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Abstract. Mollusc shells are composite structures made of  calcite and/or aragonite crystals and biopolymers, 
arranged in a great variety of  microstructures. The formation of  shell microstructures is affected by environmental 
and physiological factors and differences among microstructural types are believed to be of  phylogenetic and adaptive 
biomechanical significance. Here, we characterise and illustrate for the first time, through SEM and XRD analyses, 
the shell microstructure and mineralogy of  specimens of  the bivalves Anadara uropigimelana (Bory de Saint-Vincent, 
1827) and Tivela stefaninii (Nardini, 1933), and of  the gastropod Oliva bulbosa (Röding, 1798), collected in the Upper 
Holocene HAS1 settlement and in a shell midden in the Khor Rori Archaeological Park (Oman). Anadara uropigimelana 
shows an aragonitic shell with an outer crossed lamellar layer, an inner complex crossed lamellar layer and an irregular 
simple prismatic pallial myostracum; periodic bands of  dendritic nondenticular composite prisms occur in the outer 
part of  the outer layer, reflecting seasonal changes in water temperatures and growth rates. Shells of  Tivela stefaninii 
are aragonitic with an outer composite prismatic layer, a middle crossed lamellar layer and an inner complex crossed 
lamellar layer, whereas those of  Oliva bulbosa are characterised by an irregular alternation of  aragonitic crossed lamellar 
layers; a transitional layer defined by the occurrence of  tidally controlled growth lines, a crossed lamellar callus and a 
myostracal layer are also described are also described in Oliva bulbosa. With this investigation, we provide novel micro-
structural and mineralogical data on these poorly known mollusc species, providing useful characters for phylogenetic, 
evolutionary, crystallographic, and palaeoenvironmental studies.
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Introduction

Mollusc shells are composite structures build 
of  crystals of  calcium carbonate (calcite, aragonite 
or both) and biopolymers, such as proteins, polysac-
charides and lipids, occluded within as well as be-
tween the mineral units of  the mineralised shell (e.g. 

Checa & Salas 2017; Griesshaber et al. 2017; Checa 
2018). These two classes of  materials interlink at all 
hierarchical levels and create a lightweight product 
characterised by complex architectures and unique 
material properties (e.g. Taylor & Layman 1972; 
Meyers et al. 2008; de Paula & Silveira 2009). 

The mineral component shows a great diver-
sity of  microstructure and texture patterns com-
bined in different shell layers and has a high poten-
tial to be preserved in the fossil record (e.g. Bøggild Received: May 28, 2024; accepted: October 24, 2024
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1930; Kennedy et al. 1969; Kobayashi 1969; Taylor 
et al. 1969; Taylor 1973; Carter 1990; Checa 2018). 
This microstructural variety is much more evident in 
molluscs that in other taxa with calcium carbonate 
shells or exoskeletons (e.g. Sato & Sasaki 2015). Dif-
ferences in mollusc shell microstructure are believed 
to be of  phylogenetic and adaptive biomechanical 
significance. Indeed, microstructural information 
has been widely used as an important character in 
phylogenetic analyses and it has long been studied in 
palaeontology, being a feature that can be inspected 
in fossil taxa to get inference on evolution and phy-
logeny of  the past life (e.g. Bieler et al. 2014; Sato & 
Sasaki 2015; Posenato & Crippa 2023). According to 
Sato et al. (2020) the components of  the shell mi-
crostructure are generally conservative in evolution, 
and microstructural differences of  shell layers can 
be useful in discriminating families, genera and even 
species (Bieler et al. 2014). 

The formation of  shell microstructures is 
controlled by physiological and environmental fac-
tors (e.g. Carter 1980; Nishida et al. 2011, 2012). 
Indeed, mollusc shells from different environments 
(from the intertidal zone to the deep sea) preserve 
records of  environmental and physiological changes 
in their microstructures, such as changes in crystal 
size, shape, or mineralogy during their lifetime (e.g. 
Yamaguchi et al. 2006; Nishida et al. 2012; Schöne 
& Surge 2012; Posenato et al. 2022). These chang-
es often derive from periodic modifications in the 
rate of  shell deposition associated with variations 
in chemical composition and crystallographic prop-
erties, resulting in a subdivision of  the shell into 
growth increments and growth lines (Schöne & 
Surge 2012). The discipline analysing these periodic 
physical and chemical variations in mollusc shells is 
called sclerochronology (e.g. Jones 1983; Gröcke & 
Gillikin 2008; Oschmann 2009; Schöne & Gillikin 
2013) and provides important information in (pal-
aeo)environmental and (palaeo)climatic studies. 

The bivalve species Anadara uropigimelana 
(Bory de Saint-Vincent, 1827) and Tivela stefaninii 
(Nardini, 1933), and the gastropod species Oliva 
bulbosa (Röding, 1798) frequently occur in archaeo-
logical shell assemblages of  the Arabian region (e.g. 
Martin 2005; Roselló-Izquierdo et al. 2005; Lindauer 
et al. 2017, 2018; Callapez & Dinis 2020; Crippa et al. 
2024) and are currently living in the Indo-Pacific re-
gion (e.g., Tursch & Germain 1985; Lutaenko 2011; 
Grizzle et al. 2018). Their abundance in archaeologi-

cal assemblages and the occurrence of  clear growth 
lines and increments in their shells, makes them ex-
cellent tools to be used for high resolution palaeo-
climatic and palaeoenvironmental studies. However, 
no data on the shell microstructure of  these species 
have been published, but only scattered information 
is available on congeneric species (e.g. Kobayashi & 
Kamiya 1968; Taylor et al. 1969; Kobayashi 1976a, b; 
Carter 1990; Tursch & Machbaete 1995; Carter et al. 
2012; Nishida et al. 2012, 2015; Carter & Sato 2020). 

Here, we performed a detailed characterisa-
tion, description and illustration of  the shell micro-
structure and mineralogy of  specimens belonging to 
A. uropigimelana, T. stefaninii and O. bulbosa collected in 
the HAS1 settlement and in a shell midden nearby in 
the Khor Rori Archaeological Park (Dhofar, Oman), 
both of  Late Holocene (Meghalayan) age. The in-
vestigation of  shell microstructure and mineralogy 
through Scanning Electron Microscopy (SEM) and 
X-Ray Powder Diffraction (XRD), besides being a 
valuable tool to check fossil shell preservation, is 
expected to provide novel data on the shell fabric 
of  these poorly known mollusc species, increasing 
the availability of  useful characters for phylogenetic, 
evolutionary, crystallographic and palaeoenviron-
mental studies.

Materials and methods

Eleven mollusc specimens belonging to three 
different species were here analysed: two bivalves, 
Anadara uropigimelana and Tivela stefaninii, and one 

US ID number Species

BS-300 (MPUM 12334) Anadara uropigimelana 

BS-246 (MPUM 12340) Tivela stefaninii 

BS-49 (MPUM 12409) Oliva bulbosa 

OS-107 (MPUM 12335) Anadara uropigimelana 

OS-120 (MPUM 12341) Tivela stefaninii 

MS-296 (MPUM 12336) Anadara uropigimelana 

MS-24 (MPUM 12411) Oliva bulbosa 

A2 (MPUM 12337) Anadara uropigimelana 

T1 (MPUM 12343) Tivela stefaninii 

A1 (MPUM 12338) Anadara uropigimelana 

OB1 (MPUM 12413) Oliva bulbosa 

US30

US54

US63 

US70

US95

Tab. 1 - Species analysed in this study organised by stratigraphic unit 
(US) with corresponding field ID numbers and repository 
numbers (MPUM).
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gastropod, Oliva bulbosa (Fig. 1, Tab. 1). All the speci-
mens are currently housed in the collections of  the 
Dipartimento di Scienze della Terra ‘A. Desio’ of  the 
University of  Milan and registered with reference 
numbers consisting of  a prefix MPUM followed by 
a five-digit number. Reference numbers are given in 
parentheses after field numbers; the latter are here 
used for simplicity when referring to the specimens 
in the text (Tab. 1).

These specimens come from the HAS1 settle-
ment, located on the northern plateau of  the Inqitat 
promontory in the Khor Rori Archaeological Park 
about 40 km east of  Salalah, Dhofar region, southern 
Oman (17°01’45.2”N, 54°26’32.4”E) (Fig. 2). The 
settlement is composed of  circular or semi-circular 
megalithic structures formed by a stone basement 
made by a sandwich wall, filled with soil mixed with 
rocks of  different sizes (Fig. 2 D). The upper part 
of  these structures, probably constituted by perish-
able material and supported by wooden poles, is not 

preserved. During the excavation activities traces of  
the poles and the roof  were found carbonised, in 
situ (Lischi 2019, 2023), indicating that the site was 
engulfed by a fire; this has been also confirmed by 
a multimethodological study on burned and not-
burned mollusc shells from the HAS1 circular struc-
tures (Crippa et al. 2023).

The three species here examined were col-
lected from two stratigraphic units within two circu-
lar structures (circular structures B5, US30 and B9, 
US54) and from three stratigraphic units within a 
shell midden (US63, US70, US95) (Fig. 2 C, D). US 
indicates a stratigraphic unit. Each US is followed by 
a number indicating different sampled intervals in 
the settlement and in the midden. 

The stratigraphic unit US30 represents the 
lowest layer found in the circular structure B5, 
whereas the stratigraphic unit US54 is found inside 
the circular structure B9 (Crippa et al. 2024); in both 
structures carbonised wooden beams and a lot of  

Fig. 1 -  Specimens of  Anadara uro-
pigimelana (1) (OS-107), Ti-
vela stefaninii (2) (BS-246) 
and Oliva bulbosa (3) (BS-49) 
analysed in this study. For bi-
valves, a: external view, b: in-
ternal view. For gastropod, a: 
abapertural view, b: apertural 
view, c: apical view. 
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fire traces (charcoals) occur, together with some ar-
chaeological materials, such as complete potteries.

The other samples were collected in a mid-
den, in the eastern part of  the promontory, that has 
been stratigraphically sampled through an excavated 
trench nearly 4 meters deep (Fig. 2 C). Three strati-
graphic units have been sampled: US63 is the shal-
lower one, followed by US70 and US95 going deeper 
in the trench. This long stratigraphy stretches from 
the beginning to the end of  the Iron Age (9th century 
BCE to 2nd century CE).

The HAS1 settlement is dated to the Megha-
layan (Late Holocene) and, based on archaeological 
findings, it was inhabited from at least the 4th cen-
tury BCE until the 1st-2nd century CE (Middle-Late 
Iron Age) (Lischi 2018, 2019, 2022, 2023). The strati-
graphic units here investigated show the following 
ages based on radiocarbon dating on animal bones 
and charcoal (Lischi 2019): US70 (702 – 397 cal 
BCE), US63 (515 – 349 cal BCE), US30 (385 – 159 
cal BCE). US54 and US95 have not been dated, but 
US54 is coeval with US30, and US95 has an interme-
diate position between US70 and US98 (843 – 739 
cal BCE), and thus an intermediate age. 

To characterise the shell microstructure and 
mineralogy, and check the shell preservation, mollusc 
specimens were first cleaned from the sediment us-
ing a brush to gently remove the soft sediment, then 
washed with demineralised water and air-dried. 

For the microstructural analysis, shell sections 
were investigated using a JSM-IT500 (JEOL Ltd., Ja-

pan) Scanning Electron Microscope (SEM) at the Di-
partimento di Scienze della Terra “A. Desio” of  the 
University of  Milan, Italy. For sample preparation, 
we followed the procedure proposed by Crippa et al. 
(2016) for fossil brachiopod shells. Bivalve specimens 
were cut in half  longitudinally along the axis of  maxi-
mum growth using a low speed saw with a thin dia-
mond blade, whereas gastropod specimens were cut 
transversely. One half  of  each shell was cut again in 
order to obtain a slice about 1 cm-thick; the remain-
ing part of  each half  valve/specimen was crushed to 
a fine powder using an agate mortar and pestle and 
analysed by X-ray Powder Diffraction (XRD) using a 
Panalytical X’pert Powder Diffractometer (Panalyti-
cal B.V., Netherlands) at the Dipartimento di Scienze 
della Terra of  the University of  Milan, Italy.

Each 1 cm-thick slice was glued on glass slides 
using a two-component epoxy resin, ground smooth 
using silicon carbide (SiC) powder of  two different 
granulometries and etched with 5% hydrochloric acid 
(HCl) for 10 seconds to reveal the detail of  the mi-
crostructure. After washing with demineralised water 
and drying, each section was coated with gold and 
observed using the SEM. 

SEM images were taken using a secondary 
electron detector (SED), which provide high-resolu-
tion topographical information of  the analysed sam-
ple surface. However, in some specimens (BS-246, 
OS-120, T1 and A1), the fracturing occurring dur-
ing the specimen preparation did not allow to obtain 
clear and defined images of  the shell microstructure 

Fig. 2 - Geographical setting: (A) location of  the HAS1 settlement in the Dhofar region (green star); (B) northern plateau of  the Inqitat pro-
montory where the HAS1 settlement is situated; (C) eastern section of  the midden, where specimens from US63, US70, US95 come 
from; (D) HAS1 settlement showing the position of  the circular structures (B5, B9), where specimens from US30 and US54 come 
from.
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with SED; to overcome this problem, images were 
also obtained with a backscattered electron detector 
(BED-C). Photos taken with BED-C are generally 
worse than SED images in terms of  topographical 
and morphological information obtained, but their 
quality is enough to characterise the different ele-
ments of  the shell microstructure in particular situ-
ations when clear photos with secondary electrons 
cannot be acquired. 

To define the mineralogical composition and 
to verify that the specimens are pristine, powdered 
shells were analysed by XRD. Based on the available 
literature on these species or other congeneric spe-
cies, all the examined mollusc shells are aragonitic 
(Kobayashi & Kamiya 1968; Taylor et al. 1969; Ko-
bayashi 1976 a, b; Carter 1990; Tursch & Machbaete 
1995; Carter & Sato 2020); aragonite is a metastable 
form of  calcium carbonate that is commonly re-
placed by calcite during diagenesis (e.g. Milano et al. 
2016; Casella et al. 2017). 

The powders (~0,5 g and mean size = ~50–60 
μm) were inserted in a back-mounting sample holder 
to reduce preferential orientation. The X-ray tube 
(Cu Kα wavelength) was set at 40 kV and 40 mA, 
and data were collected between 5° and 90° 2θ, with 
a step size of  about 0.02° 2θ and a counting time 
per step of  30 seconds. The incident slit was fixed at 
1/2°, with an antiscatter of  1/2°; the detector used 
was a multistrip X’Celerator.

Results

Shell preservation
The investigation of  mollusc shells at the XRD 

allows us to characterise their mineralogical phase 
and to differentiate between aragonite and calcite. 
XRD analyses indicate that the three mollusc species 
studied in this work (Anadara uropigimelana, Tivela ste-
faninii and Oliva bulbosa) have an aragonitic shell. The 
diffractogram of  each specimen was compared with 
the characteristic spectra of  calcite and aragonite, 
confirming aragonite as the major mineral compo-
nent of  the shell and the absence of  a calcitic phase 
which would have indicated shell alteration (Fig. 3). 
The excellent preservation of  the specimens is also 
supported by SEM analysis (see next paragraph) 
where no sign of  diagenetic or anthropic alteration 
(e.g. sparry calcite) was observed in the aragonitic 
microstructures. 

Shell microstructure
We follow Carter & Sato (2020) for the ter-

minology used in the microstructural descriptions 
and to define shell layers (outer, middle and inner). 
Concerning Oliva bulbosa, we prefer to use the terms 
outer, middle, and inner layers instead of  the Mac-

Fig. 3 - Diffractograms for specimens of  Anadara uropigimelana (A), 
Tivela stefaninii (B) and Oliva bulbosa (C) labelled with spe-
cimen field numbers. The main peaks indicate that all the 
shells are composed of  aragonite.
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Clintock’s (1967) numerical system, which is main-
ly used for Patellogastropoda and is based on the 
occurrence of  a myostracum separating inner and 
middle/outer layers, a character not occurring in O. 
bulbosa. Also, as noted by Carter & Sato (2020), the 
MacClintock’s (1967) numerical system typically re-
sults in unlikely homologies among layers.

Anadara uropigimelana - Specimens of  
Anadara uropigimelana show an aragonitic shell (Fig. 
3 A) with an outer crossed lamellar (CL) layer, an 
inner complex crossed lamellar (CCL) layer and an 
irregular simple prismatic pallial myostracum; fur-
thermore, periodic bands of  dendritic nondenticu-
lar composite prisms (dendritic NDCP) occur in the 
outer part of  the outer layer (Pls 1, 2; Pl. S1 in the 
Supplementary Material). 

Outer layer. The outer layer occupies the 
outer part of  the shell, from the hinge to the ven-
tral margin; its thickness is not constant through the 
section: it shows its maximum thickness in the hinge 
plate and in the ventral margin, whereas its mini-
mum occurs dorsally at the umbonal curvature. It 
is composed of  simple crossed lamellae that change 
from branching crossed lamellae in the outer part 
of  the layer to linear crossed lamellae in the middle 
and inner part, toward the contact with the inner 
layer (Pl. 1, figs 1, 5-8; Pl. S1, figs 5, 6 in the Sup-
plementary Material). The degree of  the branching 
changes in the different specimens and is particu-
larly developed in specimens OS-107 and MS-296 
(Pl. 1, figs 7, 8). First order lamellae are clearly ob-
servable at the SEM by the alternated brightness of  
the adjacent first order lamellae, which are tilted in 
two opposite directions (Pl. 1, figs 1, 5, 6; Pl. 2, figs 
1-4); they have a variable thickness, generally rang-
ing between 5 and 25 µm.

Inner layer. The inner layer is separated from 
the outer layer by the pallial myostracum (Pl. 2, figs 
1-4). This layer is present only internally with re-
spect to the pallial line and is absent in the hinge 
plate. The microstructure of  the inner layer is main-
ly composed of  irregular complex crossed lamellae 
with irregularly shaped, laterally interdigitating first 
order lamellae (Pl. 2, figs 1-6). Rarely, first order la-
mellae seem to be arranged cone in cone, resem-
bling cone complex crossed lamellae (Pl. 2, fig. 7). 

Pallial myostracum. The outer and the inner 
layers are sharply separated by a pallial myostracum, 
which is clearly observable in specimens A1 and A2 

(Pl. 2, figs 1, 2). It starts at the pallial line and fin-
ishes abruptly at the internal margin of  the hinge 
plate. It is composed of  simple irregular prism of  
aragonite and has a thickness of  ca. 5 µm (Pl. 2, figs 
1, 2). In the specimens where the pallial myostra-
cum is lacking (OS-107 and MS-296), the boundary 
between outer and inner layers is sharp and defined 
by a groove (Pl. 2, figs 3, 4). In the umbonal zone 
of  specimen OS-107, the simple irregular prismatic 
pallial myostracum does not coincide with a change 
in microstructure between outer and inner layers 
(Pl. S1, fig. 8 in the Supplementary Material).

Other layers. In three specimens (BS-300, 
MS-296 and A2) an additional layer is observed in 
the outer layer, which is lacking or, more likely, not 
preserved in the other two specimens (A1 and OS-
107). The microstructure of  this layer is dendritic 
nondenticular composite prismatic and it is char-
acterised by second order prism diverging from a 
central, longitudinal core toward the side of  the first 
order prism (Pl. 1, figs 2-5; Pl. S1, fig. 4 in the Supple-
mentary Material). This layer is not continuous along 
the longitudinal section of  the shell, but is locally 
present in nearly periodic bands (50-150 µm-thick) 
in the outer part of  the outer layer, interrupted and 
separated by major growth lines (Pl. 1, fig. 5). The 
transition between these bands and simple crossed 
lamellae of  the outer layer is gradual (Pl. 1, figs 2, 
4, 5; Pl. S1, figs 1-3 in the Supplementary Material). 

Plate 1 

Scanning Electron Microscope images showing the shell microstruc-
ture of  specimens of  Anadara uropigimelana. CP: dendritic 
nondenticular composite prismatic layer; GL: growth lines; 
IL: inner layer; OL: outer layer; OS: outer surface.

Fig. 1 - Sharp boundary between outer and inner layers near the ven-
tral margin; in the outer layer crossed lamellae pass gradually 
from linear to branching towards the external shell surface. 
Specimen A1, right valve. 

Figs 2-4 - Dendritic nondenticular composite prismatic microstruc-
ture. Second order prisms diverge from a central, longitu-
dinal core toward the side of  first order prisms. Specimen 
BS-300, fragment (2, 3), specimen MS-296, left valve (4).

Fig. 5 - Dendritic nondenticular composite prismatic band near the 
outer shell surface. The growth line crosses only the linear 
crossed lamellar outer layer. Specimen MS-296, left valve. 

Fig. 6 - Well-preserved crossed lamellar microstructure in the ou-
ter layer. First, second and third order lamellae are clearly 
observable. Specimen BS-300.

Figs 7-8 - Branching crossed lamellae in the outer layer. Specimen 
MS-296, left valve.
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Plate 1 
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Growth lines. Major and minor growth lines 
are visible along all section (Pl. 1, fig. 5). Their mi-
crostructure is generally well-defined and it is com-
posed of  irregular simple prisms (Pl. 2, figs 2, 5; Pl. 
S1, fig. 5 in the Supplementary Material); sometimes 
prisms are less defined and growth lines correspond 
to bands with a higher porosity (Pl. 2, fig. 7; Pl. S1, 
fig. 7 in the Supplementary Material). Growth lines 
cross both outer and inner layers, but with a differ-
ent orientation. In the outer layer growth lines are 
inclined with respect to the shell surface, then curv-
ing and becoming nearly parallel to the shell surface 
and the pallial myostracum toward the inner part of  
the outer layer; in the inner layer they are parallel 
to the shell surface and to the pallial myostracum. 
In the outer layer major growth lines cross only the 
crossed lamellar microstructure (Pl. 1, fig. 5; Pl. S1, 
fig. 5 in the Supplementary Material), and not the 
dendritic NDCP one. In the examined specimens, 
major growth lines are characterised by the forma-
tion of  steps on the outer shell surface (Pl. 1, fig. 5). 

Tubules. The shell of  specimens of  Anadara 
uropigimelana is crossed by tubules. Tubules perfo-
rate all the shell layers, from the inner to the outer 
layers. However, their appearance is restricted to the 
part of  the shell inside the pallial line, that is charac-
terised by the inner layer (Pl. 1, fig. 1, Pl. 2, figs 1, 2, 
4, 6-8). No tubule has been found starting outside 
the pallial line, in the marginal band or in the hinge 
plate. They appear as empty perforations, 3-10 µm 
in diameter, crossing continuously both the outer 
and inner shell layers and perpendicular to external 
shell surfaces (Pl. 1, fig. 1, Pl. 2, figs 1, 2, 4; Pl. S1, 
figs 6, 8 in the Supplementary Material). The num-
ber of  perforations varies among the specimens: 
the shell of  OS-107 is continuously and regularly 
perforated from the ventral margin to the dorsal 
region, whereas in A2 the presence of  tubules is ir-
regular along the section.

Tivela stefaninii - Specimens of  Tivela stefani-
nii show an aragonitic shell (Fig. 3 B) with an outer 
composite prismatic layer, a middle crossed lamellar 
layer and an inner complex crossed lamellar layer 
(Pls 3, 4; Pl. S2 in the Supplementary Material).

Outer layer. The outer layer is not continu-
ous along the section and frequently alternates 
with the middle layer on the outer shell surface. 
This discontinuous occurrence may be due to shell 
preparation and its peculiar fragility, or because of  

the specimen preservation. The outer layer is com-
posed of  first order prisms formed by second order 
fibrous prisms radiating from a spindle, toward the 
depositional surface (Pl. 3, figs 1-5; Pl. S2, figs 1, 2 
in the Supplementary Material); the apex of  fibrous 
prisms is often etched more quickly compared to 
the surrounding parts, resulting in the black holes 
observed in the images (Pl. 3, figs 1-4); each sec-
ond order fibrous prisms seem to be composed of  
lower order thin prisms radiating in a fan-like way 
from a central longitudinal axis (Pl. 3, figs 2, 3, 6). 
This microstructure is a composite prismatic seem-
ingly with a spherulitic origin. The transition from 
the outer to the middle layer is gradual (Pl. 3, fig. 7).

Middle layer. The middle layer is character-
ised by a simple crossed lamellar microstructure, 
with linear first order lamellae (Pl. 3, figs 7, 8, Pl. 4, 
figs 1, 2; Pl. S2, figs 3-6 in the Supplementary Mate-
rial). The thickness of  first order lamellae is con-
stant, ranging between 5 and 15 µm. The etching 
highlighted a lower order structure of  the lamellae; 
they seem to be composed of  thin prisms radiating 
in a fan-like way from a central longitudinal axis, as 
observed in the second order prisms of  the com-
posite structure of  the outer layer (Pl. S2, fig. 3 in 
the Supplementary Material).

Inner layer. The inner layer is composed of  
a distinct fine complex crossed lamellar microstruc-
ture, characterised by isolated and elongated struc-
tural units not arranged into first order or second 

Plate 2

Scanning Electron Microscope images showing the shell microstruc-
ture of  specimens of  Anadara uropigimelana. GL: growth li-
nes; IL: inner layer; PM: pallial myostracum; OL: outer layer.

Figs 1-2 - Inner and outer layers separated by an irregular simple 
prismatic pallial myostracum. Tubules cross all layers. Speci-
men A2, right valve.

Figs 3-4 - Boundary between inner and outer layers not defined by 
a pallial myostracum, but only by a sharp change in micro-
structure: linear crossed lamellae in the outer layer and irre-
gular complex crossed lamellae in the inner layer. Tubules 
cross all layers (4). Specimen OS-107, left valve.

Fig. 5 - Irregular simple prismatic microstructure of  a major growth 
line in the outer layer. Specimen OS-107, left valve.

Fig. 6 - Irregular complex crossed lamellar inner layer crossed by 
tubules. Specimen MS-296, left valve.

Fig. 7 - Irregular complex crossed lamellar inner layer crossed by 
tubules and growth lines. In the latter, the irregular simple 
prisms are less defined and the growth line correspond to a 
band with a higher porosity. Specimen OS-107, left valve.

Fig. 8 - Detail of  a tubule crossing the irregular simple prismatic 
microstructure of  a growth line in the inner layer. Specimen 
OS-107, left valve.



Shell microstructure and mineralogy of  the mollusc species Anadara uropigimelana, Tivela stefaninii and Oliva bulbosa 71

Plate 2



Chiari A., Dapiaggi M. & Crippa G. 72

order lamellae (Pl. 4, figs 2-6; Pl. S2, figs 7, 8 in the 
Supplementary Material). It starts near the ventral 
margin, occurring only internally with respect to the 
pallial line. 

Pallial myostracum. In the analysed speci-
mens the boundary between middle and inner lay-
ers is not defined by a pallial myostracum. Indeed, 
simple crossed lamellae of  the middle layer pass 
gradually into the fine complex crossed lamellae of  
the inner layer (Pl. 4, fig. 2). 

Growth lines. Major and minor growth lines 
are observable in all layers (Pl. 3, fig. 7, Pl. 4, figs 1, 
2, 4-6; Pl. S2, figs 1-5, 7, 8 in the Supplementary Ma-
terial). Their microstructure is generally composed 
of  irregular simple prisms (Pl. 4, figs 1, 2, 4-6; Pl. 
S2, figs 1, 3, 7, 8 in the Supplementary Material). 
However, this microstructure is not always clear and 
visible; indeed, in some cases, growth lines are vis-
ible due to their different brightness with respect to 
the surrounding layer. Looking in more detail these 
growth lines consist of  an increase in size and in a 
change in shape of  the basic structural units, form-
ing an aligned line of  small prisms; this often coin-
cides also with the occurrence of  a thin line with 
a higher porosity (Pl. 4, figs 1, 2; Pl. S2, figs 2, 4, 5 
in the Supplementary Material). In the outer layer 
growth lines are inclined with respect to the shell 
surface, then curving and becoming nearly paral-
lel to the shell surface toward the inner part of  the 
outer layer; in the inner layer they are parallel to the 
shell surface. All the examined specimens are char-
acterised by numerous growth lines (Pl. S2, figs 1-5, 
7, 8 in the Supplementary Material).

Oliva bulbosa - Specimens of  Oliva bulbosa 
have an aragonitic shell (Fig. 3 C) characterised by 
an alternation of  several layers with a crossed lamel-
lar microstructure (Pls 5, 6; Pls S3-S5 in the Supple-
mentary Material). 

Outer layer. The outer layer is composed of  
linear and slightly branching crossed lamellae (Pl. 5 
figs 1, 2; Pl. S3, Pl. S4, fig. 5, Pl. S5, fig. 3 in the Sup-
plementary Material). This layer is continuous along 
the shell section, decreasing in thickness and clos-
ing towards the columella. First order lamellae show 
different orientations with respect to the outer shell 
surface, from oblique to parallel in transversal sec-
tion (Pl. 5, figs 1, 2; Pl. S3, figs 1, 4 in the Supple-
mentary Material) to perpendicular in longitudinal 
section (Pl. S3, fig. 2). In one specimen (MS-24) 

in the portions near the columella, crossed lamel-
lae become more complex, with third order lamel-
lae dipping in at least three different directions (Pl. 
S5, fig. 4 in the Supplementary Material). The outer 
layer is generally separated from the middle layer 
by a sharp limit, where branching crossed lamellae 
of  the outer layer pass to linear crossed lamellae of  
middle layer (Pl. S3, figs 4, 5 in the Supplementary 
Material). This limit, however, occurs only in limited 
parts of  the shell due to the occurrence of  a transi-
tional layer between outer and middle layers (Pl. 5, 
figs 3-6; Pl. S3, figs 2, 4, 5, 8 in the Supplementary 
Material).

Transitional layer. Between the outer layer 
and the middle layer a transitional layer has been 
observed. This layer is characterised by the occur-
rence of  numerous growth lines (Pl. 5, figs 3-6; Pl. 
S3, figs 2, 4, 5, 8, Pl. S4, figs 1-5 in the Supplemen-
tary Material). In some parts of  the shell this layer 
shows the branching crossed lamellar microstruc-
ture of  the outer layer, but crossed by numerous 
growth lines (Pl. 5, fig. 5; Pl. S4, figs 1, 2 in the Sup-
plementary Material); in other parts of  the shell the 
microstructure is not well defined because it is en-
tirely masked by the irregular prismatic microstruc-
ture of  the growth lines (Pl. 5, figs 3, 6; Pl. S3, fig. 
8, Pl. S4, figs 3, 4 in the Supplementary Material). 
This layer is generally continuous along the section; 
when not continuous, it occurs in patches character-
ised by sets of  growth lines (Pl. 5, fig. 4; Pl. S4, fig. 
5 in the Supplementary Material).

Plate 3 

Scanning Electron Microscope images showing the shell microstruc-
ture of  specimens of  Tivela stefaninii. GL: growth lines; ML: 
middle layer; OL: outer layer.

Figs 1-6 - Composite prismatic microstructure of  the outer lay-
er. First order prisms are formed by second order fibrous 
prisms radiating from a spindle, toward the depositional 
surface; the apex of  fibrous prisms is often etched more 
quickly compared to the surrounding parts, resulting in the 
black holes observed in the images (1-4). Each second order 
fibrous prisms seem to be composed of  lower order thin 
prisms radiating in a fan-like way from a central longitudinal 
axis (2, 3, 6) Specimen T1, left valve (fig. 1 image in BED-C, 
3), specimens OS-120, right valve (2, 6), specimen BS-246, 
right valve (4, 5).

Fig. 7 - Growth lines crossing the composite prismatic outer layer 
and crossed lamellar middle layer. The transition between 
the two layers is gradual. Specimen OS-120, right valve.

Fig. 8 - Linear crossed lamellae in the middle layer. Specimen T1, left 
valve, image in BED-C.
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Middle layer. Between the transitional layer 
and the inner layer a middle layer is present. This 
layer is composed of  two sublayers showing a dif-
ferent orientation of  the crossed lamellae. We here 
refer to these sublayers as middle layer 1 and middle 
layer 2. The middle layer 1 is composed of  a linear 
crossed lamellar microstructure (Pl. 5, fig. 8, Pl. 6, 
figs 1, 2; Pl. S3, figs 1, 2, 4, 5, 8, Pl. S4, figs 5, 6 in the 
Supplementary Material). This layer occurs along 
the entire shell section between the transitional layer 
or, when this is not present, the outer layer, and the 
middle layer 2. It has a constant thickness along the 
shell section and decreases towards the columella. 
First order lamellae are straight, perpendicular to the 
shell external surface, having a thickness of  about 
20-30 µm. The boundary with the middle layer 2 is 
sharp and characterised by a marked change in the 
orientation of  the linear crossed lamellae (Pl. 5, fig. 
8; Pl. 6, figs 1, 2; Pl. S4, fig. 6 in the Supplementary 
Material). The middle layer 2 is composed of  linear 
crossed lamellae (Pl. 5, figs 1, 8, Pl. 6, figs 1-5; Pl. 
S3, figs 1, 2, Pl. S4, fig. 6 in the Supplementary Ma-
terial). This layer has a variable thickness along the 
shell, but it generally increases in thickness near the 
columella. First order lamellae in the linear crossed 
lamellar microstructure are oriented obliquely with 
respect to the outer shell surface in transversal sec-
tion (Pl. 6, fig. 1; Pl. S4, fig. 1 in the Supplementary 
Material) and perpendicularly in longitudinal sec-
tion (Pl. S4, fig. 2 in the Supplementary Material). 

Inner layer. The inner layer occurs in the in-
nermost part of  the shell and is constituted by a lin-
ear crossed lamellar microstructure (Pl. 6, figs 2-5; 
Pl. S5, fig. 2 in the Supplementary Material). Linear 
crossed lamellae are generally oriented perpendicu-
larly to the outer surface. The inner layer has a vari-
able thickness along the shell section, increasing to-
wards the columella. In the analysed specimens the 
boundary between the middle layer 2 and the inner 
layer is defined by a thin continuous layer with an 
irregular simple prismatic microstructure (Pl. 6, figs 
3-5; Pl. S5, figs 1, 2 in the Supplementary Material). 

Other layers. SEM analyses allow to iden-
tify and describe other two layers in Oliva bulbosa 
shells. The first occurs in the outer part of  the in-
ner whorls as an additional layer outside the outer 
layer. It is characterised by a linear crossed lamel-
lar microstructure with first order lamellae oriented 
perpendicularly to the outer shell surface, as in the 
middle layer 1, being separated from the outer layer 

by a stockade of  irregular simple prisms (Pl. S3, fig. 
3 in the Supplementary Material). It has a variable 
thickness, with its minimum at its appearance in the 
inner whorls, reaching up to 200 µm (in specimen 
BS-49), and subsequently decreasing and closing to-
wards the columella.  

Also, only in specimen MS-24, near the colu-
mella, a further external layer is observed, consisting 
in a stockade of  irregular simple prismatic prisms 
(Pl. 6, fig. 6; Pl. S5, figs 3, 4 in the Supplementary 
Material); this layer is preserved in the outer part of  
the columella.

Growth lines. Growth lines are clearly ob-
servable throughout the shell section. In the outer, 
middle 1 and middle 2 layers the growth lines are 
curved, following the outline of  the aperture (Pl. 5, 
figs 2-7; Pl. S3, figs 4-8, Pl. S4, figs 1-4 in the Sup-
plementary Material), while in the inner layer they 
are parallel to the external and internal shell surfac-
es (Pl. 6, fig. 3; Pl. S5, figs 1, 2 in the Supplementary 
Material). Major growth lines show a microstructure 
composed of  a stockade of  irregular simple prisms 
and cross the outer and middle layers (Pl. 5, figs 2, 
7; Pl. S3, figs 4, 6, 7, Pl. S5, figs 1, 2 in the Supple-
mentary Material). In the transitional layer numer-
ous minor growth lines occur, not extending in the 
outer and middle layers (Pl. 5, figs 3-6; Pl. S3, figs 1, 
2, 5, 8, Pl. S4, figs 1-5 in the Supplementary Mate-
rial). The microstructure of  minor growth lines is 
not always clear; they are often visible due to their 
different brightness with respect to the surrounding 
layer and they are frequently highlighted by the oc-
currence of  a thin line with a higher porosity.

Discussion

Anadara uropigimelana
Specimens of  Anadara uropigimelana have an 

aragonitic shell characterised by an outer and inner 
crossed lamellar layer, separated by a pallial myo-
stracum, and by dendritic NDCP periodic bands 
in the outer part of  the outer layer. All the shell is 
crossed by growth lines and tubules. 

Previous studies analysed the microstructure 
of  modern and fossil specimens belonging to dif-
ferent species of  Anadara, namely A. antiquata (Lin-
naeus, 1758), A. obesa (G. B. Sowerby I, 1833), A. 
amicula (Yokohama, 1925), A. ninohensis (Otuka, 
1934) and A. notabilis (Röding, 1798) (Kobayashi & 
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Plate 4

Scanning Electron Microscope images showing the shell microstructure of  specimens of  Tivela stefaninii. GL: growth lines; IL: inner layer; ML: 
middle layer.

Fig. 1 - Linear crossed lamellar middle layer crossed by numerous growth lines. Specimen BS-246, right valve.
Fig. 2 - Gradual boundary between the linear crossed lamellar middle layer and the fine complex crossed lamellar inner layer, not defined by a 

pallial myostracum. Specimen T1, left valve, image in BED-C.
Fig. 3 - Fine complex crossed lamellar microstructure of  the inner layer. Specimen T1, left valve, image in BED-C.
Figs 4-6 - Irregular simple prismatic growth line crossing the fine complex crossed lamellar inner layer. Specimen T1, left valve, image in 

BED-C.
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Kamiya 1968; Taylor et al. 1969; Kobayashi 1976b; 
Waller 1980; Carter et al. 1990), with a particular fo-
cus on A. broughtonii (Schrenck, 1867) (Kobayashi & 
Kamiya 1968; Uozumi et al. 1972; Kobayashi 1976a; 
Popov 1986; Carter et al. 1990; Nishida et al. 2012, 
2015, 2018). The only mention of  A. uropigimelana is 
by Carter et al. (1990), who simply observed that the 
third-order lamellae of  the crossed lamellar micro-
structure are blade-like. The shell microstructure of  
A. uropigimelana, here illustrated, conforms to that 
reported in congeneric species, as all the specimens 
are composed of  an outer simple crossed lamellar 
layer and an inner complex crossed lamellar layer. 
Worthy of  note is the occurrence, within a predom-
inant crossed lamellar microstructure, of  periodic 
bands of  dendritic nondenticular composite prisms 
in the outer part of  the outer layer. Previous studies 
(Kobayashi & Kamiya 1968; Kobayashi 1976a, b; 
Carter et al. 1990; Nishida et al. 2012, 2015, 2018) 
reported the occurrence of  these periodic bands in 
the outer layer of  A. broughtonii and A. ninohensis, 
documenting cyclic changes in the shell microstruc-
tures of  the outer layer during the organism’s life-
time. These authors, in describing these bands, all 
referred to a composite prismatic microstructure. 
In this study, we were able to better define this fab-
ric as dendritic NDCP (Carter & Sato 2020) and we 
hereinafter refer to this microstructural type. 

Ontogenetic changes in bivalve shell micro-
structures within a single shell layer are not uncom-
mon and have been described in various bivalve 
taxa (see tab. 1 in Nishida et al. 2012). Nishida et al. 
(2012, 2015) observed, in modern specimens of  A. 
broughtonii, fluctuations in the relative thickness of  
the two microstructures (CL and dentritic NDCP) 
in the outer layer, which reflect seasonal changes 
in water temperatures. The authors, comparing the 
shell stable isotope composition with the thickness 
of  these microstructures within the outer layer, 
noted that the relative thickness of  the dendritic 
NDCP microstructure in the outer layer is greater 
at cooler temperatures, whereas the CL microstruc-
ture is relatively thicker at higher temperatures in 
summer. In most cases major growth breaks were 
observed at the positive peaks of  thickness of  the 
crossed lamellar structure (Nishida et al. 2012). Ko-
bayashi (1976a, b) noticed in A. broughtonii and A. 
ninohensis that the CL microstructure is formed dur-
ing slower shell growth rates, whereas the dendritic 
NDCP microstructure is formed during faster shell 

growth rates. Our observations agree with previ-
ous findings. In the A. uropigimelana specimens here 
studied, the crossed lamellar microstructure occurs 
in the inner part of  the outer layer. In correspon-
dence of  growth increments, the CL microstruc-
ture occurs together with dendritic nondenticular 
composite prisms, whereas in correspondence of  
the growth lines only the CL microstructure occurs. 
As growth lines form during time intervals of  slow 
shell growth (Schöne & Surge 2012), it is reasonable 
to assume that the CL microstructure, occurring in 
correspondence of  growth lines, is formed at slow-
er growth rates, whereas the dendritic NDCP mi-
crostructure, occurring in the growth increments, is 
formed at faster growth rates. Nishida et al. (2018) 
document that in long-lived specimens of  A. brough-
tonii the relative thickness of  the dendritic NDCP 
microstructure tends to decrease as the individuals 
grow older. Although seasonal water temperature 
changes are considered to be the primary factor 
controlling the relative thickness of  the two micro-
structures, also physiological factors related to aging 
may play an important role. Indeed, the composite 
prismatic microstructure is more organic rich com-
pared to the crossed lamellar one (Taylor & Layman 
1972; Nishida et al. 2015); the production of  the or-
ganic matrix is more demanding metabolically than 
the crystallization of  calcium carbonate (Palmer 

Plate 5

Scanning Electron Microscope images showing the shell microstruc-
ture of  specimens of  Oliva bulbosa. GL: growth lines; IL: in-
ner layer; M1: middle layer 1; M2: middle layer 2; OL: outer 
layer; OS: outer surface; TL: transitional layer.

Fig. 1 - Shell section showing the five different crossed lamellar lay-
ers. Specimen MS-24.

Fig. 2 - A major growth line in the outer layer showing a well-defined 
irregular simple prismatic microstructure; minor and faint 
growth lines also occur. Specimen OB1.

Fig. 3 - The transitional layer, crossed by numerous tidally controlled 
growth lines, separates the branching crossed lamellar outer 
layer and the linear crossed lamellar middle layer 1. Speci-
men BS-49.

Fig. 4 - A patch of  transitional layer defined by the occurrence of  
numerous growth lines. Specimen OB1.

Figs 5-6 - Tidally controlled growth lines in the transitional layer. In 
fig. 5 it shows the branching crossed lamellar microstructure 
of  the outer layer, whereas in fig. 6 its microstructure is not 
well defined as it is entirely masked by growth lines. Speci-
men MS-24 (5), specimen OB1 (6).

Fig. 7 - Irregular simple prismatic growth line in the middle layer 2. 
Specimen MS-24.

Fig. 8 - Sharp boundary between the crossed lamellar middle layer 1 
and middle layer 2. Specimen BS-49.
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Plate 6 

Scanning Electron Microscope (SEM) images showing the shell microstructure of  specimens of  Oliva bulbosa. GL: growth lines; isp: thin layer of  
irregular simple prisms; IL: inner layer; M1: middle layer 1; M2: middle layer 2; ML: myostracal layer; OL: outer layer; OS: outer surface.

Fig. 1 - Sharp boundary between the crossed lamellar middle layer 1 and middle layer 2. Specimen BS-49.
Fig. 2 - Shell section showing the middle layer 1, the middle layer 2 and the inner layer, all composed of  linear crossed lamellae with different 

orientations with respect to the outer shell surface. The middle layer 2 is crossed by a growth line. Specimen MS-24.
Fig. 3 - Boundary between the crossed lamellar middle layer 2 and the inner layer, separated by an irregular prismatic thin layer. Growth lines 

crossed both layers. Specimen MS-24.
Figs 4-5 - Sharp boundary between the middle layer 2 and the inner layer defined by a thin layer of  irregular simple prisms. Specimen OB1 (4), 

specimen MS-24 (5).
Fig. 6 - Irregular simple prisms of  a myostracal layer in the outer part of  the columella representing the attachment site of  the columellar muscle. 

Specimen MS-24.
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1983, 1992), thus it is likely that with age the organ-
isms shift to a production of  a microstructure with 
less organic matrix and thus metabolically speak-
ing cheaply, possibly explaining why in the ventral 
part dendritic NDCP are not common. In our ex-
amined specimens, we did not observe a decrease 
in thickness of  the dendritic NDCP bands towards 
the ventral part, i.e. the senile part of  the shell, but 
more specimens need to be investigated to confirm 
this finding.

Tivela stefaninii
The shell microstructure of  the species Tivela 

stefaninii is composed of  three aragonitic layers: an 
outer composite prismatic, a middle crossed lamellar 
and an inner fine complex crossed lamellar. Middle 
and inner layers are not separated by a distinct pal-
lial myostracum. According to Carter & Sato (2020) 
in a few bivalves, the boundary between middle and 
inner layers is characterised by a discontinuous pal-
lial myostracum or by its absence, as happened in 
most oysters. In such cases, the middle/inner layer 
boundary may be marked by a clear change in shell 
microstructure. This is not the case of  Tivela stefani-
nii, where generally the simple crossed lamellae of  
the middle layer pass gradually into the fine com-
plex crossed lamellae of  the inner layer.

Only the shell microstructure of  two species 
belonging to the genus Tivela was briefly described 
and illustrated in previous studies: Tivela trigonella 
(Lamarck, 1818), which according to Carter (1990) 
has a fibrous prismatic outer layer, a simple crossed 
lamellar middle layer and an inner layer composed 
of  acicular crossed lamellae to fine complex crossed 
lamellae, and Tivela byronensis (Gray, 1838) whose in-
ner layer with a fine complex crossed lamellar mi-
crostructure is figured by Carter et al. (2012) and 
Carter & Sato (2020). Tivela stefaninii show the same 
three-layer organisation of  the congeneric species, 
but the outer layer is composite prismatic, possibly 
with a spherulitic origin, and not fibrous prismatic 
as in T. trigonella. Indeed, the outer layer in T. stefani-
nii is made of  first order prisms composed of  sec-
ond order prisms radiating from a spindle toward 
the depositional surface, instead of  elongated and 
parallel first order prisms, like in T. trigonella. The 
etching with hydrochloric acid used in the SEM 
sample preparation highlights a lower order struc-
ture in second order fibrous prisms, which seem 
to be composed of  thin prisms radiating in a fan-

like way from a central longitudinal axis, similarly 
to what illustrated by Amano & Hikida (1999, fig. 
4a) in the Miocene venerid species Kaneharaia aus-
iensis (Ilyna, 1954). Unfortunately, as Carter (1990) 
did not figure the fibrous prismatic outer layer of  T. 
trigonella, we do not have the possibility to check and 
compare the microstructure of  the outer layer of  T. 
trigonella with that of  T. stefaninii. 

Numerous growth lines cross the outer and 
middle shell layers; they are observable both at the 
naked eye in section, due to their dark colour com-
pared to the growth increment, and at the SEM 
images, but it is often difficult to discern between 
major and minor/disturbance growth lines, the lat-
ter reflecting growth interruptions usually induced 
by storms, predation or extreme and abnormal en-
vironmental conditions (Clark 1974). Disturbance 
growth lines can be distinguished from periodic 
and more regular growth lines by abrupt changes 
in microincrement widths (Schöne & Surge 2012; 
Moss et al. 2021). Furthermore, they are usually 
less prominent than annual growth lines and do not 
extend to the entire length of  the shell, tending to 
disappear near the anterior and posterior margins 
(Richardson 2001). In contrast to A. uropigimelana, 
where major growth lines show a typical irregular 
simple prismatic microstructure, form a step on the 
outer shell surface and are continuously traceable 
within the entire outer shell layer and on the outer 
shell surface, in T. stefaninii these features are not so 
clear, hence the difficulty in distinguishing between 
major and minor growth lines.

The genus Tivela Link, 1807 belong to the 
subfamily Meretricinae, family Veneridae. Other 
two extant genera belong to the same subfamily: 
Gomphina Mörch, 1853 and Meretrix Lamarck, 1799. 
Few studies analysed the shell microstructure of  
venerid species and its phylogenetic implications, 
including the Meretricinae, namely Shimamoto 
(1986) and Hikida (1996). Both studies reported for 
the Meretricinae middle and inner homogeneous 
layers; the outer layer is crossed lamellar for Shima-
moto (1986) and fine complex crossed lamellar for 
Hikida (1996). These data are not supported by our 
analysis. However, in both these studies only species 
belonging to the genus Meretrix were investigated 
as representatives of  the Meretricinae. No data are 
available on the shell microstructure of  Tivela and 
Gomphina, as well as, for what we know, no updated 
and exhaustive data on the venerid microstructure 
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and its phylogenetic implications exist. According 
to Mikkelsen et al. (2006) the subfamily Meretrici-
nae needs an in-depth generic revision, as well as 
broader systematic studies on Veneridae are needed. 
Indeed, venerid classification has been historically 
unstable in terms of  taxon placement and higher-
order arrangement. As the shell microstructure 
represents an important character in phylogenetic 
analyses, with our in-depth investigation we provide 
detailed descriptions and illustrations of  the differ-
ent shell layers of  Tivela stefaninii that may be of  help 
for a systematic revision of  the subfamily. 

Oliva bulbosa
The shell microstructure of  the species Oli-

va bulbosa is characterised by an alternation of  at 
least four aragonitic layers composed of  linear or 
branching crossed lamellar microstructure, plus a 
transitional layer whose peculiarity is the occurrence 
of  numerous growth lines. All layers are crossed by 
growth lines. The middle layer 2 and the inner layer 
are separated by a thin continuous layer of  irregular 
simple prisms, similar for its microstructure and its 
position within the shell to the bivalve pallial myos-
tracum. To better understand the nature of  this lay-
er, additional analyses on other O. bulbosa specimens 
are needed.

Data on the shell microstructure of  several 
species of  the genus Oliva are provided by Tursch & 
Machbaete (1995). Although O. bulbosa microstruc-
ture was not described by these authors, our results 
fit well with their general observations on the shell 
layering of  the genus Oliva. In our study we illustrate 
in detail the shell of  O. bulbosa, defining the crossed 
lamellar microstructural type in each layer, subdi-
viding the middle layer into two sublayers (middle 
layer 1 and 2), and characterising the microstruc-
ture of  the transitional layer (=transition zone for 
Tursch & Machbaete 1995) and of  additional outer 
layers. Tursch & Machbaete (1995), based on the 
different orientation of  the crossed lamellae within 
each layer, divided Indo-Pacific species of  Oliva into 
two groups represented respectively by Oliva reticu-
lata (Röding, 1798) and Oliva amethystina (Röding, 
1798). The only feature that distinguishes these two 
groups is the different orientation of  crossed lamel-
lae in the outer layer: in the first group the lamellae 
are oriented perpendicularly to the outer lip as in 
the inner layer, whereas, in the second group they 
are directed obliquely to the outer lip. However, the 

orientation of  crossed lamellae in the outer layer 
cannot be considered a taxonomical character to 
distinguish Oliva species, as variations in the crossed 
lamellar directions can occur within the outer layer 
of  a single specimen.

Concerning the transitional layer, it was men-
tioned by Tursch & Machbaete (1995) as a transi-
tion zone with an ill-defined crystal structure, but 
it was not described in detail. The transitional layer 
in O. bulbosa shells occurs between the outer layer 
and the middle layer 1 and is defined by the pres-
ence of  numerous growth lines. Schöne et al. (2005) 
observed the occurrence of  this layer in Oliva spi-
cata (Röding, 1798), noting that crystal structures 
of  the crossed lamellar layer slightly obliterate the 
growth patterns. These authors also affirmed that 
these growth increments and lines are circalunidian. 
Oliva bulbosa shells analysed in this study show major 
growth lines, crossing both outer and middle lay-
ers, most likely annual, and numerous minor growth 
lines, crossing only the transitional layer. This minor 
growth lines can be circalunidian, as in O. spicata, or 
tidally controlled. This may be consistent with the 
life habitat of  O. bulbosa in Oman, as this species 
lives in intertidal settings along the coasts of  Oman 
affected by tidal cycles (e.g. Bosch & Bosch 1982; 
ElMali 1999; Callapez & Dinis 2020). As observed 
by Schöne & Surge (2012), bivalve shells from in-
tertidal settings exhibit distinct, tidally controlled 
growth patterns. Shell growth stops when the or-
ganism is aerially exposed during low tide (growth 
line formation) and begins when it is submerged 
during high tide (growth increment formation) (e.g. 
Evans 1972; Ohno 1989; Schöne & Surge 2012). An 
in-depth sclerochronological analysis is necessary to 
confirm these findings and to investigate why this 
layer is not continuous, but sometimes occur in 
patches within the shell.

In the present investigation, other two addi-
tional outer layers have been identified for the first 
time in specimens of  species of Oliva, both occur-
ring in the outer part of  the inner whorls and the 
columella: a linear crossed lamellar layer separated 
from the outer layer by a stockade of  thin prisms, 
and an irregular simple prismatic layer seemingly 
crossed by growth lines. The first represents the 
callus. Pietsch et al. (2021) observed in Olivancillar-
ia vesica (Gmelin, 1791) and Olivancillaria auricularia 
(Lamarck, 1811), both belonging to the family Ol-
ividae as O. bulbosa, that the callus is composed of  
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a crossed lamellar microstructure and it is separated 
from the main shell by a thin prismatic layer, as we 
observe in our specimens. The second additional 
layer represents a myostracal layer, i.e. the shell ma-
terial secreted at sites of  shell muscle attachment. 
According to Carter et al. (2012), these are always 
aragonitic and almost always show an irregular 
simple prismatic microstructure. It represents the 
attachment site of  the columellar muscle, the only 
attachment of  the soft parts to the shell (Kantor 
1991; Kantor et al. 2017).

Conclusion

In this study we describe for the first time 
the shell microstructure and mineralogy of  three 
mollusc species, the bivalves Anadara uropigimelana 
and Tivela stefaninii, and the gastropod Oliva bulbosa, 
which are abundant in archaeological shell assem-
blages of  the Arabian region and represent power-
ful tools for high resolution palaeoclimatic and pa-
laeoenvironmental studies (Crippa et al. 2024). The 
aragonitic specimens analysed at SEM and XRD 
show an excellent shell preservation, with no trace 
of  diagenetic or anthropic alteration, being thus 
suitable for geochemical analyses. 

In poorly studied or complex groups, like 
gastropods or Veneridae bivalves, it is important 
to illustrate and describe the microstructures even 
of  single species as, as observed in previous papers 
(e.g. Sato et al. 2020) and strengthened by the data 
presented in this research, there are several differ-
ences in the microstructures at family, genus but 
also at species level.

Anadara uropigimelana shows an aragonitic 
shell composed of  an outer crossed lamellar and 
an inner complex crossed lamellar layer, separated 
by an irregular simple prismatic pallial myostracum, 
and by dendritic nondenticular composite prismatic 
periodic bands in the outer part of  the outer layer. 
All the shell is crossed by growth lines and tubules. 
The co-occurrence of  dendritic NDCP and crossed 
lamellae in the outer layer document cyclic changes 
in the microstructure during the life cycle, which 
may reflect seasonal changes in water temperatures 
and differences in the shell growth rate. Tivela stefa-
ninii has an aragonitic shell with an outer composite 
prismatic layer, a middle crossed lamellar layer and 
an inner complex crossed lamellar layer, whereas 

Oliva bulbosa shell shows an alternation of  at least 
four aragonitic layers composed of  linear or branch-
ing crossed lamellar microstructure, plus a transi-
tional layer whose peculiarity is the occurrence of  
numerous tidally controlled growth lines, a crossed 
lamellar callus and a myostracal layer, representing 
the attachment site of  the columellar muscle.With 
this analysis, besides providing novel data on the 
shell fabric of  these poorly known mollusc species 
and having shown their exquisite preservation, we 
want to emphasize the great potential of  investigat-
ing shell microstructure and mineralogy, in order 
to contribute to the advancement of  knowledge in 
mollusc phylogenetics, biology, crystallography and 
palaeoecology.
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