Sandberg 1977; Smith and Girvan 2010).  

In entirely calcitic cheilostomes, the same platy layer was found by Bader 

and Schäfer (2004). Additionally, they described a secondary inner layer defined 

Figure 2. Diagram of transversal (A) and longitudinal (B) 
cross-section of Metrarabdotos (ascophoran “umbonuloid 
type”) cheilostome bryozoan. Detailed views (C and D) 
of the primary and secondary layers of the frontal shield. 
From Cheetham et al. (1969). 

Figure 3. Summary table of the seven different microstructures described by Weedon and 
Taylor (2000) in gymnolaemate bryozoans. 
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as “densely packed crystallites” (i.e., granular layer). There have been fewer 

studies done exclusively on aragonitic bryozoans. This is most likely due to their 

lower abundance (notable examples are the free-living genera Cupuladria and the 

hermit crab-symbiont Hippoporidra; see Taylor et al. 2015). However, their 

microstructures are similar to those found in bimineralic bryozoans: elongated 

thin fibers arranged into spherulites.  

Despite the relevance of 

cheilostome bryozoans as calcifiers, 

only one study has dealt with the 

crystallography of the microstructures. 

Examining the bimineralic Anoteropora 

latirostris, Jacob et al. (2019) (Fig. 4) 

determined by SEM-EBSD that calcite 

grain aggregates showed a stronger 

texture (“5–7,4 multiples of uniform 

distribution”) than those of aragonite 

(“2,4 multiples of uniform 

distribution”). Both calcite and 

aragonite aggregates displayed a significant intragrain misorientation (identified 

by Jacob et al. 2019, as “mesocrystals”) and ~ 45% of aragonite grains were 

twinned on the {110} plane. However, regarding cheilostome bryozoans, there is 

a lack of in-depth studies that elucidate the repertoire and crystallography of 

microstructures, in a way similar to those conducted on other calcifying groups 

such as molluscs, brachiopods, corals, and foraminifera (Checa et al. 2021; 

Coronado et al. 2019; Crippa et al. 2020; Simonet Roda et al. 2022; Yin et al. 2021). 

Here, we analyze the mineralogy, crystallography, and distribution of the 

calcitic and aragonitic microstructures present in eight cheilostome bryozoan 

species by SEM, energy dispersive spectroscopy (EDS) and electron 

backscattered diffraction (EBSD). Additional data were obtained with atomic 

Figure 4. EBSD analysis of the skeletal 
structure of Anoteropora latirostris. The 
superimposed EBSD maps over the micro-
CT image show the distribution of the inner 
calcitic layer and the external aragonitic 
layer. Adapted from Jacob et al. (2019). 
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force microscopy (AFM) and micro-computed tomography (Micro-CT). Taking 

into account the growth directions of crystal aggregates and the morphology and 

distribution of growth lines, we unravel the sequence of biomineralization in the 

different species.  

 

2. Materials and methods 

2.1. Material 

Eight species of cheilostomate bryozoans were analyzed: the anascan Calpensia 

nobilis (Esper, 1796), Fam. Microporidae (though the recent molecular studies of 

Orr et al. 2022, and Grant et al. 2023 suggest that Calpensia is closely related to 

Thalamoporellidae and Steginoporellidae) and the ascophorans Schizobrachiella 

sanguinea (Norman, 1868), Fam. Schizoporellidae, Rhynchozoon neapolitanum 

(Gautier, 1962), Fam. Phidoloporidae, Schizoretepora serratimargo (Hincks, 1886), 

Fam. Phidoloporidae, Pentapora fascialis (Pallas, 1766), Fam. Bitectiporidae, 

Adeonella pallasii (Heller, 1867), Fam. Adeonidae, Schizomavella cornuta (Heller, 

1867), Fam. Bitectiporidae, and Smittina cervicornis (Pallas, 1766), Fam. 

Smittinidae. Samples were collected at depths between 3 and 20 m in the Adriatic 

Sea (Korčula and Lombarda Island, Croatia) in 2008 and stored in 97% ethanol.  

 

2.2. Micro-computed tomography (Micro-CT) 

Fragments of colonies of four species (Calpensia nobilis, Schizoretepora serratimargo, 

Schizomavella cornuta, and Smittina cervicornis) were selected for micro-CT 

analyses. The scans were performed in an X-ray microtomograph Xradia 510 

VERSA Zeiss (CIC, UGR). The fragments were fixed to the tip of a needle holder 

with glue and calibrated with the following parameters: 80 kV acceleration 

voltage, 7 W power, 75 μA beam current, and 4x magnification objective. The 

binning used was “bin 1” for the CDD camera detector, with a voxel size of 0.9951 
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μm. The total number of projections was 3201. The distance from the source to 

the sample was 25 mm, and the distance from the detector to the sample was 60 

mm. The exposure time (per projection) and the source filter were adjusted for 

each sample: 14 s and LE2 filter for C. nobilis, 20 s and LE2 filter for S. serratimargo, 

24 s and LE3 filter for S. cornuta, and 22 s and LE4 filter for S. cervicornis. For 

center shift and beam hardening effect corrections, images were processed using 

Reconstructor Scout and ScanTM (Zeiss, Oberkochen, Germany). We used 3D 

image analysis, Dragonfly ProTM (Object Research System, slice registration 

method SSD) for advanced post-processing. 

 

2.3. Scanning electron microscopy (SEM) 

Fragments of each species were cleaned by immersion in commercial bleach (~ 

5% active chlorine) for 2 h in a stirring set. Then, the bleach solution was removed 

by several sonicated washes in ultrapure water, for 2-3 min each. Once oven-

dried at 40 °C for 24 h, some fragments were selected for observation, whereas 

others were embedded in epoxy resin (EpoFix, Struers). After 48 h of hardening, 

each sample section was exposed by successive grinding steps with 360, 600, 

1200, and 3000 (ANSI/CAMI US grit numbers) electroplated diamond discs. 

Subsequently, the surfaces were polished with high-density wool felt pad discs 

(adding first 1 μm, followed by 0.25 μm polycrystalline diamond suspension, 

Struers), until reaching a mirror surface. A Hi-Tech Diamond polishing machine 

(All-U-Need model) was used both for grinding and polishing. Finally, an 

etching and decalcifying solution (2.5% glutaraldehyde, 0.25 M HEPES buffer, 

and 0.05 M EDTA) was applied directly to the exposed surfaces for 1 min in a 

stirring module. SEM observations were performed after carbon coating 

(Emitech K975X carbon evaporator) using secondary electron (SE) and back 

scatter electron (BSE) detectors in a field emission SEM FEI QemScan 650 F, a 

Helios Nanolab 650, and a Carl Zeiss SMT AURIGA Crossbeam Station. All the 
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equipment was housed in the Centro de Instrumentación Científica (CIC, 

University of Granada, UGR) and in the Servicios Centrales de Apoyo a la 

Investigación (SCAI, University of Málaga, UMA). 

 

2.4. Electron backscattered diffraction (EBSD) 

EBSD (61) maps were performed on the eight species studied. The same samples 

prepared for SEM observation were finished with a manual etch-polishing step, 

applying colloidal alumina for 3 min. The samples were coated with 4 to 6 nm of 

carbon (Leica EM ACE200). Measurements were taken on a Hitachi SU5000 field 

emission SEM, equipped with an Oxford Instruments NordlysNano II EBSD 

detector. The SEM was operated at 20 kV, and Kikuchi patterns were indexed 

with the CHANNEL 5 HKL software. EBSD measurements were performed in 

step increments between 200 and 500 nm. 

 

2.5. Atomic Force Microscope (AFM) 

Colony fragments of Rhynchozoon neapolitanum, Pentapora fascialis, and Smittina 

cervicornis were cleaned by immersion in commercial bleach (∼5% active Cl, 8h). 

The bleach solution was then removed by 2 to 3 washes in MilliQ water by 

sonication, for 2-3 min each. Once oven-dried at 40 °C for 24 h, samples were 

reduced to small fragments, oriented and placed on flat metal discs for AFM 

observation, so that the external surfaces and walls sections were exposed. 

Additionally, the samples of these species prepared for SEM (embedded in resin 

and polished as explained above) were analyzed. An AFM Park Systems NX20 

equipped with a cantilever MikroMasch ACTA (K = 40 N/m, F = 320 kHz) (CIC, 

UGR) was used in Tapping and PinPoint modes to record height, amplitude, and 

phase signals. Images were obtained with Smart Scan v12 and processed using 

XEI software (4.3.0. Build2, Park Systems). 
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3. Results 

3.1. Colony structure and zooid arrangement 

The bryozoans were analyzed from either encrusting unilaminar (e.g., Calpensia 

nobilis and Schizomavella cornuta; Fig. 5A-E) or erect ramose bilaminar colonies 

(e.g., Schizoretepora serratimargo and Smittina cervicornis; Fig. 6A-F). In the 

encrusting colonies, the basal wall attaches directly to the substratum (Fig. 5A 

and B) while in the erect colonies, the zooids are disposed in a bilaminar layer, 

with back-to-back basal walls (Fig. 6C and E).  

Some of the species studied exhibit a well-developed polymorphism. For 

instance, avicularia can be distinguished in both S. cornuta and S. serratimargo. S. 

cornuta has only small suboral avicularia (Fig. 5D) and S. serratimargo has 

numerous adventitious avicularia, some of which are larger than others (Fig. 6A). 

Intact and fractured ovicells (calcified brooding capsules for the embryos) can be 

found distally from the orifice in some autozooids (rounded and darker 

depressions in Fig. 6A). 

An example of the inner volume occupied by the zooids and the funicular 

system is shown for S. cervicornis (Fig. 6F). The areolar pores connect the inner 

zooidal coelom with the hypostegal coelom (between the frontal shield and the 

frontal cuticle). Additionally, the communication pores that cross the compound 

lateral walls of two neighboring zooids are highlighted in the framed area of Fig. 

6F. 
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Figure 5. Micro CT images of the encrusting colonies of Calpensia nobilis (A-C) and Schizomavella 
cornuta (D-E). A. Frontal view of the colony fragment. The zooids are arranged in a single layer; 
they are aligned in rows and offset with respect to the zooids of the neighboring rows. The orifices 
display a semicircular shape and the cryptocyst, which lies below the frontal membrane in the 
living organism, is perforated by pores. The interior of the chambers of the zooid is progressively 
exposed toward the bottom (zoomed view of the framed area), revealing the thin interior walls. 
B. Two lateral views of the same fragment sectioned at different depths. The unilaminar 
encrusting colony structure can be seen. C. Oblique view of an isolated zooid. There is a slight 
contrast between the calcitic interior walls (darker) and the aragonitic cryptocyst (lighter) 
(indicated). D. Frontal view of a colony fragment. The orifices display a semicircular shape and 
all zooids have small suboral avicularia. The frontal shield exhibits a nodular surface (close-up 
view to the right). The zooids are slightly offset to each other. E. Fragment sectioned slightly 
oblique to the frontal surface; the areolar pores can be seen along the interior compound walls. 
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3.2. Mineralogy 

The distribution of calcium carbonate polymorphs (calcite and aragonite) was 

determined by EBSD phase maps and Mg/Sr EDX maps (Figs. 7, 8, and 9). We 

grouped the eight cheilostome species into (1) bimineralic (Schizobrachiella 

sanguinea, Calpensia nobilis, Schizoretepora serratimargo, Pentapora fascialis and 

Adeonella pallasii, Fig. 7), (2) calcitic (Smittina cervicornis, Fig. 8), and (3) 

predominantly aragonitic (Rhynchozoon neapolitanum and Schizomavella cornuta, 

Fig. 9). In bimineralic bryozoans, calcite constitutes the main structures of the 

zooecium: interior vertical and compound walls and the first basal layers of the 

frontal shield (or cryptocyst in C. nobilis), while aragonite is only present in the 

outermost layer of the frontal shield (or cryptocyst in C. nobilis). We identified 

five main microstructures: three calcitic (tabular calcite, irregularly platy calcite, 

and granular calcite) and two aragonitic (fibrous aragonite and granular-platy 

aragonite).  

 

 

 

 

 

 

 

 

 

 Figure 6. Micro CT images of the erect ramose colonies of Schizoretepora serratimargo (A-C) and 
Smittina cervicornis (D-F). A. Frontal view of the colony fragment. Different polymorphic zooids 
can be observed (autozooids and avicularia). B. Same fragment as in A sectioned longitudinally, 
exposing the interior of the zooids and the thick interior vertical walls (compound walls). The 
zooids are arranged in a zigzag pattern. C. Cross-sectional view, showing the double-layer 
arrangement of the zooids. D. Erect-branched colony. E. Close-up of a branch sectioned along 
two perpendicular planes, demonstrating the zooid disposition and the thick external frontal 
shields. F. Image of the inner volume occupied by the zooidal polypides, revealing the areolar 
channels oriented toward the frontal shield. 
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Figure 7. Microstructures and calcium carbonate polymorph distributions of the bimineralic 
bryozoans analyzed. A-C. Schizobrachiella sanguinea. D-F. Calpensia nobilis. H-I. Schizoretepora 
serratimargo. J-L. Pentapora fascialis. M-O. Adeonella pallasii. The left and intermediate columns are 
representative SEM images. The right columns are EBSD phase (C, F, I and L) and EDX (O) maps 
performed in each sample. 
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Figure 8. Microstructures and calcium carbonate polymorph distribution of the fully calcitic 
bryozoan analyzed, Smittina cervicornis. A and B. SEM images of representative areas. C. EBSD 
phase map. 
 

Figure 9. Microstructures and calcium carbonate polymorph distribution of the aragonitic 
bryozoans analyzed. A-C. Rhynchozoon neapolitanum. D-F. Schizomavella cornuta. The left and 
center columns are SEM images of representative areas. The right columns are EBSD phase maps 
(C and F). 
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3.3. Microstructures of the bimineralic bryozoans 

3.3.1. Calcite microstructures 

Tabular calcite is only present in the center of the interior vertical and compound 

walls of Calpensia nobilis (Fig. 10A-C). It consists of thin flat rhomboidal crystals 

that are tightly stacked and parallel to the inner surface (Fig. 10A). The tablets are 

typically spiral-shaped and the step size is the thickness of one tablet (see inset 

in Fig. 10B). The number of sides ranges from 4 to 6, and their diameters can reach 

up to 10 μm, depending on the growth stage. In a cross-section view, the 

thickness of the tablets ranges between 100 nm to 300 nm, and the boundaries are 

marked by abundant organic threads (Fig. 10C). At high magnification, the 

growth lines and the surface nano-roughness of the polygonal tablets, are visible 

(Fig. 10B). Growth lines indicate that tablets spread laterally until colliding with 

other tablets growing at the same level (Fig. 10B).  

Irregularly platy calcite is made up of lamellar crystals that constitute the 

central part of the interior vertical and compound walls in Schizoretepora 

serratimargo, Schizobrachiella sanguinea, and Pentapora fascialis, arranged parallel to 

each other and to the inner surface (Fig. 10D-G). The thickness of individual 

lamellae is not constant because of the undulate morphology of their boundaries, 

and wedging out of lamellae is also frequent (Fig. 10E, F, and G). The thickness 

ranges from 0.2 μm to 3 μm, while the lateral extensions can vary from 10 μm to 

several tens of micrometers. Hence the name “irregularly platy”. Slight etching 

and decalcification treatment on polished surfaces reveals the dense distribution 

of organic threads encasing the crystals (inset in Fig. 10D). 
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Figure 10 SEM images of the tabular (A-C) and platy (D-G) calcites. A-C. Calpensia nobilis. A. 
Fragment of interior vertical and basal walls, composed entirely of tabular calcite (inset) in an 
early stage of development. B. Detailed view of an unaltered inner surface. The spiral-shaped 
polygonal tablets cover the entire surface. The surface nano-roughness and the growth lines are 
visible (inset). C. Cross-section of a wall showing the stacking of tablets, which produces a 
lamellar arrangement. The organic threads between the crystals are visible in the bottom image. 
D. Polished and slightly decalcified compound wall of Schizoretepora serratimargo made of 
irregularly platy calcite. The crystals grow from the cuticle inwards in both directions (arrows). 
The inset shows the organic threads that surround the crystals. E. Polished-etched section 
through compound walls of Schizobrachiella sanguinea, showing the irregular and sinuous outlines 
of the laminae of the irregularly platy calcite. The lamellar crystals are arranged parallel to the 
inner surface, adapting tightly to the curvature at the corners. Dashed arrows indicate the growth 
directions of the layers. F, G. Pentapora fascialis. F. Polished section along two zooid chambers. 
The zoomed area shows the irregularity of the platy calcite. The dashed white arrows indicate 
the growth directions. G. Fracture of an interior vertical wall. The platy calcite becomes organized 
and grows from a finely granular central region (outlined) in both directions (white arrows). A 
thin granular layer covers the innermost surface. 
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Figure 11. Relationship between calcitic microstructures in bimineralic bryozoans. A-C. Polished 
sections of compound walls of Calpensia nobilis. A. Compound wall. Tabular calcite is present from 
the center (dashed lines) and extends on both sides. As the wall thickens, the tablets become more 
and more compact until they finally grade into a thick granular calcite layer. B, C. Interior walls 
at the corners. Granular calcite covers the innermost surface of the zooecium, becoming thicker 
at the corners. The grains display an internal fibrosity coincident with the marginal serrated teeth 
(inset in C). D. Polished sections of a compound wall of Schizoretepora serratimargo. Similar to 
tabular and granular calcite, the irregularly platy calcite becomes progressively more compact 
until changing into granular calcite. The close-up view of the framed area demonstrates that the 
fibrosity is continuous across both microstructures. E. Polished and slightly decalcified section of 
a thin compound wall of Schizobrachiella sanguinea. The transition from irregularly platy to 
granular calcite is barely perceptible. F, G. Polished compound wall sections of Pentapora fascialis. 
As usual, the transition from irregularly platy to granular calcite is gradual. The internal fibrosity 
of crystals is also continuous across both layers and can be traced up to the boundary with the 
aragonite layer (see inset in F). A magnified view (inset in G) shows the surface nano-roughness 
of the granular calcite. H. Polished compound wall section of Adeonella pallasii. Granular calcite is 
found at the interior walls of the zooecium. Fibrous aragonite spreads from the cuticle inwards 
and between the pores, which are in turn surrounded by granular-platy aragonite in a concentric 
disposition. White dashed arrows indicate the growth directions. 
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Granular calcite was found in all bimineralic bryozoans analyzed. It 

constitutes a relatively coarse layer that is always at the interior of the zooecial 

chambers or below the outer aragonite layers of the frontal shield (Figs. 11 and 

13). In cross-section, the grains range from 3 to 10 μm in width, and from less 

than 5 to more than 20 μm in length (Fig. 11A-H; Fig. 12A and B), becoming 

particularly large in the curvature zones (i.e., at the angles) of the interior walls. 

They extend in the direction of growth and demonstrate irregular boundaries 

(pseudodendritic) with neighboring grains (Fig. 11A-C). When conveniently 

etched, the granular crystals display an internal fibrosity. The individual fibers 

are closely spaced, oriented towards the growth direction, and terminate into the 

small teeth of the serrated margins (Fig. 11C, D and inset in F). This internal 

fibrosity can also be appreciated in fractures (granular layer in Fig. 13C and inset 

in G). In a magnified view, the characteristic surface nano-roughness is revealed 

(inset in Fig. 11G). The AFM phase signal (Fig. 12C) does not show any consistent 

change in composition. The size of the nanoprotrusions ranges from several tens 

to more than 100 nm (Fig. 12C). 
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Figure 12. AFM analysis of the granular calcite of the frontal shield of Pentapora fascialis. A. From 
left to right, SEM images at increasing magnifications of a region similar to that scanned with the 
AFM. The surface nanoroughness can be appreciated in the right image. B. AFM height images 
at increased magnifications (framed areas) of the granular calcite. The profiles of the transects 
outlined in the height images indicate sizes of the calcite grains ranging from 10 μm to 14 μm in 
width. The selected nano-protrusion has a diameter of 113 nm and a height of 5 nm (see the 
graphs). C. The phase image shows dark/light contrast between different areas. 

 

3.3.2. Aragonite microstructures 

In bimineralic species, fibrous aragonite forms the outermost layer of either the 

cryptocyst (in Calpensia nobilis, Fig. 13A-B) or the frontal shield (in all other 

bimineralic species, e.g., Schizoretepora serratimargo and Pentapora fascialis, Fig. 

13C-H), which is secreted onto a basal calcitic layer (tabular, platy, or granular) 

(Fig. 13B and D). Fibrous aragonite is made of thin and long crystals arranged 

into spherulites (Fig. 13C, F, and H), whose growth surfaces protrude toward the 

frontal surface, giving it a nodular aspect (Fig. 13C). This nodularity is enhanced 
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when the frontal shield is perforated by the frontal or areolar pores (Fig. 13E and 

F). The size of the fibers of the cryptocyst of C. nobilis is smaller (60-150 nm in 

width, 2-4 μm in length, Fig. 13A) than those of the frontal shields of the 

ascophoran species. For instance, in P. fascialis the fibers range from 200 nm to 

600 nm in width and from 2.5 μm to >10 μm in length (Fig. 14A-C). The 

nanoroughness of the surface can be seen at higher magnification (Fig. 14B and 

C) but no contrast differences were detected in the AFM phase signal (Fig. 14D). 

The size of the nanoprotrusions may vary from several tens to over 150 nm, 

slightly larger than those analyzed in the granular calcite (see Fig. 14C). 

Granular-platy aragonite was only found in Adeonella pallasii, 

surrounding the pores of the frontal shield (Figs. 7M-O, 11H, and 13I-K). In cross-

section, irregularly platy aragonite units can be confused with those of the 

irregularly platy calcite. Nevertheless, the platy aspect is less well-developed and 

the crystals often appear subdivided transversely, leading to the formation of 

granular units with angular outlines (Fig. 13I, J and K), sometimes reminiscent of 

crystal faces (Fig. 13K, inset). The sizes of grains vary from less than 1 μm to more 

than 5 μm in length and from less than 200 nm to 1 μm in width. 
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Figure 14. AFM analysis of the fibrous aragonite that surrounds the pores of the frontal shield of 
Pentapora fascialis. A. From left to right, SEM images at increasing magnifications (framed areas) 
of a region similar to that scanned with AFM. B. High-magnification view of a set of fibers where 
the surface nano-roughness can be appreciated. C. From left to right, AFM height images of the 
fibrous aragonite at increasing magnifications (framed areas). The profiles of the transects drawn 
at the height images give fiber lengths of 10 µm and close to 0.6 µm in width. The transects of the 
highest resolution images indicate that the diameter of the selected nano-protrusion is 160 nm 
and a height of 30 nm. D. The phase map appears homogeneous, indicating no changes in the 
composition. 
 
 Figure 13. Fibrous aragonite in bimineralic bryozoans. A. Fractured cross-section of the 
cryptocyst of Calpensia nobilis. The aragonitic fibers directly overlie the basal layer of tabular 
calcite. B. Polished cross-section of the cryptocyst, showing the transition from tabular to granular 
calcite, and the change to fibrous aragonite (growth direction indicated by the dashed white 
arrow). C. Fracture of a frontal shield of Schizoretepora serratimargo. The basal layer of granular 
calcite predates the fibrous aragonite layer. The close-up of the framed area (right) shows the 
spherulites of aragonite, which give a nodular appearance to the outer surface. D. Polished section 
of the frontal shield, displaying the same sequence of microstructures as in the cryptocyst of C. 
nobilis: irregularly platy calcite, granular calcite, and fibrous aragonite. The white dashed arrows 
indicate growth direction. E. Lateral view of several fractured zooecia of Pentapora fascialis 
showing their frontal shields, the vertical walls, and the smooth interior skeletal surfaces. F, G. 
Close-up views of the frontal shield. The aragonite spherulites grow onto the calcite layers (inner 
platy and middle granular), forming the protuberances of the frontal surface around the pores. 
The granular calcite displays toothed external surfaces (inset in G). H. Polished longitudinal 
section of a frontal shield, showing the basal layers of platy and granular calcite and the outer 
layer of fibrous aragonite. The aragonite fibers display a fan-shaped arrangement (close up). The 
dashed arrows indicate growth directions. I. Longitudinal cross-section of the frontal shield of a 
zooid of Adeonella pallasii, showing the numerous frontal pores. J. View of a compound wall with 
the cuticle at the top, the granular-platy aragonite surrounding the pore, and the fibrous aragonite 
spreading in between, in a fan-shaped arrangement. K. Detailed view of the granular-platy and 
fibrous aragonites. The platy units are subdivided, forming angular grains (inset). 
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3.4. Microstructures of the calcitic bryozoans 

The only bryozoan analyzed that possessed a wholly calcitic skeleton was 

Smittina cervicornis (Figs. 8A-C and 15). The microstructures that are secreted are 

irregularly platy and granular calcite (Fig. 15A and B), identical to those found in 

bimineralic bryozoans. The layer adjacent to the cuticle in compound walls is 

made of irregularly platy calcite (Fig. 15C and D), while a granular calcite layer 

covers the inner surfaces of the zooecium. As the frontal shield thickens, there is 

a smooth transition from a platy to a granular microstructure (of the kind 

described in bimineralic bryozoans). Towards the surface, the irregularly platy 

calcite becomes more undulated, and the growth increments become more 

marked (Fig. 15E). Fibers reveal a surface nanoroughness under high 

magnification (Fig. 16A). The phase signal shows changes in contrast, indicating 

variations in composition. Nanoprotrusions range from a few tens to more than 

100 nm (see Fig. 16B and C), similar to those from granular calcite in bimineralic 

bryozoans (Fig. 12B). 
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Figure 16. AFM analysis of the irregularly platy calcite of the external wall of Smittina cervicornis. 
A. From left to right, SEM images at different magnifications (see framed areas) of a similar region 
to that scanned with the AFM. The surface nanoroughness is clearly visible in the right image. B. 
AFM height images at increased magnifications (framed areas) of the region scanned. The height 
profiles indicate a width of the selected calcite plate of 1.2 µm (left) and a diameter of 114.5 nm 
of the selected nano protuberance, with a height of 30 nm (right). C. Phase image showing the 
presence of a dark phase at the top edges of the nanoprotrusions. 

 

 

 

 Figure 15. SEM images of the irregularly platy and granular calcites of Smittina cervicornis. A. 
Polished colony fragment. The section plane cuts the zooids longitudinally. B. Polished surface 
of the compound walls between adjacent zooids. The white dashed arrows indicate the growth 
direction from the cuticle between the zooids (marked with broken lines) toward the interiors of 
the chambers (detailed view in the inset). The close-up of the framed area shows the transition 
from platy to granular calcite. Due to the high curvature of the wall, the grains (growing at high 
angles to the wall) converge along irregular bisecting lines (thin broken lines). C, D. Polished-
etched compound wall in longitudinal section. The growth direction proceeds from the cuticle 
towards the zooid interior, with the irregularly platy calcite forming first, followed by the 
granular calcite. The irregularly platy calcite surrounds the areolar pores and their laminae 
display a concentric disposition (D). The fibrous nature of the cuticle can be appreciated (inset in 
D). E. Polished cross-section of a frontal shield. Two growth directions are discernible: (1) toward 
the zooid interior (left) and (2) toward the frontal surface (bottom dashed arrows). 



Organization and crystallography of the microstructures in bryozoans and serpulids 

112 

3.5. Microstructures of the aragonitic bryozoans 

Rhynchozoon neapolitanum and Schizomavella cornuta (Fig. 17) are the only species 

whose skeletal structures (interior walls, compound walls, and frontal shields; 

Fig. 9) are made entirely of fibrous aragonite. As described above for bimineralic 

bryozoans, fibrous aragonite consists of fibrillar crystals arranged into 

spherulites. The convex, free surfaces of the spherulites produce a nodular aspect 

to the outer surface of the frontal shield (Fig. 17A). Individual fibers are 2 to ~40 

μm long, depending on the size of the spherulite, and 0.5 to 1 μm wide (Fig. 17B, 

C, E and F). In the interior walls, the fibers nucleate onto an unstructured, 

granular central layer and spread on both sides toward the inner surfaces. The 

result is a wall with a sandwiched structure (Fig. 17D). In the compound walls 

that separate adjacent zooids, the fibers nucleate from the cuticle (placed at the 

center) toward the interior of the zooecium (Fig. 17E). In both cases, the inner 

surfaces are relatively smooth. At the frontal shield, the aragonite fibers spread 

toward the exterior (Fig. 17F-H). During the thickening of the frontal shield, the 

spherulites merge with each other. In polished sections, nucleation centers are 

clearly visible (Fig. 17F). The growth surface of the spherulites is convex or 

straight, depending on whether it grows free or abuts a neighboring spherulite 

(Fig. 17G and H).  
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Figure 17. SEM images of the fibrous aragonite of Rhynchozoon neapolitanum (A, B, D, F) and 
Schizomavella cornuta (C, E, G, H). A. Autozooid and adventitious avicularia of R. neapolitanum. 
The close-up view to the right shows the nodular reliefs. The small inset shows the granular 
aspect of the external surface. B, C. Detailed views of the bundles of aragonite fibers of both 
species. D. Fracture of an interior wall of R. neapolitanum. The aragonite crystals grow 
bidirectionally from a granular center, resulting in a sandwich structure. E. Polished compound 
wall sections of S. cornuta. The aragonite crystals grow from the cuticle toward the zooid interiors 
in both directions. F. Polished fragment of R. neapolitanum. The section plane cuts through the 
frontal shield, showing the outlines of the spherulites. G. Polished section of a zooid of S. cornuta. 
The spherulites produce a nodular appearance of the frontal shield. H. Polished section along the 
frontal shield. The close-up of the framed area shows the outlines of the spherulites composed of 
radiating fibers and displays marked growth increments. White dashed arrows in D, E and G 
indicate growth direction. 
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3.6. Crystallography 

The crystallography of the tabular and granular calcite of Calpensia nobilis is 

shown in Fig. 18. The selected map was done on the interior walls of a zooid 

chamber. The boundary between the tabular and granular (on the inner side) 

microstructures is delineated in the band contrast map (Fig. 18A), demonstrating 

good signal strength of the measurement. The phase map indicates that the 

interior walls are made entirely of calcite (Fig. 18B). The entire EBSD color 

orientation map (IPFz map, Fig. 18C) reveals a broad color variation, which 

suggests no preferred orientation of the calcite crystals. The pole figures of the 

map display a scattered distribution of the crystallographic axes (Fig. 18C), due 

to the curvature of the walls. The MUD value (12) for the map, indicates a low co-

orientation of the crystallographic axes. Locally, similar colors extend from the 

tabular to the granular microstructures, delineating relatively big 

“crystallographic domains” with a uniform orientation. This indicates 

crystallographic continuity between the two microstructures. This continuity can 

be better appreciated in the selected subsets of Fig. 18D and E (MUD values 114 

and 64, respectively). If only the tabular calcite layer is selected, the c-axes are 

roughly parallel to the growth surface (Fig. 18F). The maxima spread in the 

contour pole figures (with a MUD value of 30), partly due to the c-axes following 

the curvature of the wall (as indicated by the unit cells, Fig. 18F).  
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Figure 18. EBSD analysis of the interior walls of a zooid of Calpensia nobilis, comprising tabular 
and granular calcite. A. Band contrast map. The lighter or darker regions correspond to stronger 
or weaker EBSD diffraction signals, respectively. The framed areas are analyzed in detail in D, E 
and F. B. Phase map showing that all the interior walls are made of calcite. C. EBSD map. The 
color triangle is the orientation color key. The varied colors indicate a non-preferred orientation 
of the crystallographic axes, as shown by the pole figures. The low MUD for the entire map (12) 
is partly due to the changing orientation of the wall. The orientation of selected grains is also 
provided by the unit cells. D. Detailed view of an interior wall corner. The tabular calcite grades 
into granular calcite without a significant change in orientation (note similar colors and unit cell 
orientations). The pole figures indicate that the c-axes are at a high angle to the section plane. E. 
Magnified area of the wall cross-section. The selected subset comprises both tabular and granular 
calcite. No changes in the orientation from one microstructure to the other are observed (as 
indicated by the unit cells). The pole figures indicate that the c-axes are roughly parallel to the 
section plane and to the elongation of the wall. F. Subset of the tabular calcite layer only. The c-
axes lie parallel to the section plane and to the growth surface, showing a change in orientation 
coinciding with the curvature of the wall (see the unit cells). Color key to the top right of C, valid 
for all maps. 
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The crystallography of the granular calcite and the fibrous aragonite 

microstructures of bimineralic bryozoans is represented by the Pentapora fascialis 

example (Fig. 19A and B). The selected map was obtained in a cross-section that 

cuts obliquely through the frontal shield. In the band contrast map (Fig. 19C), the 

regions corresponding to the fibrous aragonite (composed of smaller crystals) 

present a lower signal strength (darker areas) than those of the granular calcite 

(lighter areas). The phase map (Fig. 7J-L) supports the distribution of aragonite 

surrounding the pores in the outermost layer of the frontal shield (blue color, Fig. 

7L). The granular calcite (red color, Fig. 7L) is progressively exposed between the 

aragonite as the oblique sectioning plane reaches the basal calcitic layers of the 

frontal shield (see distribution of layers in Fig. 13E-H). An overview of the entire 

IPFz map (Fig. 19D) reveals a wide color variation for both microstructures, 

suggesting that the crystals are inconsistently oriented. The contoured versions 

of the pole figures of the calcitic and aragonitic microstructures show weak axial 

textures in both cases (Fig. 19E), with scattered maxima for the c-axes, indicating 

an orientation roughly perpendicular (aragonite) or oblique (calcite) to the 

section plane. The low MUD values (10 and 5 for calcite and aragonite, 

respectively) are evidence of the poor texture (Fig. 19E). An analysis of the change 

in co-orientation of the microstructures with growth is shown in Fig. 19F. We 

have cropped out areas corresponding to two different developmental stages of 

the fibrous aragonite. According to the lesser spread of the pole maxima of the 

contoured pole figures, and to the increase of the MUD values (from 18 to 38), the 

fibers become more co-oriented with growth.  
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Figure 19. EBSD analysis of the granular calcite and the fibrous aragonite of Pentapora fascialis. A, 
B. SEM images of a region similar to that analyzed for EBSD, corresponding to a longitudinal 
cross-section of the frontal shield. The middle layer of granular calcite (see Fig. 5E-G) is visible 
between the fibrous aragonite that surrounds the pores. The boundary between the calcite and 
the aragonite microstructures is visible (white dashed line). C. Band contrast map. The calcite 
shows stronger EBSD diffraction signals (lighter colors than the aragonite. D. IPFz map. The 
broad variety of colors indicates widely scattered orientations of the crystallographic axes for 
both microstructures. Orientation color keys are provided in E. E. Contour pole figures for the 
fibrous aragonite (top) and the granular calcite (bottom). The crystallographic axes depict a weak 
axial texture, with the c-axis as fiber axis. Accordingly, the MUD values are very low. The 
triangles are orientation color keys for aragonite and calcite. F. Selected subsets for the fibrous 
aragonite at two different growth stages. The selected area to the top comprises an initial growth 
stage starting at the boundary with the granular calcite. The region to the bottom belongs to a 
more advanced growth stage. The contour pole figures and their MUD values (18 and 38) indicate 
that the texture becomes stronger with growth. 

 

The crystallography of the irregularly platy and granular calcites of 

Smittina cervicornis is shown in Fig. 20. The analysis was performed on a large 

area comprising a longitudinal cross-section across several zooid chambers (Fig. 

20A and B). The bulk of the colony is made of calcite (see the phase map in Fig. 

8). The IPFz map (Fig. 20C) reveals a high incidence of reddish colors, which 

indicates that the c-axes of calcite are at a high angle to the sectioning plane. This 

is also shown by the contoured pole figures of Fig. 20C. The exceptions are the 

external walls and the areas adjacent to the cuticles (in green and blue), where 
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the c-axes lie at a low angle to the surface (subset to the bottom left in Fig. 20C). 

The crystallographic domains extend the platy and granular calcites, which 

indicates no distinction in crystallographic orientation. This is shown by the 

slight color variation and the slight dispersion of the pole figure maxima of the 

delineated and zoomed areas in Fig. 20C (with MUD values of 21 and 63). All the 

pole figures in Fig. 20C display an axial texture, with the c-axis as the fiber axis. 

Similar to the fibrous aragonite, the granular and irregularly platy calcites 

become more co-oriented with growth, as corroborated by the lesser spread of 

the pole maxima and the increase of the MUD values of areas corresponding to 

the different growth stages (Fig. 20D). 

 

Figure 20. EBSD analysis of the platy and granular calcites of Smittina cervicornis. A. SEM image 
of a longitudinal cross-section of a colony fragment. The section plane cuts throughout different 
zooid chambers and covers the entire width of the colony. The dashed wavy arrow indicates the 
colony growth direction. B. Band contrast maps of the areas framed in A, showing a good 
diffraction signal strength for all the measurements. C. EBSD orientation color maps (IPFz map) 
for the areas in B and contoured pole figures for framed regions and subsets (delineated with 
white lines). The MUD values are low (between 6 and 14) for the framed areas. The reddish colors 
predominate (i.e., the c-axis is at a high angle to the section plane), except in areas adjacent to the 
cuticle between zooids (compound walls) and at the external walls, where the c-axes are roughly 
parallel to the sectioned surface (subset to the bottom left). The calcite crystals are organized into 
big crystallographic domains with relatively high internal misorientations (bottom center selected 
green subset, with a MUD value of 63). The color triangle is the orientation color key. D. Selected 
areas along the external wall at increasing growth stages (from left to right). The lesser spread of 
the maxima in the contour pole figures and the increasing MUD values (from 13 to 22) indicate 
that the texture becomes stronger with growth. 
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The crystallography of the predominantly aragonitic bryozoans is 

represented by the examples of Rhynchozoon neapolitanum (Fig. 21A-C) and 

Schizomavella cornuta (Fig. 21D-F). The areas for EBSD measurements were 

selected on a longitudinal cross-section of the frontal shields (Fig. 21A and D). 

EBSD phase maps indicate the aragonitic nature of the samples (Fig. 9). The 

spherulites are discernible in the band contrast maps (Fig. 21B and E; compared 

to Fig. 17E and G); their centers have a weaker signal strength (darker areas) 

because the fibers are thinner and are disposed at a high angle to the section 

plane. The IPFz maps (Fig. 21C and F) show that the fibers are oriented 

predominantly perpendicular to the section plane (red color). Exceptions were 

found in S. cornuta, where the c-axes of the fibers are locally parallel to the section 

plane and perpendicular to the inner surface of the orifice of the sub-oral 

avicularia (top framed area in Fig. 21F). The pole figures display a neat axial 

texture for both samples, with the c-axis as the fiber axis. The MUD values 

indicate a weak to medium texture. 

 

Figure 21. EBSD analysis of the fibrous aragonite of Rhynchozoon neapolitanum (A-C) and 
Schizomavella cornuta (D-F). A, D. SEM images of the polished colony fragments. The section 
planes cut across the frontal shields of the zooids. The framed areas correspond to the regions 
analysed with EBSD. B, E. Band contrast maps showing darker hues at the centers of the 
spherulites, where the signal strength of the measurement is weak or absent. C, F. IPFz maps and 
pole figures (contoured version), displaying clear axial textures. The c-axes are perpendicular to 
the section plane, with the exception of the region around the sub-oral avicularia orifice in S. 
cornuta (F, top framed area), where the c-axes of the fibers are oriented roughly parallel to the 
section plane. 
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4. Discussion  

4.1. General structure and mineralogy of cheilostome bryozoans 
Cheilostomes develop a complex colony structure with a widespread and high 

level of zooid polymorphism (Figs. 5 and 6). In addition, feeding autozooids, 

defensive avicularia, brooding chambers (ovicells and gonozooids), and 

structural kenozooids are often found (Schack et al. 2019; Taylor 2020). 

Considering the larger variety of colony forms and functional zooids, and the 

higher colony growth rates (due to their better ability to obtain food) of 

cheilostomes compared to cyclostomes, it is not surprising that they have become 

the most successful bryozoan group from the Late Cretaceous to date (McKinney 

1992; Schack et al. 2019; Taylor 2020; Taylor and Waeschenbach 2015).  

The organic fraction present in the zooidal skeleton consists of the outer 

cuticle and the inter- and intra-mineral organic matter. The first studies 

performed on histological preparations were done with periodic acid Schiff and 

Mallory triple stain tests and revealed a cuticle composition predominantly of 

mucopolysaccharides, proteins, and chitin (Tavener-Smith and Williams 1972). 

Lombardi et al. (2023) demonstrated a similar composition in the intramineral 

soluble organic matter of three Antarctic calcitic bryozoans’ skeletons. 

Our samples included calcitic, aragonitic, and bimineralic bryozoans (Figs. 

7-9). In all bimineralic species, aragonite was always found in the frontal shield 

(or cryptocyst in Calpensia nobilis), whilst calcite constituted the structure of the 

interior compound walls and the basal layers of the frontal shield. According to 

numerous studies summarized by Taylor et al. (2009), there is a strong latitudinal 

pattern related to the mineralogy of the gymnolaemate bryozoans, since the 

number of aragonitic and bimineralic species increases towards the equator. This 

pattern was explained by the different solubilities of the calcium carbonate 

mineral phases, as high-Mg calcite and aragonite are more vulnerable at high-

latitude cold waters. Hence, solubility seems an important factor limiting the 
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geographical extent of species according to their mineralogy (Kuklinski and 

Taylor 2009). This latitudinal pattern is consistent with the mineralogy described 

in our samples, which were collected in the Adriatic Sea (see Material and 

Methods). 

 

4.2. Relationships between microstructures 

In the eight species of cheilostome bryozoans analyzed in this study, we detected 

five microstructures: three calcitic (tabular, irregularly platy, and granular) and 

two aragonitic (fibrous and granular-platy). To determine the growth sequences, 

we used the following criteria: (1) the cuticle is always the first structure to be 

secreted (Tavener-Smith and Williams 1972); (2) growth fronts can be deduced 

from the distribution and shape of crystal growth lines (Figs. 13H, 15C-E and 17E, 

F, H); (3) the contours of platy calcite units are considered as growth surfaces 

when they are subparallel to each other and, eventually, to the growth lines of 

granular calcite (Fig. 15E); (4) the grains on both sides of the boundaries between 

converging growth fronts of the granular calcite point in the growth direction 

(Fig. 15B, inset); (5) the spherulites spread from the nucleation center outwards 

in all directions (Fig. 17F-H). 

We observed recurrent relationships between the calcitic microstructures 

of both bimineralic and calcitic cheilostomes. Tabular calcite is the first 

microstructure secreted in Calpensia nobilis, and it grows from the cuticle (at the 

center of the compound walls) toward the zooecium interior. As the wall 

thickens, the tablets, which are stacked parallel to each other and surrounded by 

organics threads (Fig. 10C), gradually shift to a granular layer that ultimately 

covers the inner surfaces of the zooecium (white dashed arrows in Fig. 11A-C, 

and Fig. 22A). The same applies to the irregularly platy calcite. It is the first layer 

secreted at the center of the compound walls in the bimineralic bryozoans 

Schizobrachiella sanguinea, Schizoretepora serratimargo, and Pentapora fascialis (Fig. 
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10D-F and 11D-F) and in the calcitic bryozoan Smittina cervicornis (Fig. 15). The 

irregularly platy units grow from the cuticles in opposite directions toward the 

interiors of both zooids. Similar to the tabular calcite, the irregularly platy calcite 

gradually changes into granular calcite with growth (see white dashed arrows in 

Figs. 10D-F, 11D-F, and 15B-D; Fig. 22B).  

The crystallographic continuity observed between either the tabular or the 

irregularly platy calcite and the granular calcite (Figs. 18C-E and Fig. 20C) 

indicates that the microstructural change is merely due to the disappearance of 

the organic membranes typical of the former two microstructures. The only 

explanation we envisage is that, with wall thickening, there is a progressive 

decrease in the availability of organic components in the solidifying medium 

(extracellular space). The result is the formation of large calcite grains devoid of 

occluded organic membranes that are typical of the granular layer. Schoeppler et 

al. (2019) explained the transition from aragonitic granular to columnar to 

nacreous layers in different mollusc shells through a process analogous to that of 

directional solidification, well-known in the field of metallic materials science 

(Schoeppler et al. 2018). This process in mollusc shells is unlikely to be influenced 

by shifts in temperature, because biomineralization takes place at ambient 

temperature. However, supersaturation, the mineral deposition rate and the 

amount of organic matter have to be considered. Supersaturation would be 

reflected in the number of crystals (high: many crystals, low: few crystals), which 

is not observed in the walls of cheilostomes. Accordingly, the transition between 

microstructures may take place through a reduction in either the growth rate or 

the amount of available organic matter. At faster growth rates, the organic 

molecules would tend to be entrapped within the crystals, whereas at slower 

growth rates, they would be repelled and attach to the growth fronts, eventually 

forming organic membranes. Although we cannot rule out either possibility, 

there is neither evidence nor a clear reason why the rate of calcification should 

decrease during skeletal wall thickening. We opt for the possibility that a 
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decrease in the number of organic biomolecules released by the mineralizing 

tissue of the animal over time is responsible for the observed microstructural 

changes, without affecting the crystallographic continuity. A feasible proxy for 

growth rate is the Mg content of the calcite crystals (Gabitov et al. 2014; Nielsen 

et al. 2016). However, this analysis was not carried out in this study.  

In the primarily aragonitic cheilostomes Rhynchozoon neapolitanum, and 

Schizomavella cornuta, the bulk of the colony is made uniquely of fibrous aragonite 

(Fig. 17). However, no microstructural variations were observed in the different 

walls, where the fibers were always organized into spherulites, displaying a 

strong axial texture (Fig. 21). The same invariance was noted in the fibrous 

aragonite that forms the frontal shields (or cryptocyst in C. nobilis) of the 

bimineralic cheilostomes studied (Fig. 13A-H).  

Regarding the granular-platy aragonite found around the pores in 

Adeonella pallasii (fig. 11H and 13I-K), we observed that the irregularly platy units 

are often subdivided into granular crystals with angular edges. Similar to the 

irregularly platy calcite, the platy appearance of aragonite may be due to the 

intercalation of organic membranes. Despite the lack of crystallographic data on 

these microstructures, it is possible that both granular and irregularly platy 

aragonite are crystallographically continuous.  

 

4.3. The relation of the growing crystals with the secretory 

epithelium 

Among the microstructures described in our study, only the tabular calcite of 

Calpensia nobilis looks relatively sophisticated, i.e. far from the morphologies of 

abiogenic calcites (Fig. 10A-C). It is a material made of well-defined, parallel, flat 

lamellae. This suggests the existence of a closely adjacent secretory epithelium 

that levels off the surfaces of the growing crystals (Fig. 22A1). Conversely, the 

other microstructures (irregularly platy calcite, granular calcite, fibrous 
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aragonite, granular-platy aragonite) present a characteristic inorganic-like 

appearance, and evidence that the epithelium is at a distance from the forming 

crystals (Fig. 22A2, B, C1).  

The lamellae of the irregularly platy calcite display uneven boundaries 

marked by organic membranes. In the likely case that individual organic 

membranes form at once (i.e. they are parallel or subparallel to growth lines; Figs. 

10F and 15E), their sinuous contours and the great variation in shape and 

extension imply some degree of freedom of the growth surface. This is 

understandable if there is not a tight connection with an even secretory 

epithelium surface (Fig. 22B). Otherwise, the lamellae would tend to be flat, 

regular in size, and well-ordered parallel to the growth surface (as in the tabular 

calcite of C. nobilis; Fig. 22A1). Regarding the granular calcite, the grains show an 

internal fibrous substructure. Each fiber coincides with a tooth of the serrated 

growth surface. Clearly, teeth are sectioned small rhombohedra (Fig. 11C, D, and 

F). Thus, the surfaces of grains are comparable to micro-sized dog-tooth calcite 

(Fig. 13G, inset). This suggests that the growth fronts of grains are at a distance, 

even if small, from the epithelium (Fig. 22A2, B2).  

The fibrous aragonite microstructure is always made by spherulites (see 

Figs. 13 and 17) that extend until colliding with their neighbors and then grow 

on top of each other (Fig. 13C, E-G, and Fig. 17F-H). They give the external 

surfaces a nodular aspect (Fig. 13C, E and Fig. 17A), which is evidence that their 

growth surfaces are free to bulge, out of the reach of an epithelium leveling them 

off (Fig. 22C1). The distribution of growth lines (Fig. 13H) indicates that, when 

the frontal shield is about to be complete, growth ceases at the depression, but 

continues at the elevations. This indicates that the biomineralizing epithelium 

ceases to secrete at the depressions while it is actively secreting at the elevations. 

When the frontal shield formation is complete, the epithelium adheres all along 

its surface and becomes inactive (Fig. 22C2). 
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All the characteristics of the aragonitic and calcitic microstructures of 

cheilostome bryozoans mentioned above suggest an origin via remote 

biomineralization, i.e. the process which occurs when the secretory epithelium is 

not in close contact with the forming crystals (Checa 2000; Chinzei and Seilacher 

1993). This is unlike other groups, e.g. bivalves and brachiopods, in which the 

thicknesses of the extrapallial spaces (i.e. the distance between the cells and the 

forming crystals) are on the order of 100 nm (Checa et al. 2014) and 50 nm 

(Simonet Roda et al. 2019), respectively. In stenolaemate bryozoans, the distance 

increases to 150-200 nm (Nielsen and Pedersen 1979). We cannot give an estimate 

of the thickness of the extrapallial space in gymnolaemate bryozoans, but it must 

be well above those dimensions. 

 

4.4. Growth by space competition  

Space competition happens in crystal aggregates with a common growth front. 

The crystals that grow with their fastest growth axes at a high angle to the growth 

front survive and become larger at the expense of those growing more obliquely, 

which tend to be extinguished (Grigor’ev 1965; Rodríguez-Navarro and García-

Ruiz 2000). Consequently, with time, the spread of crystallographic axes lessens. 

This applies to a wide variety of molluscan microstructures (Crippa et al. 2020; 

Stevens et al. 2017; Ubukata 1994), and the chicken eggshell (Hincke et al. 2012). 

With EBSD, we supported an increasing crystallographic ordering at 

subsequent development stages of the irregularly platy-granular calcite 

association (Fig. 20D) and the fibrous aragonite microstructures (Fig. 19F). This 

is consistent with a growth process of competition for space and is the first case 

so far reported in bryozoans.  
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Figure 22. Growth sequences of microstructures and relation with the secreting epithelium in the 
compound walls (A, B) and frontal shield ©. A. Compound walls of Calpensia nobilis. Walls grow 
from the cuticles in both directions toward the zooecium interiors. During the secretion of the 
tabular calcite (A1), the biomineralizing epithelium is in close contact with the shell growth 
surface, although there is always a small, almost negligible, extrapallial space. During subsequent 
secretion of the granular calcite (A2), there is a wide intervening extrapallial space. B. Compound 
walls of the rest of either calcitic or bimineralic species. The walls are made by a cuticle followed 
by irregular platy calcite (B1) and granular calcite (B2). The biomineralizing epithelium is at a 
certain distance from the shell growth surface. The zoom-up in B2 shows the relationship between 
the biomineralizing epithelium and the serrated shell growth surface in more detail. C. Formation 
of the frontal shield in bimineralic species (e.g. Pentapora fascialis). It is formed by superposed 
layers of irregular platy calcite, granular calcite, and spherulites of fibrous aragonite. During 
active secretion (C1), the soft body is separated from the shell growth surface by a wide 
intervening extrapallial space. It is a smooth replicate of the shell surface topography. Secretion 
ceases first at the depressions and continues in the elevations, as indicated by growth lines 
(compare to Fig. 5H). When secretion of the frontal shield comes to an end, the biomineralizing 
epithelium adheres to the shell surface and becomes inactive (C2). Arrows indicate the growth 
directions. In A2 and B2, only the growth of one of the walls is shown (the broken lines are 
intended as references). be: biomineralizing epithelium; c: cuticle; cs: coelomic space; es: 
extrapallial space; fa: fibrous aragonite; gb: grain boundary; gc: granular calcite; gl: growth line; 
pc: irregularly platy calcite; tc: tabular calcite. 

 

4.5. Final remarks 

With the exception of tabular calcite, the microstructures present in cheilostomes 

are much more abiogenic-like compared to those of cyclostomes, which produce 

tabular and foliated calcite (Grenier et al. 2023; Taylor and Weedon 2000), or to 

those of other organisms such as brachiopods (tabular, fibrous calcite) (Williams 
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1970) and molluscs (e.g., foliated, nacre, crossed-lamellar) (Bøggild 1930). In all 

of these instances, the thickness of the extrapallial space is negligible and there is 

strict secretory control by an adjoining epithelium (see Checa 2018 for molluscs, 

and Simonet Roda et al. 2019 for brachiopods). As commented on above, this is 

not the case in cheilostome bryozoans, where remote biomineralization seems 

widespread. The question remains, however, whether remote mineralization is 

favorable in terms of, e.g., a lower metabolic cost (Lowenstam 1981; Lowenstam 

and Weiner 1989; Mann 1983; Palmer 1983, 1992). Sophisticated microstructures 

are, in general, highly functional materials and their biomechanical performance 

is particularly good (e.g., Currey 1977; Currey and Taylor 1974). In this sense, it 

is possible that cheilostomes make a low investment in high-performance 

materials, which was not an obstacle to their extraordinary evolutionary success.  
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ABSTRACT 

Serpulid polychaetes are global marine worms that secrete tubes of calcium 

carbonate, in which they live. Despite extensive previous research on their 

microstructures, there are no crystallographic data and their biomineralization 

process remains unclear. Herein, we review the microstructures of seven 

different serpulid species and study their chemical composition, mineralogy and 

crystallography, using X-ray diffraction, Raman and Fourier transform infrared 

spectroscopy, scanning electron microscopy, energy dispersive X-ray 

spectroscopy, focused ion beam, electron backscatter diffraction, and 

thermogravimetric analysis. Generally, serpulid tubes have a high amount of 

organic matter (~7.5 wt. %), consisting of chitin and proteins, and the calcite is 

always present as medium to high magnesium calcite. We identified three main 

microstructures: granular-prismatic and lamello-fibrillar calcite, and fibrous 

aragonite. They all display an axial texture, which is stronger in the lamello-

fibrillar calcite, with the c-axis aligned with the elongation axis of the crystals. 

Our findings demonstrate that only some instances of the granular-prismatic and 

the lamello-fibrillar calcite are biogenic (primary) microstructures. Conversely, 

other instances of the granular-prismatic calcite and the fibrous aragonite are a 

consequence of a recrystallization process (i.e. secondary). Substitution may 

occur on either primary or secondary calcitic microstructures (replaced by 

aragonite). Secondary microstructures retain remnants of the previously 

substituted microstructures, such as vestigial crystals or major growth 

increments. The high-Mg nature of the calcite favors the recrystallization 

processes. We hypothesize that the plywood arrangement of the lamello-fibrillar 

is obtained by the ordering of a chitin fibrillar precursor into a cholesteric liquid 

crystal phase. Subsequently, calcite would grow by oriented nucleation onto the 

organic fibrils. 
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1. Introduction 
Serpulid tubes are made of either calcite, aragonite, or both (Lowenstam 1954; 

Ten Hove and Van den Hurk 1993; Vinn et al. 2008c, b). Although the mineralogy 

of most species is unknown, the majority of serpulids studied are calcitic (around 

40%), followed by bimineralic (36%) and aragonitic (24%) (Smith et al. 2013). 

Calcite is always medium- to high-Mg calcite (7-15 wt% MgCO3) (Smith et al. 

2013). The tube has a high amount of organic matter, which occurs primarily as 

membranes marking different growth increments (Vinn 2011). The organic 

fraction can be separated into soluble and insoluble organic matter (SOM and 

IOM), which are mainly composed of carboxylated and sulfated polysaccharides 

(Tanur et al. 2010).  

Since the second half of the 20th century, the microstructures of serpulids 

have been studied by different authors (Hedley 1958; Weedon 1994), who 

described lath-like crystals arranged in ordered and disordered chevron layers 

and spherulitic prismatic structures locally distributed (Fig. 1). However, the 

most extensive research about the ultrastructure and mineral composition of 

serpulid tubes was conducted by Vinn et al. (2008b), who analyzed 44 recent 

Figure 1. Diagram of the tube structure of Spirobranchus triqueter (from Weedon 1994). The 
longitudinal cross-section shows the concave growth increments. The framed areas are 
magnified, showing in detail a schematic representation of the lamello-fibrillar microstructure. 
The change in orientation of the co-oriented fibers between adjacent layers gives rise to a pattern 
known as a “chevron structure”. 



Organization and crystallography of the microstructures of bryozoans and serpulids 

136 

species from 36 genera. From SEM images, they described a total of twelve 

different microstructures based on the mineralogy, morphology, and 

arrangement of the constituting crystals (some instances are depicted in Fig. 2).  

Figure 2. Schematic representation of a longitudinal cross-section tube of Crucigera websteri. The 
main calcitic microstructures found and their ubication from the lumen to the external surface 
are depicted. The growth direction is indicated by the overlapping concave lines (i.e. growth 
increments). The straight disposition of the different microstructures is intentional to facilitate 
their representation within the tube section. Adapted from Vinn (2021). 

 

Summarising, Vinn et al. (2008b) distinguished fibrillar, prismatic, platy, 

and spherulitic microstructures, each arranged in oriented, semi-oriented, or 

disoriented manners (all the combinations are depicted in Fig. 3). Other studies 

also focused on the transitions between microstructures across the different 

layers of the tube. For instance, Buckman (2015) described in Spirobranchus 

triqueter a progressive change from well-ordered inner and medium layers 

(chevron layer), constituted by the lamello-fibrillar microstructure, to an outer, 

less structured layer (pseudo-laminar layer), consisting of the irregularly 

oriented-prismatic microstructure (Buckman 2015). In summary, in recent 

decades the tube structure of serpulids has been described in detail, leaving 

behind a complex and wide variety of microstructures (fifteen until now), which 

led to the suggestion that serpulids possess a more advanced biomineralization 

system than previously thought (Vinn 2021). 
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Figure 3. The twelve microstructures described by Vinn et al. (2008). A. irregularly oriented 
prismatic (IOP). B. spherulitic irregularly oriented prismatic (SIOP). C. irregularly oriented platy 
(IOPL). D. homogeneous angular crystal (HAC). E. rounded homogeneous crystal (RHC). F. semi-
ordered irregularly oriented prismatic (SOIOP). G. semi-ordered spherulitic irregularly oriented 
prismatic (SOSIOP). H. spherulitic prismatic (SPHP). I. simple prismatic (SP). J. lamello-fibrillar 
(LF). K. spherulitic lamello-fibrillar (SLF). L. ordered-fibrillar (OF). Abbreviations: H, horizontal 
section; L, longitudinal section; T, transverse section. 

 

Contrary to other groups of biocalcifiers (e.g. molluscs, Checa and Salas 

2017; brachiopods, Coronado et al. 2019; Yin et al. 2021; Simonet Roda et al. 2022), 

there are no studies on the crystallography of serpulid tubes. In the present study, 

we analyze the microstructures of seven different serpulid species: Crucigera 

websteri, Spirobranchus triqueter, Serpula vermicularis, Spirobranchus giganteus, 

Serpula crenata, Crucigera zygophora, and Floriprotis sabiuraensis. We determined 

the existence of only three main types: granular-prismatic and lamello-fibrillar 

calcite, and fibrous aragonite. For each microstructure, we determine the 

mineralogy, the type and arrangement of crystallites, their location within the 

tube, and, for the first time, their crystallographic arrangement.  

To do this, we used Scanning Electron Microscopy (SEM), Energy 

Dispersive X-ray Spectroscopy (EDS), Electron Backscattered Diffraction (EBSD), 

and Focused Ion Beam (FIB) techniques. Additional data were obtained with X-

ray Diffraction (XRD), Thermogravimetry Analysis (TGA), and Raman and 

Fourier Transform Infrared Spectroscopy (FTIR). We conclude that only the 

lamello-fibrillar calcite and some instances of the granular-prismatic calcites are 

primary microstructures (i.e. directly secreted by the animal). Conversely, other 

instances of the granular-prismatic calcite and the fibrous aragonite are 



Organization and crystallography of the microstructures of bryozoans and serpulids 

138 

secondary microstructures (i.e. a consequence of a recrystallization process). 

Finally, we explain how the plywood structure of the lamello-fibrillar 

microstructure is created through the ordering of a chitin fibrillar precursor into 

a cholesteric liquid crystal phase. Subsequently, calcite would grow by oriented 

nucleation on the organic fibrils. 

 

2. Materials and Methods 

2.1. Material 

Seven different serpulid species were analyzed in the present study: Cruzigera 

websteri (Benedict, 1887) [V.Pol.3589, Shelf of Surinam]; Spirobranchus triqueter 

(Linnaeus, 1758) [Atlantic Sea]; Serpula vermicularis (Linnaeus, 1767) [V.Pol.3780, 

Ireland, Ardbear Lough]; Spirobranchus giganteus (Pallas, 1766) [Sta.2073Aa, 

Netherlands Antilles, Curaçao]; Serpula crenata (Ehlers, 1908) [V.Pol.1739, 

Indonesia, Siboga Sta.159], Floriprotis sabiuraensis (Uchida, 1978) [V.Pol.3929 

Shimoshima Isl., Amakusa, Japan]; and Crucigera zygophora (Johnson, 1901) 

[V.Pol.3287 Canoe Bay, Alaska, USA]. The specimens were all collected alive, 

either by hand from intertidal zones, or through diving, trawling, or dredging 

techniques from the subtidal zone. They were initially preserved in 4% 

formaldehyde solution and subsequently relocated to 70% ethanol for archival 

storage in museum collections (initially at the Zoological Museum, Amsterdam, 

and presently at the Naturalis Biodiversity Center, Leiden). Mussels with 

attached S. triqueter were purchased at Granada fish markets. Specimens were 

cleaned, oven-dried and stored dry. 

 

2.2. Scanning electron microscope (SEM) 

Fragments of each of the seven species were cleaned by immersion in commercial 

bleach (~ 5% active chlorine) for 2 h in a stirring set. Then, the bleach solution was 

removed by several ultrasonication washes (2-3 min each) in deionized water. 
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Once oven-dried at 40 °C for 24 h, the fragments were embedded in epoxy resin 

(EpoFix, Struers). After 48h of hardening, the cross-section of each tube was 

exposed by successive grinding steps with 360, 600, 1200, and 3000 (ANSI/CAMI 

US grit numbers) electroplated diamond discs. Subsequently, the surfaces were 

polished with high-density wool felt pad discs (adding 1 µm and ¼ µm of 

polycrystalline diamond suspension, Struers), until reaching a mirror surface 

finish. A Hi-Tech Diamond polishing machine (All-U-Need model) was used for 

both grinding and polishing. Finally, an etching and decalcifying solution (2.5% 

glutaraldehyde, 0.25 M HEPES buffer, and 0.05 M EDTA) was applied directly to 

the exposed surfaces for 1 min in a stirring module. SEM observations were 

performed after carbon coating (Emitech K975X carbon evaporator) using 

Secondary Electron (SE) and BackScatter Electron (BSE) detectors in a field 

emission SEM FEI QemScan 650 F and a Carl Zeiss SMT AURIGA Crossbeam 

Station. All the equipment is housed in the Centro de Instrumentación Científica 

(CIC) at the Universidad de Granada (UGR). 

 

2.3. RAMAN microscopy 

The analyses were performed on the samples prepared for SEM after repolishing 

to remove the carbon coating. A dispersive Micro-Raman spectrometer (JASCO 

NRS-5100/7000 Series) was used. The Light source used was a VIS-NIR red diode 

that generated a laser beam at 785.11 nm with a spot size of 4 µm. The spectrum 

analyzed ranged from 100 cm-1 to 1200 cm-1, with a data interval of 1 cm-1. The 

exposure time was 20 s, with 5 accumulations per measurement and a resolution 

of 6.49 cm-1. All the measurements were taken with the 20x objective at a degree 

of laser attenuation (aperture) O.D.-1 and with corrected fluorescence. Software 

Spectra Manager II was used for system control, data acquisition, and data 

analysis. Analyses were carried out at Centro de Instrumentación Científica (CIC) 

of the University of Granada (UGR). 
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2.4. X-ray diffraction (XRD) and Rietveld refinement 

Cleaned tube fragments from S. vermicularis and S. triqueter were ground to a fine 

powder and heated up to 25°C, 200°C and 400°C in an oven. The samples were 

analyzed with an X-ray powder diffractometer (PANalytical X’Pert PRO) at the 

Department of Mineralogy and Petrology, University of Granada, using Cu 

radiation (λ = 1.5406Å). The data were collected in reflection mode, from 4° to 

120° (°2θ) with a step size of 0.017° and 69.85 s integration time per step. Rietveld 

refinement analyses of XRD profiles were done using TOPAS 5.0 software 

(Bruker, Germany) to determine the quantitative mineral concentration (at 25 °C). 

The calcite unit cell parameters were refined to calculate the cationic substitutions 

(% Mg) in calcite (average of the measurements at each temperature). A small 

amount of silicon powder was added to the sample as an internal standard to 

more precisely determine the d-spacings (Dos Santos et al. 2017). 

 

2.5. Electron backscatter diffraction (EBSD) 

A total of 12 EBSD maps were performed on S. crenata, S. triqueter, S. vermicularis, 

and S. giganteus. The samples prepared for SEM observation were finished with 

a manual etch-polishing step (for 3-5 min) by applying alumina suspension (0.3 

µm, Buehler). The samples were coated with 4 to 6 nm of carbon (Leica EM 

ACE200). Measurements were taken on a FEI Versa 3D scanning electron 

microscope (SEM) equipped with the Symmetry S2 CMOS-based EBSD detector 

(Oxford Instruments). The data were acquired using Aztec 6.0 software with an 

accelerating voltage of 20 kV. EBSD measurements were performed in step 

increments between 20 and 25 nm. 
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2.6. Focused Ion Beam (FIB) and Transmission-electron backscatter 

diffraction (t-EBSD)  

Transmission Kikuchi Diffraction (TKD), also known as the t-EBSD technique, 

was conducted with the same FEI Versa 3D SEM equipment as for EBSD 

measurements. Ultra-thin lamellae for t-EBSD were prepared on a FIE Quanta 

200i SEM (gallium FIB column). The sample surface was coated by FIB deposition 

with a 2 µm thick protective stripe of tungsten, whose length is equal to that of 

the lamella to be extracted. Trenches were then excavated on both sides of the 

deposited layer in two steps: rough milling was performed with a 30 kV 15 nA 

ion beam, followed by finer milling steps using a 30 kV 1 nA beam current. A thin 

fragment of the sample was separated from the bulk, transferred, and attached to 

the TEM copper grid by an OmniProbe micromanipulator. Subsequently, the FIB 

lamella was thinned by Ga+ ions on both sides at 30 kV, with a beam current 

initially set at 300 pA, which was gradually reduced to 50 pA. The final thinning 

step (to ~100 nm) was conducted at 5 kV and 50 pA, to minimize surface damage. 

 

2.7. Thermogravimetric Analysis (TGA) 

Cleaned and dried tube fragments were ground to a fine, homogeneous powder. 

Approximately 20 mg of material were analyzed using a METTLER-TOLEDO 

(TGA/DSC1) equipment, with a heating rate of 20°C/min in air. From the TGA 

curves, the total amounts of water (weight loss from 25°C to 200°C), organic 

matter-I (weight loss from 200°C to 400°C, presumably corresponding to 

intermineral proteins and polysaccharides), and organic matter-II (weight loss 

from 400°C to 600°C, corresponding to intramineral proteins) were determined 

for each sample (Rashidi et al. 2012; Rodríguez-Navarro et al. 2006). 
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2.8. Decalcification and Fourier Transform Infrared Spectroscopy 

(FTIR) 

A fragment of S. triqueter (1 cm in length) was treated with commercial bleach 

and then washed several times with sonicated ultrapure distilled water (milli Q). 

Once oven-dried at 40°C, the fragment was immersed in a decalcifying solution 

(0,05M EDTA + 0.1M HEPES + 2,5% Glutaraldehyde). The decalcification process 

was carried out in an orbital shaker for 24 h at room temperature, and the solution 

was replaced several times. The resulting loose membranes were gently washed 

several times with ultrapure distilled water (MilliQ) and oven-dried at 40°C. 

They were then placed on an attenuated total reflection (ATR) diamond unit 

(Jasco Pro One) and analyzed by a FTIR spectrometer (Jasco 6600). To calculate 

the standard deviation and error, four repetitions were performed in different 

areas of each membrane. The range of the spectrum was 400 cm-1 to 4000 cm-1, 

with a resolution of 2 cm-1 and 100 scans. Spectra Manager software was used for 

system control and data acquisition. IR peaks associated with main chemical 

components (i.e., proteins, polysaccharides, carbonates) were measured to 

determine the chemical composition of the samples. 
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3. Results

3.1. Microstructures: overview and mineralogy 

Based on crystal morphology and arrangements, we have identified three main 

microstructures: granular-prismatic, lamello-fibrillar, and fibrous (Fig. 4A-C). 

With few exceptions, all of them appear in the different species studied. 

The granular-prismatic microstructure may be present in different 

locations and has varied appearances. In the outermost regions of the tube cross-

section, it initiates as a finely prismatic disoriented layer, which changes into a 

coarsely prismatic layer in the outward direction, with the prisms arranged 

perpendicularly to the external surface (Figs. 4A, D, and E). The granular-

prismatic material is also found as ubiquitous clusters or as discontinuous layers 

at the innermost part of the tube cross-section (Fig. 4D).  

The lamello-fibrillar microstructure consists of layers of thin, elongated, 

co-oriented fibers separated by membranes (Fig. 4B, D, and E). Fiber orientation 

changes between layers. It is always found in the central part of the tube cross-

section and constitutes the bulk of the tube structure in the majority of the 

samples analyzed (Fig. 4D and E). The fibrous microstructure is made of needle-

like fibers, usually forming spherulites, with a fan-shaped arrangement in section 

(Fig. 4C). It appears as discontinuous layers, either at the outermost or the 

innermost part of the tube cross-section (Fig. 4D and E). It is also often found in 

the form of clusters at any location (Fig. 4F and G). 
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Figure 4. The three microstructures identified (A-C) and their locations (D-G). A. Granular-
prismatic microstructure of C. websteri. Two types of crystals can be distinguished: fine 
disoriented prisms (internal) and oriented coarse prisms (external). B. Lamello-fibrillar 
microstructure of C. websteri. It consists of successive layers of thin co-oriented fibers, separated 
by membranes. The fibers of one layer change their orientation with respect to those of the next 
layer. C. Fibrous microstructure of S. giganteus. The two sectioned spherulites display a fan-like 
arrangement of acicular fibers, with concentric growth lines, in turn crossed by faint parallel 
horizontal lines. D. Cross-section of C. websteri, showing the location of the microstructures 
(indicated), magnified to the right. The numbers in the right image indicate the different layers. 
E. Cross-sectioned tube of S. vermicularis. The spherulitic fibrous microstructure appears as a 
discontinuous internal layer. The lamello-fibrillar microstructure largely comprises the middle 
part of the tube. The granular-prismatic microstructure is restricted to the outermost region. F. 
Fibrous internal layer and spherulitic clusters at any location of the tube cross-section of S. 
giganteus. They can be discerned by their lighter contrast. G. View of sectioned fibrous spherulites. 
The close-up is a detail of a spherulite intersecting the lamello-fibrillar layers. The boundaries of 
the latter continue into the spherulite. 
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The mineralogy of the three microstructures was initially determined by 

RAMAN infrared spectroscopy and XRD (Fig. 5 and Fig. 6). Calcite presents 

distinctive Raman peaks at around 1084 cm-1, 710 cm-1 and 282 cm-1 (Kim et al. 

2021), whereas aragonite peaks are at around 1082 cm-1, 702 cm-1 and 285 cm-1 

(Badou et al. 2022). 

 

Figure 5. RAMAN and XRD results of S. vermicularis and S. triqueter. A-B. Raman spectra of S. 
vermicularis (left) and S. triqueter (right) from three different positions of the tube cross-sections 
(indicated in the optical images). A. The external layer (granular-prismatic microstructure) as well 
as the middle region (lamello-fibrillar microstructure) of S. vermicularis are made of calcite. The 
internal layer (fibrous spherulitic microstructure) is made of aragonite. B. All the different 
positions analyzed in S. triqueter indicated calcite (external granular-prismatic and mid-internal 
lamello-fibrillar microstructures). C-D. Quantitative mineral composition of tube shell and % of 
Mg in calcite determined from XRD data analyzed by Rietveld method for S. vermicularis (left) 
and S. triqueter (right). C. The tube of S. vermicularis is made of 86.02 % high-Mg calcite (13.75 % 
MgCO3) and 13.98 % aragonite. D. The tube of S. triqueter is made entirely of high magnesium 
calcite (10.51 % Mg2CO3). 
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The granular-prismatic microstructure consists of calcite, as indicated by 

the spectra obtained from the outermost layers of S. vermicularis and S. triqueter 

(Fig. 5A and B, respectively), as well as from C. websteri and S. crenata (Fig. 6C 

and E.). The same is true for the lamello-fibrillar layers observed in the middle 

area of cross sectioned tubes of S. vermicularis and S. triqueter (Fig. 5A and B, 

respectively), as well as in C. websteri, and S. giganteus (Fig. 6C-E). The fibrous 

microstructure is always made of aragonite, as shown by the analyses performed 

on the inner layers of S. vermicularis (Fig. 5A) and S. giganteus (Fig. 6D), as well as 

on the near external spherulitic clusters of C. websteri and in the variously 

positioned spherulites of S. giganteus (Fig. 6C and D, respectively). 

The percent of magnesium substitution in the calcite was determined by 

Rietveld refinement of XRD patterns of tube fragments. In the examples 

analyzed, calcite has a medium to high magnesium content with 13.75% and 

10.51% of MgCO3 for S. vermicularis and S. triqueter, respectively (Fig. 5C and D). 
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Figure 6. Raman spectroscopy of Crucigera websteri (A), Spirobranchus giganteus (B) and Serpula 
crenata (C). The analyses were performed on different parts of the tube cross-section (inner, 
middle, and outer). The mineralogy of the different microstructures analyzed is indicated. 
 

3.2. Granular-prismatic calcite 

The granular-prismatic microstructure may present two different varieties 

according to their location, and to the shape and arrangement of the grains or 

prisms (Fig. 7): 
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1) Outer layers of finely prismatic, disoriented crystals that change outward 

into coarse prisms arranged perpendicularly to the external surface (Figs. 4A and 

E and 7A-E). Within the coarse vertical prisms, small intra- and intercrystalline 

grains, either isolated or clustered, are observed (black arrows, Fig. 7B and C). 

The layer is usually several tens of microns thick, but can reach hundreds of 

microns at the ribs of some species (e.g. S. crenata) (Fig. 7D and E). While most of 

the prisms increase in diameter as they grow and reach the outer surface, others 

tend to extinguish at the earliest stages (Fig. 7B and C). They present growth lines 

parallel to their flat outer surfaces, which are continuous across adjacent prisms 

(triangles in Fig. 7A and white arrows in D). In some areas, the prisms present 

arrowhead endings and similarly shaped growth lines (Fig. 7C and D), which 

correspond to rhombohedral faces in 3D view (Fig. 7C). Under high 

magnification, the crystal surface nanoroughness can be appreciated (insets in 

Fig. 7C and D).  

 
 Figure 7 Granular-prismatic calcite. A-E. External layers with granular-prismatic 
microstructure. A. Sequential magnifications of the external layer of C. websteri. The innermost 
part of the layer is formed by fine, disordered prismatic crystals, which change into coarse prisms 
arranged perpendicularly to the external surface. Parallel growth lines extend between adjacent 
prisms (hollow arrows). B. View of the same external granular-prismatic layer, showing small 
grains within and between the prisms (black arrows). C. Prisms arranged perpendicular to the 
outer surface, exhibiting rhombohedral endings. The surface nano-roughness can be appreciated 
(inset). D. Granular-prismatic calcite of S. crenata. The prisms are perpendicular to the external 
surface. Straight and parallel growth lines are continuous across adjacent prisms (arrows). Some 
prisms of the bottom part show arrowhead endings. The surface nano-roughness is visible (inset 
to the top). E. External granular-prismatic calcite of S. vermicularis, forming layers with very 
irregular outlines. F-I. Internal granular-prismatic layers in C. websteri (F and G) and S. 
vermicularis (H and I). Smaller, disoriented prisms nucleate on the vestiges of the organic 
membranes between lamello-fibrillar layers penetrating the prismatic-granular layers 
(particularly evident in G and H). J. Irregularly sized prisms growing across the vestigial 
membranes in Crucigera zygophora. K, L. Two examples of granular-prismatic microstructure in 
Floriprotis sabiuraensis. K. Irregular concretionary growth front within a granular-prismatic layer. 
L. Granular-prismatic mass containing sparse or clustered smaller fibers. These are co-oriented 
and distributed in layers (one such layer is indicated by broken lines). Their sizes and mode of 
co-orientation are typical of the lamello-fibrillar microstructure. M. Lamello-fibrillar layer of S. 
giganteus, including prismatic layers (bottom left part) and a central concretion of granular calcite, 
with the fibers adapting to its lower contour. 
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2) Irregular layers or aggregates close or at the innermost part of the tube 

(Fig. 7F-J), which laterally change into the layers of the lamello-fibrillar 

microstructure (Fig. 7F and I). The prisms-grains range from less than one to 

several tens of microns both in length and thickness. Vestiges of the organic 

membranes that separate the lamello-fibrillar layers continue into the granular-

prismatic microstructure. The grains-prisms usually nucleate on the vestigial 

membranes (Fig. 7F-I), sometimes forming spherulites with well-defined 

concentric growth lines, which indicate radial growth (detailed view in Fig. 7G). 

The prisms may continue across the vestigial membranes (Fig. 7J). Exceptionally, 

round aggregates of granular calcite are found within lamello-fibrillar layers (Fig. 

7K). On occasion, the spherulites fuse to form continuous, irregular, concretion-

like growth fronts (Fig. 7L). In other instances, the granular-prismatic material 

constitutes a matrix, which contains oriented isolated fibers or clusters of them, 

typical of the lamello-fibrillar microstructure (Fig. 7M). 
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The crystallography of the granular-prismatic calcite, particularly the 

coarse prisms of the external layer, is shown in Figs. 8 and 9. The EBSD maps 

showing the mineral distribution and crystal orientation were done on a ridge of 

S. crenata, made entirely of granular-prismatic calcite. The BC map of Fig. 8A 

depicts well indexed areas on both sides of the ridge, but not in the dark central 

region, where the diffraction signal is either too weak or absent. The phase maps 

corroborate that the entire ridge consists of calcite (Figs. 8B and 9B). While the 

prisms of Fig. 8 were sectioned parallel to their long axes, those of Fig. 9 were 

sectioned oblique to their axes. The IPFz map of Fig. 8C reveals a predominance 

of green-purple colors, which suggests that the prisms have their c-axes in plane 

(see the triangle color key). The PFs are plotted for three separate regions (two 

lateral and one central) (Fig. 8C). Both raw and contoured PFs display a well-

defined axial texture, which is better defined in the lateral regions. The calcite c-

axis coincides with the elongation axis of the prisms (Fig. 8C) and remains at a 

high angle to the external surface (as indicated by the unit cells), adapting to the 

change in curvature of the ridge. The MUD value of the top lateral region is 

significantly higher (69) than those of the central (27) and bottom lateral (32) 

regions, coinciding with the higher spread of the c-axes in the latter regions. Their 

low MUD values can be attributed to the scarcity of indexed points. To check the 

change in co-orientation of the prisms with growth, we have cropped three 

regions of the top area belonging to the progressive developmental stages of the 

prisms (Fig. 8D). There is a reduction in the dispersion of the maxima in the 

contour PFs and an increase of the MUD values (from 40 to 60 to 76), indicating 

that prisms become progressively co-oriented with growth.  
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Figure 8. EBSD analysis of the granular-prismatic calcite (coarse prismatic layer) of a ridge of S. 
crenata. A. The BC map (grey color) shows a central area with weak to absent EBSD diffraction 
signal (dark area). B. The phase map indicates that the whole structure is made of calcite (see 
legend). C. IPFz map of the ridge and PFs of the three regions differentiated (two lateral and one 
central). The green-purple colors are predominant, indicating that the c-axes are in plane. The PFs 
display axial textures (weaker at the central region). The c-axis is roughly perpendicular to the 
external surface and it changes in orientation coinciding with the curvature of the ridge, as also 
indicated by the unit cells. The MUD value of the top lateral region is higher than the values of 
the central and bottom lateral regions. D. IPFz map of the top lateral area of C. The contour PFs 
are plotted from three different growth stages. There is a progressive reduction in the spread of 
the maxima of the contour PFs toward the exterior (from right to left), along with an increase of 
the MUD values (from 40 to 76). This indicates that the texture becomes stronger with growth. 
The color triangle is the key for orientations. 
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The EBSD map of Fig. 9 provides similar results. The IPF map displays a 

wider range of colors and the maxima for the c-axes are displaced from the center 

due to the oblique cut (Fig. 9C). The subsets indicate that the MUD values also 

increase from the interior to the exterior (Fig. 9D), although the bottom subsets 

display lower values because the higher curvature of the area (indicated by the 

growth lines, Fig. 9A) gives rise to a higher dispersion of the c-axes.  

An additional EBSD crystal orientation map was performed directly on 

the polished surface of the transversal cross-section tube of S. giganteus (Fig. 10). 

The area analyzed contains several layers of granular-prismatic calcite delineated 

by vestigial membranes in the middle of the tube (Fig. 10A-C). The prisms are, in 

general, oriented perpendicular to the membranes. As in the previous instances, 

the IPFz map and the PFs indicate that the calcite c-axes are in plane (Fig. 10D) 

and parallel to the elongation axes of prisms. The texture is a weak axial texture 

(MUD value of 23). This arrangement is particularly evident in the central layer 

(delimited by white broken lines in Fig. 10D), which consists of coarse prisms (see 

cell lattices). It displays a medium axial texture (MUD value of 56). 
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Figure 9. EBSD analysis of the granular-prismatic calcite (coarse prismatic layer) of a ridge of S. 
crenata. Given the large area covered, the analysis was done over two contiguous maps (framed 
in C). A. The band contrast maps show a good EBSD diffraction signal (light-grey color). Some 
arc-shaped growth lines are visible in the central part (white arrowheads). B. The phase maps 
indicate that the entire structure is made of calcite (red color, see legend). C. The two IPFz maps 
predominantly exhibit green, red, and purple colors, the latter indicating that the prisms' c-axes 
are roughly oblique to the section plane. Their respective pole figures show a medium axial 
texture (MUD values of 33 and 20), with the c-axis maxima placed from the center. The c-axis 
maximum is wider in the pole figures of the bottom map, due to the curvature of the ridge. D. 
The same IPFz maps with differentiation of the internal and external regions. The pole figure 
maxima exhibit slightly more perpendicular c-axes (also depicted by the unit cells) in the inner 
regions. The maxima become narrower and the MUD values increase (from 26 to 52 at the top, 
and from 12 to 24 at the bottom) toward the exterior. The color triangle is the orientation key. 
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Figure 10. EBSD analysis of a polished surface of the finely granular-prismatic calcite of S. 
giganteus, transversal to the tube. A. SEM image of a surface similar to that analyzed with EBSD. 
B-D. Surface analyzed. B. Band contrast map. The light-grey color of the whole map denotes a 
good EBSD signal strength. The contours of the prisms are easily recognizable. They are arranged 
perpendicular to the vestigial membranes (white arrowheads). There is a central coarse prismatic 
layer. C. Phase map. The entire map is made of calcite (see legend). D. IPFz map and pole figures. 
Green-blue-purple colors predominate, indicating that the c-axes of most of the prisms are 
parallel to the section plane. This is corroborated by the unit cells and the position of the c-axis 
maximum. The pole figures display a weak axial texture (MUD value 23). The pole figures for the 
central coarse prismatic layer, delineated by broken lines, give a medium axial texture (MUD 
value 56). The color triangle is the orientation color key.  
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The crystallographic data of the finely granular-prismatic calcite 

underlying the coarse granular prismatic calcite are provided in Fig. 5. The EBSD 

map was performed in a longitudinal cross-section of the S. crenata tube, similar 

to that in 11A. The BC map (11B) shows a stronger diffraction signal for the coarse 

prisms. The phase map confirms the calcitic composition of the microstructure 

(11C). The wide variety of colors of the IPFz map of the finely prismatic grains 

(top right area of the map of 11D) indicates that their axes are not co-oriented (see 

cell lattices). The PFs corroborate the lack of texture, with scattered maxima for 

all axes and a very low MUD value (9). Conversely, the overlying coarse prisms 

present a predominance of green-purple colors (bottom left area of the map of 

11D), which means that they are co-oriented (as also indicated by the cell lattices), 

with the c-axis along their elongation axes and almost in plane. The coarse prisms 

have a moderate axial texture (MUD value of 56), with the c-axis as the fiber axis. 
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3.3. Lamello-fibrillar calcite 

The lamello-fibrillar microstructure is made of successive layers of thin, 

elongated, and co-oriented calcite fibers, arranged parallel to the growth surfaces 

(Figs. 4B, D, E, and 12). The layers are not homogeneous in thickness, varying 

from 2 to more than 10 µm in width (Fig. 12A-C), and they frequently wedge out 

laterally (Fig. 12F and G). Fiber size ranges from 3-6 µm in length and 400-600 

nm in width. Fibers of single layers are strictly co-oriented, although some 

particularly thick layers show a progressive twisting across the layer thickness 

(white arrows in Fig. 12A and D). There is always a noticeable change in 

orientation between superposed layers (Fig. 12A, C, D, G). In all samples studied, 

the lamello-fibrillar microstructure constitutes the middle and internal parts of 

the tube, except for intercalated layers or clusters of granular-prismatic calcite or 

spherulitic fibrous aragonite. Conspicuous organic membranes separate the 

layers (white triangles in Fig. 12A and B) and organic threads are presented 

between the calcite fibers (white arrows in Fig. 12A and C). As the lamello-

fibrillar microstructure approaches the outer surface, its organic membranes 

reflect back (Fig. 12B) at the same time that it changes into the disordered, non-

layered finely granular-prismatic microstructure (Fig. 12A, B). 

 

 

 

 

 

 Figure 11. EBSD analysis of two superposed types of granular-prismatic calcite of S. crenata 
(finely and coarsely prismatic), forming the outer layer of the tube. A. SEM image of an area 
similar to that analyzed. B. BC map showing the two types of granular-prismatic calcite. C. Phase 
map indicating that the microstructure is made of calcite (see legend). D. IPFz map depicting a 
broader color variation of the finely granular-prismatic calcite compared to the coarsely prismatic 
calcite. The PFs of the finely granular calcite present scattered maxima for all the axes, while the 
coarsely prismatic calcite displays a moderate axial texture, with the c-axis (fiber axis) oriented at 
a small angle to the sectioning plane (also indicated by the unit cells). The color triangle is the 
orientation key. 
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Figure 12. The lamello-fibrillar calcite of polychaetes. A. Lamello-fibrillar microstructure of C. 
websteri. The boundary with the finely granular-prismatic material is indicated. The progressive 
magnifications show the changing orientations of the fibers in different layers (arrows in the 
central image), bounded by organic membranes. The arrowheads of the right image point to 
organic threads between fibers. B-C. Lamello-fibrillar calcite of S. triqueter. B. The different layers 
are clearly marked by organic membranes (see zoomed views of the framed areas). These 
disappear into the external finely granular prismatic layer. C. Detail of an organic membrane 
between the layers. The organic threads between calcite fibers are indicated with arrowheads. D-
E. Lamello-fibrillar microstructure of the middle cross-section tube of S. vermicularis. D. Note the 
changing thicknesses of the layers. The close-up view shows the change in the orientation of the 
fibers between layers and the rotation of fibers inside the central layer (white arrows). E. View 
similar to the close-up in D. F-G. Longitudinal cross-sections of the tube of S. vermicularis. 
Lamello-fibrillar layers have varied thicknesses and wedge out frequently. 
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Crystallographic data on the lamello-fibrillar microstructure of S. triqueter 

(Figs. 13 and 14) and S. vermicularis (Fig. 14) have been obtained with t-EBSD. 

Maps are either perpendicular (Fig. 13) or parallel (Fig. 14) to the longitudinal 

direction of the fibers within single layers (see lamellae preparation in Fig. 15). 

The BC map of S. triqueter (Fig. 14A) shows well-defined fiber contours, 

indicating a good EBSD diffraction signal for the entire lamella, whereas for S. 

vermicularis, the BC map shows gaps in the left area due to damage by ion beam 

during sample preparation (dark area in Fig. 14D). In S. triqueter, the fibers are 

arranged in two different directions: longitudinally at the top and transversely at 

the bottom. In S. vermicularis, the fibers are coaligned and belong to a single layer 

although there is some spread of the axes. The phase maps corroborate that the 

only phase is calcite (Fig. 14B and E). The EBSD color maps (IPFz maps, Figs. 14C 

and F) reveal a predominance of green-purple colors for the longitudinally cut 

fibers and reddish for the transversally cut fibers. This indicates that, in the first 

instance, the fibers have been cut close to their c-axis, whereas in the latter case, 

the c-axes are at a high angle to the image plane (see the triangle color key). The 

PFs (Figs. 14C and F) display a strong axial texture, with the c-axis as the fiber 

axis (depicted by the unit cells). In S. triqueter, the maximum for the c-axis is well-

clustered and the MUD values are very high (176 for the longitudinal fibers and 

90 for the transversal fibers) (Fig. 14C). In S. vermicularis, the c-axis maximum is 

broader and the MUD value is significantly lower (41) (Fig. 14C), likely due to 

the progressive change in orientation of the c-axes (see also cell lattices).  
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Figure 13. EBSD analysis of a FIB-prepared lamella of the lamello-fibrillar calcite of S. triqueter. 
A. Band contrast map. The contours of the transversely sectioned fibers are recognizable. B. Phase 
map. The entire structure is made of calcite (see legend). C. The IPFz map shows a predominant 
red color in the central oblique band, indicating that the fibers have their c-axis at a high angle to 
the sectioning plane. Given the high surface contribution of this band, the c-axis pole figures have 
prevalent central maxima. The MUD value (39) indicates a medium axial texture. Some fibers of 
the oblique stripes at the top and bottom are roughly parallel to the plane (see the unit cells). The 
color triangle is the orientation color key. 
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Figure 14. EBSD analysis of the lamello-fibrillar calcite of S. triqueter (A-C) and S. vermicularis (D-
F). A. BC map. The contours of the fibers are easily recognizable. They are arranged longitudinally 
at the top and transversely at the bottom. B. The phase map indicates that the entire structure is 
made of calcite (see legend). C. The IPFz map shows that the fibers’ c-axis is co-oriented within 
each layer (note similar colors). The PFs for each layer show a strong axial texture, where the 
calcite c-axis is the fiber axis, aligned in the elongation direction of the fibers (as also indicated by 
the unit cells). The high MUD values of the two superposed layers (176 and 90) indicate high co-
orientations. D. BC map. Some areas of the left side (in black) could not be indexed due to 
damaging of the lamella. E. Phase map. The red color indicates the calcitic nature of the sample. 
F. IPFz map. The purple-green colors show that the fibers were cut approximately parallel to the 
c-axis. There is evident fiber spread (indicated by the cell lattices). The PFs show an axial texture, 
in which the calcite c-axis is the fiber axis, aligned in the elongation direction of the fibers (see 
also unit cells). The MUD value (41) is well below those of S. triqueter (see C). The color triangle 
is the orientation color key. 
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Figure 15. Thin foil lamellae prepared by the FIB technique on the lamello-fibrillar microstructure 
in S. triqueter (A-D) and S. vermicularis (E-F). The examples correspond to the EBSD results shown 
in Figs. 13 (C, D) and 14 (A, B, E, F). A, C, and E are SEM images of the areas selected, either along 
(A, E) or transversal (C) to the growth increments (arrows). Intermediate stages of the preparation 
are shown in A and C, and a SEM view of the lamella is provided in E. B, D, and F. The extracted 
lamellae with their respective band contrast maps superimposed, indicating the areas analyzed 
by EBSD. 
 

An additional EBSD map of the lamello-fibrillar calcite of S. triqueter was 

directly performed on the middle part of a polished cross-section (Fig. 16). Three 

different layers can be distinguished on the BC map (Fig. 16 B), with fibers of each 

layer displaying different orientations and sizes, however all made of calcite 

according to the phase map (Fig. 16C). The IPFz map and the PFs indicate that 

the c-axes of most fibers are roughly parallel to the viewing plane in the lateral 

layers, and at a high angle in the central layer (see also cell lattices for each layer, 

Fig. 16D). The right layer demonstrates thin and well co-oriented fibers (medium 
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axial texture, MUD value of 62), characteristic of the lamello-fibrillar 

microstructure. In the central and left layers, there is an increase in size and a 

decrease in co-orientation (MUD values of 25 and 31 for the central and left layers 

respectively), thus being more typical of the granular-prismatic microstructure. 

Figure 16. EBSD analysis of a polished surface of the lamello-fibrillar calcite of S. triqueter. A. SEM 
image of a surface from a transversal tube cross-section, similar to that analyzed by EBSD. B. Band 
contrast map, exhibiting a good EBSD signal strength (light-grey color). The contours of the fibers 
are easily recognizable, being smaller and thinner in the right area. C. Phase map. It is entirely 
made of calcite (see legend). D. IPFz map and pole figures. Three different layers were analyzed. 
In the lateral layers, the c-axes of the fibers are roughly in plane, while in the central layer, the c-
axes are at a high angle (see cell lattices). The pole figures display a better co-orientation of the 
fibers of the right layer (medium axial texture, MUD value 62), than those of the central and left 
layers (MUD values 25 and 31, respectively). The color triangle is the orientation color key. 
 

Decalcification with EDTA of the lamello-fibrillar microstructure of S. 

triqueter (Fig. 17) exposes the arrangement of curved organic membranes (Fig. 

17A right), with changes in thickness of the intervening layers similar to those 

observed in non-decalcified samples (Figs. 12A, B, D, F, and 17A left). The 
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thermogravimetric analysis reveals that the total amount of organic matter is 

~7.5% of the total weight (weight loss between 200°C and 600°C, Fig. 17B). The 

organic membrane chemical composition was analyzed by FTIR-ATR analysis, 

indicating that it contains mainly proteins and sulfated polysaccharides (Fig. 

17C). 

 

Figure 17. Characterization of the organic matrix of the S. triqueter shell by TGA and FTIR. A. 
Stages in the decalcification of a tube fragment with EDTA. B. TGA analysis of shell powder. The 
main weight loss events corresponding to different chemical components were determined 
between 25°C and 600°C and are indicated in the table. C. Results of the analysis of the decalcified 
organic membranes by FTIR showing the main chemical components. 
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3.4. Fibrous aragonite 

The fibrous aragonite microstructure consists of needle-like aragonite fibers, 

usually arranged into spherulites, where the fibers radiate from a nucleation 

center (Figs. 4C-G and 18). They have rounded (Fig. 18A, C-E) or, rarely, angular 

outlines (Fig. 18B). Aragonite spherulites can be found as discontinuous layers 

with highly variable thicknesses, either at the innermost or the outermost part of 

the tube (Fig. 18A-F). When internal layers become particularly thick, the growth 

front of coalescing spherulites may become increasingly flat (Fig. 18D, G). 

Spherulites can also be found as clusters of variable sizes in any region within the 

tube (Fig. 18E and F). Then, they exhibit well-defined concentric growth lines 

(Figs. 18C-H and 19A-C), whose shapes indicate growth either toward the 

lumen or the exterior of the tube (Fig. 18A, B, D, E and F). The fibrous 

aragonite can be found in contact with either the lamello-fibrillar or the 

granular-prismatic microstructures. 
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Figure 18. Fibrous aragonite microstructure. A-C. Spherulites in S. vermicularis. A. Spherulites at 
the innermost layers. Some of them grow toward the lumen, whereas others spread laterally 
toward each other (growth directions indicated by the white dashed arrows). B. Coalescing 
aggregates of fibrous aragonite with angular outlines. Concentric growth lines are visible. C. 
Spherulite in the interior of the tube, underlying lamello-fibrillar layers. Its concentric growth 
lines extend across the relict organic membranes of the lamello-fibrillar calcite (black triangles). 
D, E. Spherulitic aragonite of C. websteri. D. Fibrous aragonite at the outermost layer. Initially, it 
consists of spherulites which fuse outward and form a roughly continuous layer. E. Layer of 
coalescing spherulites located between the finely granular-prismatic and the external prismatic 
calcite (see enlarged view). The concentric growth lines of the spherulites are visible, indicating 
growth toward the external surface (white dashed arrows). F-H. Fibrous aragonite of S. giganteus. 
F, G. Spherulites scattered within the tube cross-section (F) or constituting internal discontinuous 
layers (G). H. Innermost layer. The fibrous aragonite intersects the finely granular-prismatic 
calcite (see sequential magnifications). 
 

In the first instance, the spherulite growth lines occasionally overprint the 

relicts of the membranes between the lamello-fibrillar layers (triangles in Figs. 
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4G, 18C, F, G and 19C). The interface between the aragonitic and calcitic 

microstructures was further analyzed using EDX in S. giganteus (Fig. 19A-C), 

which allows for the identification of calcite grains according to their Mg2+ 

content (blue color in Fig. 19). This procedure reveals the existence of relict calcite 

grains within the aragonite fibers close to the interface with the calcitic 

microstructure. 

 

Figure 19. EDX analysis of the interface between calcite and aragonite spherulites in S. giganteus. 
A-C. SEM views of the interfaces (top) and their respective EDX maps (red= Ca2+; blue= Mg2+) 
(bottom). The white arrowheads indicate the marked growth lines of the aragonite spherulites. 
The black triangles (C) point to relict organic membranes continuing into the spherulites. 
 

The crystallography of the spherulitic microstructure is shown in Fig. 20. 

The analysis was performed on a polished cross-section of S. giganteus, at the 

boundary between the finely granular-prismatic calcite and the fibrous aragonite 

microstructures, located in the middle of the tube (Fig. 20A). The BC map (Fig. 

20B left) shows a better diffraction signal of the calcite grains (lighter areas) than 

of the fibrous aragonite. The phase map (Fig. 20B right) corroborates the 

polymorph distribution (see legend). The EBSD map (IPFz maps, Fig. 20C) 

reveals a predominance of green-orange colors for the aragonitic fibers and a 

wider variety of colors (orientations) for the granular-prismatic calcite, 

suggesting that the former are better co-oriented. The cell lattices for the 
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aragonite fibers (Fig. 20C, right bottom) indicate that their c-axes are parallel to 

their long axis. The fibrous aragonite has a moderate axial texture (MUD value 

65), with the c-axis as the fiber axis, while the calcite grains-prisms are randomly 

oriented (MUD value 17).  

Figure 20. EBSD analysis of the spherulitic aragonite in S. giganteus. A. SEM image of the border 
between the granular-prismatic calcite and the fibrous aragonite, similar to the region analyzed 
in B to C. B. The BC map (left) shows a stronger EBSD diffraction signal for the calcite (lighter 
grey). The phase map (right) indicates the distribution of calcite and aragonite (see legend). C. 
The IPFz map shows a higher variety of colors for the calcite grains than for the aragonite fibers. 
Large grains of aragonite unrelated to the spherulite (blue/purple in color) appear at the 
boundary between the two microstructures. The PFs show a loose texture for the calcite, and a 
moderate axial texture for the aragonite, with the c-axis as the fiber axis, aligned in the elongation 
direction of the fibers (see unit cells). The co-orientation of the aragonite concurs with the 
relatively high MUD value (65), whereas the almost absence of orientation of the calcite grains is 
indicated by the low MUD value (17). The color triangle is the orientation color key. 
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4. Discussion 

4.1. Microstructures and mineralogy 

We have identified three different microstructures in seven species of serpulids: 

granular-prismatic calcite, lamello-fibrillar calcite, and fibrous aragonite. For 

each one, we have determined their morphological details, distribution within 

the tube, and mineralogy (Figs. 4, 5, and 6). The lamello-fibrillar calcite forms the 

bulk of the tube structure in all the samples studied, except in S. crenata. The 

granular-prismatic calcite and the fibrous aragonite are relegated to internal or 

external layers or appear in the form of ubiquitous (sometimes large) clusters 

within the tube cross-section. The calcite of the serpulids consistently occurs as 

medium to high Mg calcite (Smith et al. 2013), also confirmed by our analyses 

(more than 10% of MgCO3, Fig. 5C, D). 

Our observations allow us to conclude that only the lamello-fibrillar and 

external prismatic microstructures are primary (i.e. directly secreted by the 

animal), whereas the rest results from processes of substitution-recrystallization 

of these original microstructures. This is supported by the following 

observations: 

4.1.1. Original microstructures 

Lamello-fibrillar layers:  

1. It constitutes well-defined and relatively continuous layers parallel to the 

growth surface (Figs. 4B, D, E and 12). 

2. Homogeneous dimensions and co-orientation of the constituent fibers 

within single layers (parallel to the intervening membranes) (Figs. 4B and 

12A-C). 

3. Presence of organic membranes between microstructure layers, together 

with minor organics between fibers (Figs. 4B and 12A-D). 
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External prismatic layers: 

4. They have consistent orientations perpendicular to the external surface 

(Figs. 4A and 7A, B, C, and D). 

5. With growth, there is competition for space, such that some elements 

become thicker at the expense of others (Grigor’ev 1965; Rodríguez-Navarro 

and García-Ruiz 2000) (Figs. 4A and 7A, B, C, and D) and the aggregate 

becomes better co-oriented (e.g. increasing MUD values in Fig. 8D). 

6. Growth lines are flat and continuous across the different crystals, indicating 

the existence of an epithelium lining the growth surface (Fig. 7D). 

In the lamello-fibrillar and the external prismatic layers, these features are 

consistent across the different species. 

4.1.2. Secondary (substitution) microstructures 

Secondary granular-prismatic materials: 

1. Prisms with rhombohedral endings enclosed within or forming part of the 

external primary prismatic layers. In these instances, the growth lines 

change from flat to angular. This indicates that the growth surfaces were 

not bounded by a secretory epithelium (Fig. 7C and D at the bottom). 

2. Small intra- or extra prismatic grains associated with the same external 

layers, at any growth stage (Fig. 7B and C). If they were original, they should 

be interpreted as new crystallization nuclei. Nevertheless, in columnar 

prismatic materials growing by crystal selection and competition, there is 

no opportunity for new crystals to appear (Crippa et al. 2020a, b; Stevens et 

al. 2017). 

3. Highly irregular internal layers or clusters of coarse prisms or grains that 

laterally continue into lamello-fibrillar layers (Fig. 7F, G, and I). Within 

these layers, the prismatic units have varied orientations and intersect, what 

seem to be remnants of organic membranes, similar and continuous into 

those separating the lamello-fibrillar layers. The membranes clearly did not 
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belong to the prismatic layers but to the previous lamello-fibrillar layers 

(Fig. 7J). 

4. Associated with the previous instance (3.), prismatic grains may form 

spherulitic arrangements which nucleate on the relict organic membranes 

(Fig. 7G). In addition to the membranes predating the calcitic grains, this 

arrangement indicates centrifugal growth, while in primary materials, 

growth must always proceed toward the interior of the tube.

5. The secondary grains sometimes fuse, producing either isolated 

aggregates (Fig. 7K), or spherulitic and concretional structures (Fig. 7L) 

without defined growth directions, which is contrary to primary materials.

6. In some cases, scattered or clustered, much thinner fibers oriented 

according to the layers are still present within these materials (Fig. 7M). We 

interpret the former as remains of the original lamello-fibrillar 

microstructure being substituted by granular-prismatic materials.

Fibrous aragonite: 

1. The shapes of the growth surfaces of spherulites do not conform to the

shape of the overall growth surface of the tube (Fig. 18). In some instances,

according to the convexity of the growth lines, growth is inferred to proceed

toward the tube’s exterior (spherulitic clusters in Figs. 18E, F, G). In any

case, the growth fronts of the fibrous aragonite indicate that it is invading

previous calcitic microstructures, either primary (Fig. 18C) or secondary

(Fig. 18H). In high magnification, relict grains, either from the original or

secondary calcitic microstructures, persist within the advancing aragonite

spherulite (Fig. 19).

2. Organic membranes of the lamello-fibrillar microstructure continue as

ghosts into the spherulites (spherulitic clusters in Figs. 4G, 18C, 19C), which

is indicative of substitution of the lamello-fibrillar microstructure by

aragonite.
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All the above features clearly indicate that the fibrous aragonite comes 

from the substitution of the previous calcitic microstructures. 

In all species analyzed, and independently of the microstructures 

previously described in the literature, only the lamello-fibrillar microstructure 

and the non-secondary granular-prismatic microstructures described above are 

original, while the rest are substitution microstructures. Since the studied 

specimens were collected alive, these substitution processes happened in vivo.  

A summary of the different instances in which substitution 

microstructures can be found in Fig. 21.  

According to our observations, the primary microstructures may be 

substituted by either secondary calcite (Fig. 7F, G) or, directly, by aragonite (Fig. 

18C). Transformation of the secondary calcite into aragonite has also been 

observed (Fig. 18H). We suggest that the replacement is likely induced by the 

high solubility of the primary high-Mg calcite and must occur via dissolution-
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recrystallization processes (Morse and Mackenzie 1990). This process will favor 

the crystallization of less soluble calcites (i.e., with slightly  

lower Mg contents), with the consequent accumulation of Mg2+ at the 

transformation interface. At some point, Mg2+ concentration may inhibit the 

formation of calcite and promote the precipitation of aragonite, which does not 

incorporate Mg2+ (see EDX maps in Fig. 19) (Burton and Walter 1987; Morse et al. 

1997). This theoretical sequence can vary depending on local conditions, and 

aragonite could be produced directly, without the need for a secondary Mg 

calcite precursor. These substitution processes will be investigated in detail in the 

future. 

 

4.2. Growth patterns of the external prismatic and lamello-fibrillar 

layers 

Considering that in serpulids, secreting glands, of both calcium carbonate and 

organic matter, are principally located in the folds of the peristomial collar, just 

beneath the radiolar crown (Hedley 1956), the deposition of new material occurs 

when the serpulid is in feeding mode (with the radiolar crown protruding 

outwards). At this point, the collar folds would adapt to the edge of the tube, 

facilitating the addition of new material. The secretion of a new layer would stop 

each time the serpulid retracts inside the tube.  

 
The distribution of growth lines of the primary external prismatic layers indicates 

that growth proceeds with the addition of closely spaced (submicron thick) 

growth increments (Fig. 7D). The flat, parallel, and continuous growth lines 

across the prisms mark the positions where the soft body adhered to the tube’s 

growth surface to continue calcification. This pattern is similar to that found in 

other calcifying invertebrates, such as e.g. molluscs, brachiopods, and corals.  

 
 Figure 21 Schematic representation of a serpulid tube cross-section, with indication of the 
original microstructures, before (A) and after (B) substitution by secondary microstructures. 
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On the contrary, in the lamello-fibrillar microstructure, we have not found 

any evidence of growth lines within the layers, despite the different preparation 

protocols applied. The only evidence of periodicity is constituted by the organic 

membranes delineating the lamello-fibrillar layers. Accordingly, we assume that 

these membranes correspond to the different growth episodes and delineate the 

contour of the mineralizing epithelium (the collar fold). This distribution pattern 

is suggestive of a rather episodic growth, with increments between a few microns 

to several tens of microns (Fig. 12D-G).  

To reconcile the relatively continuous growth of the external prismatic 

layer with the seemingly episodic growth of the lamello fibrillar layers, we 

envisage two possibilities: (1) Mineralization of the lamello-fibrillar layer takes 

place continuously, with the addition of sublayers one to several fibers thick; 

when the layer is complete, secretion of the organic membrane takes place (Fig. 

22A). (2) The animal isolates a space with a new membrane at a distance of the 

previous membrane, enriched in the mineralization precursors of the calcitic 

fibers; mineralization of a fresh lamello-fibrillar layer takes place at once within 

this space (Fig. 22B). Whatever the exact process, this growth mode leads to the 

production of the characteristic pattern of unequal, sometimes slightly offset, 

growth wedges of lamello-fibrillar material (Fig. 12).  
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Figure 22. Two possible growth modes for the outer granular-prismatic and lamello-fibrillar 
microstructures. A. Both the granular-prismatic and the lamello-fibrillar microstructures grow 
continuously toward the tube exterior and interior, respectively. When the lamello-fibrillar layer 
is complete, it is covered by an organic membrane. B. While the granular-prismatic layer grows 
continuously toward the external surface, the space corresponding to the future lamello-fibrillar 
layer is filled with the precursor components and sealed by a membrane. Subsequently, 
mineralization of the enclosed space takes place at once. In both cases (A and B), the 
chitin+protein fibers organize as a cholesteric liquid crystal phase and calcite nucleate orientally. 

 

Other biocalcifiers, such as molluscs, bryozoans or brachiopods, can 

control the chemistry of the precipitation medium and the production of 

particular mineral phases (low-Mg calcite, aragonite). This is likely due to the fact 

that this occurs in a very thin space (much less that one micron thick) between 

the mantle cells and the shell growth surface, called the extrapallial space 

(Nielsen and Pedersen 1979, Checa et al. 2014, Simonet Roda et al. 2019). This is 

isolated from the environment by an organic membrane, the periostracum in 

molluscs and brachiopods, and the cuticle in bryozoans. Serpulids, conversely, 
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lack such an isolating membrane, and the growing edge of the tube is exposed to 

the environment, particularly when the animal is retracted inside its tube. This 

could explain the high-Mg calcite mineralogy of the serpulid microstructures, 

whose original microstructures are particularly prone to substitution processes, 

as explained above. 

 

4.3. Assimilation of the plywood structure of the lamello-fibrillar 

calcite to a chiral nematic liquid crystal phase 

The characteristic plywood arrangement of the lamello-fibrillar material, made 

of co-oriented fibers that twist their orientation across successive layers, is known 

in the literature as a “chevron pattern” (Weedon 1994). It was initially explained 

as being induced by swirling movements of the collar folds, which mold the 

material (still in a slurry state) through forward and backward applications 

before hardening (also Weedon 1994). However, this hypothesis fails to explain 

three critical issues: (1) how traction forces induce fiber orientations, (2) why the 

fibers achieve co-orientation across the whole thickness of a single layer, made of 

many superposed, co-oriented fibers (Fig. 12), and, as we reveal here, (2) how the 

crystallographic c-axis becomes co-oriented with the long axis of the fibers (see 

EBSD results in Figs. 13, 14, 16 and 17). Out of Hedley’s hypothesis, no specific 

mechanism has been proposed to explain the plywood-like arrangement of the 

lamello-fibrillar calcite. 

The changing orientation of fibers across the different layers is reminiscent 

of the plywood structures of many organic fibrous biocomposites in plants and 

animals (Neville 1993). Many such cases have been interpreted as resulting from 

a process of liquid crystallization, in particular, from the formation of the so-

called cholesteric or chiral-nematic phase. In this phase configuration, polar 

nanofibers or molecules arrange in planes, and the fibers in each plane are 
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parallel to each other and slightly rotated with respect to those of the contiguous 

plane. After a certain distance (called pitch), the orientation of the fibers b 

ecomes the same. In other instances, the change in orientation is abrupt, 

resulting in superposed lamellae of fibers with marked differences in orientation. 

The most archetypal example of biological plywood materials attributed 

to cholesteric liquid crystallization is the arthropod exoskeleton, consisting of α-

chitin+protein fibers (Bouligand 1972; Neville 1993). In molluscs (β-

chitin+protein), similar patterns have been recognized in the periostracum of 

some gastropods (Hunt and Oates 1984), the squid pen (Levi-Kalisman et al. 

2001), the chambers and septa of Sepia (Checa et al. 2015), and the septa of Spirula 

(Checa et al. 2022; Griesshaber et al. 2023). In all these instances, growth proceeds 

with the addition of successive layers. This is the opposite of in vitro-formed 

liquid crystals, in which all layers develop at once from a suspension. 

Out of the above examples, the plywood structures of Sepia and Spirula are 

calcified with aragonite but there is no correspondence between the 

crystallographic c-axes of aragonite (perpendicular to the layers; Griesshaber et 

al. 2023) and the organic fibers of chitin protein (parallel to the layers). If we 

assimilate the formation of the lamello-fibrillar microstructure of serpulids to a 

liquid crystallization process, the calcite should nucleate onto previous organic 

fibrils, with its c-axis parallel to the long axis of the fibers (see EBSD data, Figs. 

13, 14, and 16). This would constitute a unique case of oriented nucleation. The 

putative fibers would be made of chitin (in its β-polymorph; Chamoy et al. 2001; 

Choi et al. 2022; Hausen 2005; Hunt and Oates 1984; Merz 2015) and proteins, 

two components we have identified within the tubes with FTIR (Fig. 17) (Tsurkan 

et al. 2021). We do not know if intra-layer growth proceeds sequentially (i.e. layer 

by layer, as in the previous biological examples) or all at once (see previous 

section). Unfortunately, we have not yet identified the organic precursor scaffold 

of the lamello-fibrillar material. Further research will be done in this area.  
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5. Conclusions 

5.1. Stenolaemata bryozoans 

1. Micro-CT results demonstrate that C. elegans builds erect cylindrical 

colonies where the zooid chambers are arranged concentrically, whereas 

H. robusta constructs erect branched colonies with long tubular zooids, 

which are oriented towards the front. We confirm the existence of a 

complex system of communicative channels, the funicular system, 

between the zooids in both species.  

2. Foliated calcite is the microstructure that makes up the bulk of the colony 

skeleton of both F. ramosa and C. elegans. Tabular calcite is the principal 

microstructure of the colony skeleton of H. robusta. 

3. Both microstructures share a high ability to adapt to the irregularities of 

the surface produced by the different structures, such as inner walls, 

communicative pores, external pustules, and internal spines. Bends, 

bifurcations, and changes in the morphology of the laths of foliated calcite 

occur without changes in the orientation of the crystallographic axes.  

4. The calcite crystals forming both microstructures present a surface 

nanoroughness. In the case of foliated calcite, the nanoprotrusions are 

preferentially oriented along the crystallographic directions with the 

strongest bonds (PBCs). 

5. The crystallography of the foliated calcite of F. ramosa and C. elegans 

exhibits a characteristic sheet texture, which is weaker in C. elegans. The c-

axis is along the growth axis of the laths, whereas their main surfaces are 

roughly of the {100} type. 

6. The crystallography of the tabular calcite from H. robusta exhibits an axial 

texture, with the c-axis as fiber axis, and perpendicular to the surface of 

the tablets. 
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5.2. Gymnolaemata bryozoans  

1. We have identified five basic microstructures in cheilostome bryozoans: 

Tabular, irregularly platy, and granular calcite, as well as fibrous and 

granular-platy aragonite.  

2. The three calcitic microstructures form recurrent associations. The SEM 

and EBSD results indicate that both tabular and irregularly platy calcite 

are structurally continuous into granular calcite. The differences can be 

attributed to a significant reduction of the observed organic matrix. 

3. Both SEM and EBSD data allowed us to reconstruct the growth directions 

of the microstructures, filling in the interior walls and frontal shields (or 

cryptocyst). Depending on the species, either tabular or irregularly platy 

calcite is secreted first and later transformed into granular calcite. In 

bimineralic cheilostomes, fibrous aragonite is always the last 

microstructure to be secreted.  

4. The granular-platy microstructure was only found in A. pallasii, around 

the pores of the frontal shield. 

5. The increase in the MUD values (derived from the contoured pole figures) 

for both the calcitic and aragonitic microstructures suggests competitive 

growth, which is described for the first time in cheilostome bryozoans. 

6. Apart from tabular calcite, the rest of the microstructures show evidence 

that the epithelium is not in direct contact with the surfaces of the growing 

crystals. This demonstrates a case of remote growth, which seems 

widespread in cheilostome bryozoans but is very uncommon among 

invertebrates. 
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5.3. Serpulid Polychaeta 

1. We have identified three different microstructures: granular-prismatic 

calcite, lamello-fibrillar calcite, and fibrous aragonite. For each one, we 

have characterized their distribution, mineralogy, and crystallography.  

2. The granular-prismatic microstructure may be present either as (1) an 

outer layer of long prisms perpendicular to the external surface, or as (2) 

ubiquitous clusters or discontinuous layers in different parts of the tube 

cross-section.  

3. The lamello-fibrillar microstructure has a plywood structure of thin fibers 

arranged in successive layers separated by membranes. It is found in the 

central and internal parts of the tube. 

4. The fibrous aragonite usually forms spherulites and appears as 

discontinuous layers or clusters at any location in the tube. 

5. Serpulid tubes incorporate a high amount of organic matter, consisting 

primarily of chitin plus protein. Calcite is always medium to high Mg 

calcite (>10%). 

6. From the crystallographic viewpoint, the calcitic external prismatic and 

lamello-fibrillar layers, and the fibrous aragonite present an axial texture, 

with either the calcite or the aragonite c-axis as the fiber axis. The lamello-

fibrillar calcite displays the strongest texture. The long prisms of the 

external prismatic calcite become better co-oriented with growth, a 

characteristic indicative of competition for space. 

7. Only the external prismatic and the lamello-fibrillar microstructures are 

secreted by the animal. All the other instances of granular-prismatic and 

fibrous aragonite microstructures result from the in vivo substitution of 

original microstructures. The fibrous aragonite can also substitute the 

secondary calcite. Substitution is likely triggered by the high Mg2+ content 

of the original calcites. 
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8. The external granular-prismatic layer exhibits continuous growth, while 

the lamello-fibrillar layers grow either: (1) by continuous addition of 

sublayers one to several fibers thick, until, upon completion of the layer, 

an organic membrane is secreted; or (2) by isolating a space sealed by a 

new membrane, where mineralization occurs at once. 

9. We hypothesize that the plywood configuration of the lamello-fibrillar 

calcite occurs by the ordering of a precursor made of organic fibrils into a 

cholesteric liquid crystal phase. Subsequently, calcite would grow by 

oriented nucleation onto the organic fibrils. We have not identified the 

organic precursor. 
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5. Conclusiones 

5.1. Bryozoos stenolemados 

1. Los resultados de micro-TC demuestran que C. elegans construye colonias 

cilíndricas erectas en las que las cámaras de los zooides están dispuestas 

concéntricamente, mientras que H. robusta construye colonias ramificadas 

erectas con largos zooides tubulares, que están orientados hacia delante. 

Confirmamos la existencia de un complejo sistema de canales 

comunicativos, el sistema funicular, entre los zooides de ambas especies. 

2. La calcita foliada es la microestructura que constituye la mayor parte del 

esqueleto de las colonias tanto de F. ramosa como de C. elegans. La calcita 

tabular es la principal microestructura del esqueleto de la colonia de H. 

robusta. 

3. Ambas microestructuras comparten una gran capacidad de adaptación a 

las irregularidades de la superficie producidas por las diferentes 

estructuras, como paredes internas, poros comunicantes, pústulas 

externas y espinas internas. Las curvaturas, bifurcaciones y cambios en la 

morfología de las láminas de calcita foliada se producen sin cambios en la 

orientación de los ejes cristalográficos.  

4. Los cristales de calcita que forman ambas microestructuras presentan una 

nanorrugosidad superficial. En el caso de la calcita foliada, las 

nanoprotrusiones se orientan preferentemente a lo largo de las direcciones 

cristalográficas con los enlaces más fuertes (PBCs). 

5. La cristalografía de la calcita foliada de F. ramosa y C. elegans exhibe una 

“textura de lámina” característica, que es más débil en C. elegans. El eje c 

está a lo largo del eje de crecimiento de las láminas, mientras que sus 

superficies principales son aproximadamente del tipo {100}. 
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6. La cristalografía de la calcita tabular de H. robusta exhibe una “textura 

axial”, con el eje c como eje de fibra, perpendicular a la superficie de las 

tabletas. 

 

5.2. Briozoos gimnolemados  

1. Hemos identificado cinco microestructuras básicas en los briozoos 

queilostomados: calcita tabular, irregularmente laminar y granular, así 

como aragonito fibroso y granular-laminar.  

2. Las tres microestructuras calcíticas forman asociaciones recurrentes. Los 

resultados SEM y EBSD indican que tanto la calcita tabular como la 

irregularmente laminar se continúan estructuralmente en la calcita 

granular. Las diferencias pueden atribuirse a una reducción significativa 

de la matriz orgánica observada. 

3. Tanto los datos de SEM como los de EBSD nos permitieron reconstruir las 

direcciones de crecimiento de las microestructuras, rellenando las paredes 

interiores y los “escudos frontales” (o criptocisto). Dependiendo de la 

especie, primero se segrega calcita tabular o irregularmente laminar, que 

posteriormente se transforma en calcita granular. En los queilostomados 

biminerales, el aragonito fibroso es siempre la última microestructura en 

ser secretada.  

4. La microestructura granular-laminar sólo se encontró en A. pallasii, 

alrededor de los poros del escudo frontal. 

5. El aumento de los valores de MUD (derivados de las figuras de polos), 

tanto para las microestructuras calcíticas como aragoníticas, sugiere un 

crecimiento competitivo que se describe por primera vez en briozoos 

queilostomados. 

6. Aparte de la calcita tabular, el resto de las microestructuras muestran 

evidencias de que el epitelio no está en contacto directo con las superficies 
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de los cristales en crecimiento. Esto demuestra un caso de crecimiento 

remoto, que parece muy extendido en los briozoos queilostomados pero 

es muy poco común entre los invertebrados. 

 

5.3. Serpúlidos poliquetos 

1. Hemos identificado tres microestructuras diferentes: calcita granular-

prismática, calcita lamelo-fibrilar y aragonito fibroso. Para cada una de 

ellas, hemos caracterizado su distribución, mineralogía y cristalografía. 

2. La microestructura granular-prismática puede estar presente como (1) una 

capa externa de prismas largos perpendicular a la superficie externa, o 

como (2) agrupaciones ubicuas o capas discontinuas en diferentes partes 

de la sección transversal del tubo.  

3. La microestructura lamelo-fibrilar tiene una estructura contrachapada de 

fibras finas dispuestas en capas sucesivas separadas por membranas. Se 

encuentra en las partes central e interna del tubo. 

4. El aragonito fibroso suele formar esferulitas y aparece como capas 

discontinuas o agrupaciones en cualquier lugar del tubo. 

5. Los serpúlidos incorporan una gran cantidad de materia orgánica en la 

estructura del tubo, compuesta principalmente por quitina y proteínas. La 

calcita contiene siempre un contenido en Mg medio/alto (>10%). 

6. Desde el punto de vista cristalográfico, las capas externas prismáticas y 

lamelo-fibrilar de calcita y el aragonito fibroso presentan una textura axial, 

con el eje c tanto de la calcita como del aragonito como eje de fibra. La 

calcita lamello-fibrilar presenta la textura más fuerte. Los prismas largos 

de la calcita prismática externa se co-orientan mejor con el crecimiento, 

una característica indicativa de competencia por el espacio. 

7. Sólo las microestructuras prismáticas externa y lamelo-fibrilar son 

secretadas por el animal. Todos los demás casos de microestructuras 
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granulares-prismáticas y fibrosas de aragonito resultan de la sustitución 

in vivo de las microestructuras originales. El aragonito fibroso también 

puede sustituir a la calcita granular-prismática secundaria. La sustitución 

es probablemente provocada por el alto contenido en Mg2+ de las calcitas 

originales. 

8. La capa de calcita granular-prismática externa presenta un crecimiento 

continuo, mientras que las capas de calcita lamelo-fibrilar crecen: (1) por 

adición continua de subcapas de una a varias fibras de grosor, hasta que, 

al completarse la capa, se segrega una membrana orgánica; o (2) aislando 

un espacio sellado por una nueva membrana, donde la mineralización se 

produce de inmediato. 

9. Nuestra hipótesis es que la configuración contrachapada de la calcita 

lamelo-fibrilar se produce por el ordenamiento de un precursor formado 

por fibrillas orgánicas en una fase de cristal líquido colestérico. 

Posteriormente, la calcita crecería por nucleación orientada sobre las 

fibrillas orgánicas. No hemos identificado el precursor orgánico. 
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