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Abstract. Scanning electron microscopy of untreated and uncoated fracture sections of a secondary shell of a Cambrian (Furongian) 
linguloid brachiopod Ungula inornata (Mickwitz) in concurrent backscattered electron and secondary electron imaging regimes 
revealed phosphatized organic fibril-like nanostructures, less than 200 nm in diameter. By analogy with published data on a living 
lingulate genus Discinisca, the nanofibrils are interpreted as parts of the organic biopolymer matrix, which are composed of axial 
protein strands of bacula connected by chitin and participate in the formation of baculate sets. The nanofibrils are relevant 
structural units in the hierarchical structure of lingulate brachiopods with baculate shell structure. It is concluded that these structures 
are preserved by instant post-mortem precipitation of apatite. The shell structure of U. inornata is most similar to the other species 
of the genus Ungula Pander and the species of the genus Obolus Eichwald. 
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INTRODUCTION 
 
Phosphatized fibril-like organic nanostructures in shells 
of fossil linguloid brachiopods have been documented  
in rare occasions (Lang & Puura 2009; Lang et al. 2011). 
By analogy with studies of some modern linguloids 
(Merkel et al. 2007; Schmahl et al. 2008), these nano-
fibrils have been interpreted as biopolymer strands pre-
served by immediate post-mortem phosphatization of 
organic tissues (Lang et al. 2011). The nanofibrils are 
relevant in the formation of bacula, minute apatitic rods 
(cf. Holmer 1989, p. 31) forming baculate sets. The 
resulting baculate structure, characterized by alternation 
of compact and baculate laminae, is found in many 
modern and fossil lingulate taxa. The phylogenetic context 
of chemico-structural features of lingulate brachiopods 
has been discussed by Cusack et al. (1999) and Williams 
& Cusack (1999, 2007). 

The obolids from the Cambrian�Ordovician Obolus 
Sandstone of Estonia, described by Mickwitz (1896) 
as various species and varieties of the genus Obolus 
Eichwald, 1829, part of which are today assigned to the 
genera Ungula Pander, 1830, Schmidtites Schuchert & 
LeVene, 1929 and Oepikites Khazanovitch & Popov, 1984 
(in Khazanovitch et al. 1984), have attracted attention  
as models for the baculate shell structure type. Already 
Mickwitz (1896) included to his monograph a study of 
polished cross-sectional thin sections of fossil linguloid 
brachiopod shells. Holmer (1989) referred to Ungula ingrica 
(Eichwald, 1829) as to the stratigraphically oldest species 

with the baculate structure he studied. Cusack et al. (1999) 
established Obolus apollinis Eichwald, 1829 as a typical 
representative of the baculate symmetrical shell structure.  

The present study describes flexible nanofibrils in  
a Cambrian linguloid brachiopod Ungula inornata 
(Mickwitz, 1896). These are treated as relevant structural 
units in the hierarchical structure of the organo-phosphatic 
shell. 
 
 
MATERIAL  AND  METHODS 
Material,  locality  and  geological  setting 
 
After pilot examination of more than 10 specimens of 
Ungula inornata from different levels in the Mäekalda 
(Mens et al. 1989), Iru (Puura 2000) and Ülgase (described 
below) outcrops, a specimen with the best-preserved shell 
structure was selected for detailed scanning electron 
microscopy (SEM) study. The studied specimen in the 
collection of Natural History Museum, University of Tartu 
(TUG 1323-4; coll. Leonid Popov), originates from the 
Ülgase Formation (Furongian, Cambrian) of the Ülgase 
outcrop (Fig. 1). Other illustrated specimens (Fig. 2) from 
the Iru section (at the eastern margin of Tallinn, 10 km 
west of the Ülgase section; description in Puura 2000) 
are from the collection of the Institute of Geology, Tallinn 
University of Technology (abbr. GIT). 

The Ülgase exposures are located 15 km east of the 
centre of Tallinn, near Ülgase village. These can be found 
by  a  landmark:  ruins  of  the  abandoned  phosphate- 
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Fig. 2. Valves of Ungula inornata (Mickwitz) from the Iru 
section at the eastern margin of Tallinn, northern Estonia.  
The valves are redeposited from the Ülgase Formation to  
the lowermost Maardu Member of the Kallavere Formation 
(Cambrian, Furongian). A, ventral valve interior (GIT 275-40) 
with a well-preserved heart-shaped depression; B, dorsal valve 
interior (GIT 275-43); C, ventral valve interior (GIT 275-42); 
D, ventral valve exterior of specimen C (GIT 275-42). 

processing factory of the �Eesti Vosvoriit� company that 
was destroyed in a fire in 1938. The Upper Cambrian 
Ülgase Formation, Cambrian, Furongian (previously Upper 
Cambrian), is exposed in a wall of abandoned mineworks 
(59°29′21″N, 25°05′08″E) in a phosphorite mine that 
was exploited during 1921�1938. The Ülgase Formation, 
6.5 m in thickness, overlies white sandstones of the 
Tiskre Formation (Cambrian, Series 2, previously Lower 
Cambrian) and is represented mainly by light grey silty 
sandstones, intercalated with two greenish-grey clay 
beds: a 10 cm thick clay bed 0.73 m above the base 
and a 4 cm thick clay bed 1.09 m above the base 
(Loog & Kivimägi 1968). The sample with U. inornata 
(TUG 1323-4) originates from the interval 3.0�3.2 m 
above the lower boundary of the Ülgase Formation. 

The Ülgase Formation is overlain by sandstones of 
the Maardu Member of the Kallavere Formation, which 
is exposed in full thickness in another outcrop, 200 m 
westwards. Here, the Kallavere Formation is up to 4.8 m 
thick and is overlain by black shales of the Türisalu 
Formation, exposed in a thickness of 3.0 m (Fig. 1). 
According to the correlation with the GSSP in the 
Green Point Section in Newfoundland, the Cambrian�
Ordovician boundary is defined in this section within 

 

 
Fig. 1. Generalized map of Estonia and adjacent areas, showing the location and the sections of the Ülgase outcrop (after Puura
2004). The described specimen of Ungula inornata is collected from the sandstones from an interval 3.0�3.2 m above the base of
the Ülgase Formation (marked with an open rectangle on the right side of the lithological column). 1, kerogenous shale; 2, sand
and sandstone yielding lingulate debris; 3, lingulate coquina and conglomerate; 4, sand and sandstone; 5, lingulate brachiopods;
6, conodonts and graptolites; 7, part of a range with no occurrences documented. Mbr, Member. 
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the Maardu Member of the Kallavere Formation by the 
first appearance of the conodont Cordylodus lindstromi, 
2.9 m above the base of both units (Fig. 1; for the criteria 
for tracing the Cambrian�Ordovician boundary in Balto-
scandia, see Puura & Viira 1999, 2004). 

The lower boundary of the Kallavere Formation is 
marked by the lingulate coquina containing numerous 
valves of linguloid brachiopods Ungula ingrica, Schmidtites 
celatus, rare Keyserlingia buchii and Oepikites obtusus. 
Early conodonts Westergaardodina cf. bicuspidata and 
Furnishina furnishi, found in a sample 0.7 m above the 
base of the Kallavere Formation, allow correlation of this 
interval tentatively to the Peltura scarabeoides trilobite 
Biozone (Heinsalu et al. 1987). 

The Ülgase Formation has yielded lingulate brachiopods 
Ungula inornata from all levels above the basal coquina, 
Ceratreta tanneri from the upper 3 m and Ungula sp. 
from only the basal coquina, 0.1 m thick. The conodonts 
Furnishina sp. and Proconodontus sp. and the acritarch 
assemblage found from two levels in the Mäekalda 
section near the centre of Tallinn (15 km west of  
the Ülgase section) allow tentative correlation of the 
Ülgase Formation in Tallinn and its environs with the 
Olenus trilobite Biozone (Mens et al. 1989). The studied 
sample of U. inornata originates from the interval 
3.0�3.2 m below the upper boundary of the Ülgase 
Formation (Fig. 1). 

During the Furongian and the Cambrian�Ordovician 
transition, the Baltica palaeocontinent was located on 
the southern hemisphere, presumably at the southern 
latitudes 20�40° (Cocks & Torsvik 2005). According to 
Artyushkov et al. (2000), the Cambrian quartzose sands 
found in northern Estonia were deposited in the peritidal 
zone in a shallow epicontinental sea. 
 
Scanning  electron  microscopy  (SEM) 
 
Ten shells out of those examined by means of light 
microscope were selected for pilot SEM study. The 
best-preserved specimen was selected for detailed shell 
structure study. For SEM observations, the valve was 
cleaned and broken along the medial axis and mounted 
on the sample holder using conductive aluminium tape. 
The fracture surfaces were left untreated and uncoated 
while studied with the Zeiss EVO MA15 SEM at the 
Department of Geology, University of Tartu (Estonia). 
The variable pressure mode was used in two concurrent 
regimes: backscattered electron imaging (BSE) and 
secondary electron imaging (SE). Backscattered electrons 
are elastically scattered electrons excited from the specimen 
by a beam of primary electrons. The scattering induced 
by the incident electron beam is controlled by the average 
atomic number of the specimen. Secondary electrons are 

inelastically ejected from the specimen surface (within 
a few nanometres) and describe the topography of the 
specimen. The SEM images of BSE and SE regimes are 
displayed pairwise (Fig. 3A�H and A′�H′, respectively), 
to take into account the information from both regimes 
and to allow comparison with earlier publications using 
either of the two regimes. 

The terminology used in describing baculate shell 
structures in lingulate brachiopods stems from Holmer 
(1989) and Cusack et al. (1999) and is updated in Williams 
& Cusack (2007). 
 
 
SYSTEMATIC  PALAEONTOLOGY 
 

Phylum BRACHIOPODA Duméril, 1806 
Subphylum LINGULIFORMEA Williams et al., 1996 

Class LINGULATA Goryanskij & Popov, 1985 
Order LINGULIDA Waagen, 1885 

Superfamily LINGULOIDEA Menke, 1828 
Family OBOLIDAE King, 1846 

Genus Ungula Pander, 1830 

Type species.  Ungula convexa Pander, 1830; Cambrian, 
Furongian, Ladoga Formation, NW Russia. 

Other species.  Obolus ingricus Eichwald, 1829, Cambrian, 
Furongian, Estonia; Obolus triangularis Mickwitz, 1896, 
Cambrian, Furongian, Estonia. 

Distribution.  Furongian of Estonia, NW Russia and 
Sweden. 

Remarks.  The genera Obolus Eichwald, 1829 and Ungula 
Pander, 1830 have been recognized by Popov and 
Khazanovitch in Popov et al. (1989), who assigned the 
above three species to the genus Ungula. This nomenclature 
has been followed by most researchers and in the 
Treatise of Invertebrate Palaeontology. Prior to that 
publication, many authors assigned all the species of the 
above two genera to the genus Obolus (e.g., Mickwitz 
1896). The majority of the authors agree that the two 
genera are related and they resemble each other in shape 
and shell structure to the extent that has led to some 
taxonomic debate (e.g., Emig 2002; Popov & Holmer 
2003). However, we consider that challenging or revision 
of the current well-established taxonomy of linguloids 
and in particular, obolids, would need more evidence and 
a better understanding of the characters of taxonomic 
value, including the shell structure and eventual taphonomic 
overprint. Therefore, and for the consistence and clarity 
in comparing the shell structure information with previous 
works, the classification of Popov et al. (1989) and the 
Treatise is followed here. 
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Ungula inornata (Mickwitz, 1896) 
Figures 2, 3 

 
1896  Obolus triangularis n. sp.; Mickwitz, p. 145, 

pl. II, figs 7�9. 
1896  Obolus panderi n. sp.; Mickwitz, p. 149, pl. II, 

fig. 13. 
1906  Obolus triangularis Mickwitz; Moberg & 

Segerberg, p. 65. 
1912  Obolus triangularis Mickwitz; Walcott, p. 419. 
1969  Obolus (Obolus) triangularis Mickwitz; 

Goryanskij, p. 24, pl. I, figs 21, 22. 
1989  Ungula inornata (Mickwitz); Popov & 

Khazanovitch, p. 121, pl. 6, figs 1�4, 14; pl. 7, 
figs 19, 22�24. 

1993  Ungula inornata (Mickwitz); Puura & Holmer, 
p. 219, fig. 2G�J. 

1999  Ungula inornata (Mickwitz); Cusack, Williams 
& Buckman, p. 803, pl. 6, fig. 9; pl. 9, figs 5, 6 
(shell structure). 

2003  Ungula inornata (Mickwitz); Popov & Holmer, 
p. 7, fig. 3B. 

2006  Ungula inornata (Mickwitz); Nemliher, p. 264, 
pl. 1, figs 5, 6 (shell structure). 

Diagnosis.  See Puura & Holmer (1993). 

Remarks.  Ungula inornata is the replacement name for 
Obolus triangularis Mickwitz, 1896. It was proposed 
by Popov & Khazanovitch (1989), who recognized the 
synonymy of O. trianguaris Mickwitz, 1896 and 
O. triangularis var. inornatus Mickwitz, 1896. If the 
species O. triangularis were assigned to the genus 
Ungula, U. triangularis would have become a junior 
secondary homonym of U. triangularis Pander, 1830. 
Therefore, the assignment of the replacement name was 
necessary. Ungula inornata (Fig. 2) differs from the other 
species of the genus, U. ingrica and U. convexa Pander, 

1830 (see Popov et al. 1989) by the presence of well-
developed concentric rugae on both valves and by the 
subtriangular outline of the ventral valve. The posterior 
part of the shell is thinner than that of U. ingrica and the 
heart-shaped depression in the ventral valve is shallower. 
The distinct sulcus on the dorsal valve does not occur in 
other species of the genus. 
 
 
RESULTS  AND  DISCUSSION 
Shell  structure  of  Ungula  inornata 
 
Previous pilot studies have documented the presence  
of the baculate symmetrical structure in U. inornata. 
Backscattered electron images of the shell structure 
published by Cusack et al. (1999, pl. 6, fig. 9; pl. 9, 
figs 5, 6) show the baculate structure, rather poorly 
expressed due to precipitation of secondary apatite. 
Secondary electron images of a fragment of a dorsal valve 
treated with 20% H2O2 have revealed baculate lamination, 
with 20 µm distance between observed compact layers 
(Nemliher 2006, pl. 1, figs 5, 6). In both cases, the 
material originates from the Ülgase Formation of the 
Mäekalda section in Tallinn, Estonia, which was 
temporarily exposed in the course of the road construction 
near the centre of the town (Mens et al. 1989). 

The secondary shell of the U. inornata ventral valve 
has baculate lamination, characteristic of the baculate 
symmetrical type (see Cusack et al. 1999). The total 
observable thickness of the studied valve is 460 µm. 
Densely mineralized compact laminae alternate with 
baculate laminae (Fig. 3A�E). The thickness of fully 
developed compact laminae, usually occurring symmetric-
ally in both sides of a membranous lamina, is 1�2 µm. 

The baculate laminae reach their maximum thickness 
in the medium part of the valve and it decreases to  
80�100 µm in the posterior and anterior parts (Fig. 3A).  

________________________________________________________________________________________________________

Fig. 3. Pairs of SEM photos of Ungula inornata (TUG 1323-4) from the Ülgase Formation (Cambrian, Furongian) of the Ülgase
outcrop in backscattered electron (BSE; A�H) and secondary electron (SE; A′�H′) imaging regimes. A/A′, general view of the
studied valve with rectangles indicating the locations of subsequent images (B, D, E, G, H). B/B′, close-up of a part of A showing
the alternation of compact (cl) and baculate (bl) laminae; the rectangle indicates the location of images C. C/C′, close-up of a part
of B, showing varying preservation of baculate laminae (pointed by arrows) alternating with compact laminae. Note that the
baculate structure observable in the BSE regime (C) is in part obscured in the SE image (C′) by likely remains of organic matter
(see arrows). D/D′, close-up of a part of A showing a wide baculate lamina in the upper part of the shell. The white arrow is
pointing to a baculum. E/E′, compact and baculate laminae at the lower part of the shell showing thin fibrils, well observable both
in BSE (E) and SE (E′) regimes; the rectangle indicates the location of image F. F/F′, close-up of nanofibrils observable in E.
Note the effect of BSE (F) and SE (F′) regimes on the observable width of the fibrils. G/G′, bacula from the upper middle part of
the shell covered with aggregates of apatite (spherulites), creating an impression of rather thick bacula in cross section. Note the
better observable bacula in BSE images (G) and better expressed crust-like surface features observable in SE images (G′).
H/H′, alternation of baculate (bl) and compact (cl) laminae in the middle part of the shell; both laminae are composed of
aggregates of apatite needles. Compact laminae occur usually in pairs, separated by a membranous lamina (ml). Note the sharper
contrast in the BSE image (H) helping to locate membranous laminae within compact laminae and richer information on the
sculpture of the broken surface of compact laminae in the SE image (H′). 
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Fig. 3. Continued. 
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In the cross section of the valve, thicker baculate laminae 
occur closer to the exterior of the valve (Fig. 3B, D). 
The thickness of the outermost baculate lamina reaches 
140 µm. The next laminae are 80�90 µm and those in 
about mid-valve about 20 µm thick. Near the internal 
part of the valve, the thickness of baculate laminae 
decreases to 2�12 µm and is close to that of compact 
laminae. 

The best-preserved organic nanostructures, flexible 
nanofibrils connected with nets of thinner fibrils, which 
presumably preserved by instant post-mortem pre-
cipitation of apatite, are observable near the internal part 
of the valve both in BSE and SE regimes (Figs 3E, F 
and 3E′, F′, respectively). The phosphatized nanostructures 
are reminiscent of the baculate sets of a living brachiopod 
Discinisca tenuis, where bacula are embedded in the 
matrix consisting of biopolymers, such as glycosamino-
glycans (GAGs) and chitin (cf. Williams et al. 1998, 
p. 2012, fig. 7; Williams & Cusack 2007, p. 2444, 
fig. 1595). From the experiments with modern linguloids, 
using the digestion of the GAGs matrix of baculate 
laminae with enzymes, proteinase-K or subtilisin, 
Williams & Cusack (2007, p. 2442) have concluded that 
the bacula have axial proteinaceous strands bounded by 
protease-resistant chitinous strands and meshes. 

Some sections near the interior of the valve appear 
to be homogeneous when observed with lower magnifi-
cations (Fig. 3B). However, in higher magnifications, BSE 
images show the baculate structure (Fig. 3C), especially 
well recognizable in cavities on the fractured surface. 
The structure is partly masked in SE images (Fig. 3C′). 

In the outermost part of the valve, the baculate 
laminae are the thickest, and the length of bacula may 
reach over 100 µm (Fig. 3B, D). In some cases, local 
lense-like compact laminae may occur in this kind of 
baculate lamina. Bacula occurring in upper wide baculate 
laminae are well mineralized and rod-like, up to 3 µm  
in diameter (Fig. 3G, G′). Similar rod-like bacula, but 
shorter and thinner (around 1 µm in diameter), occur in 
the parts of the valve where the baculate laminae get 
narrower, about 4�5 times the thickness of the compact 
laminae (Fig. 3H, H′). The bacula form symmetrical 
trellised sets that are partly better observable in BSE 
images (Fig. 3B, D), while the SE images of the surface 
structure (Fig. 3B′, D′) complement the BSE observations. 
 
Shell  structure  of  related  genera 
 
Baculate symmetrical shell structure (cf. Williams & 
Cusack 1999) is characteristic of most genera in the 
order Lingulida, including the family Obolidae. According 
to cladistic analysis of the chemico-structural characters 
of the shell, Ungula is phylogenetically closely related 
to the genera Obolus Eichwald, 1829, Oepikites 

Khazanovitch & Popov, 1984 (in Khazanovitch et al. 
1984) from the Cambrian of Baltoscandia, and also 
Experilingula Koneva & Popov, 1983 from the Cambrian 
of Kazakhstan. This clade is related to another  
clade including Ordovician Pseudolingula Mickwitz 
1909, Devonian Lingulasma Ulrich, 1889, Devonian�
Carboniferous Bicarinatina Batrukova, 1969 and modern 
genera Glottidia Dall, 1870 and Lingula Bruguière, 1797 
(Cusack et al. 1999). 

Among the species of the genus Ungula, the shell 
structure of Ungula ingrica is best known. While 
introducing the new terminology for describing baculate 
structures, Holmer (1989) used U. ingrica as a model, 
relating the new terms to those used by Mickwitz. 
Drawings of light microscope images of thin sections 
appeared already in Mickwitz (1896). The structure of 
U. ingrica has been found to be rather homogeneous in 
early SEM studies, and different methods of etching 
have been used. Holmer (1989, p. 32, fig. 32) published 
SE images of baculate structures in a polished cross 
section of a fragment of a dorsal valve of U. ingrica 
etched with 4% HCl. The SE images of Nemliher 
(2006) represent a fragment of a dorsal valve etched 
with 20% H2O2, showing compact laminae and baculate 
laminae with poorly observable bacula. 

The BSE image of a fragment of Ungula convexa 
Pander, 1830, the type species of the genus Ungula, by 
Popov & Holmer (2003, fig. 6A�C) shows alternation  
of compact and baculate laminae resembling that of 
U. inornata. The thickness of the illustrated baculate 
laminae is 20�100 µm. 

Thus, in general terms, the baculate shell structure of 
U. inornata is similar to the other species assigned to 
this genus. However, there is no published information 
on the preservation of mineralized organic nanostructures 
in U. ingrica or U. convexa. 

The type species of the Cambrian genus Obolus 
Eichwald, 1829, O. apollinis Eichwald, 1829, occurring 
in the uppermost Cambrian of NW Russia and sub-
surface of Estonia, has been chosen by Cusack et al. 
(1999, text-fig. 6) as a model of typical shell structure 
for Palaeozoic obolids and linguloids. The BSE images 
of a valve in Cusack et al. (1999, pl. 6, figs 3, 4, 6�8) 
and Williams & Cusack (1999, p. 236, fig. 6; 2007, 
pp. 2441�2442, figs 1592�1593) show baculate sets, 
numbering 27, as stated by the authors. The maximum 
observable thickness of the outermost baculate lamina  
is 150 µm. The SE image of a fragment of the valve 
treated with 5% H2O2 found in Nemliher et al. (2004) 
shows baculate sets with 2�35 µm thick baculate laminae. 
The close-up of a BSE image of baculate sets by Lang 
et al. (2011, p. 361, fig. 2A) exhibits bacula covered by 
spherulitic apatite aggregates. No published images of 
nanostructures of O. apollinis are available. 
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The BSE images of nanostructures in Obolus ruchini 
Khazanovitch & Popov, 1984 (in Khazanovitch et al. 
1984) presented by Lang et al. (2011, fig. 3) reveal sets 
of phosphatized flexible organic nanofibrils. These are 
interpreted as biopolymer strands resembling those in 
U. inornata (cf. Fig. 3F and Lang et al. 2011, fig. 3F). 

The only known BSE image of the shell structure of 
Experilingula divulgata Koneva & Popov, 1983 from 
the Cambrian (Furongian) of Kazakhstan, published by 
Cusack et al. (1999), depicts a fragment of a valve with 
broken bacula recrystallized into prisms. No further 
information on the shell structure of the genus Experilingula 
is available. 

The genus Bicarinatina Batrukova, 1969 is illustrated 
by BSE images of an oblique view of baculate sets  
in B. wilsoni Graham, 1970 from the Carboniferous 
(Mississipian) of Scotland (Cusack et al. 1999, text-
fig. 3G, H) and cross section with baculate sets of 
B. bicarinata Kutorga, 1837 from the Devonian (Eifelian) 
Narva Stage, Kernavė Formation of Estonia (Lang & 
Puura 2009, fig. 3). In the innermost baculate laminae, 
flexible phosphatized organic nanofibres resembling 
those of U. inornata and O. ruchini have been observed 
(Lang et al. 2011, fig. 3F). 

The above discussion shows that the overall 
hierarchical shell structure of U. inornata is closely 
similar to that of the species of the genus Obolus. 
Moreover, the observations in Palaeozoic linguloids are 
consistent with the scanning and transmission electron 
microscopy studies of the shell structure of a modern 
linguloid Discradisca stella exhibiting similar flexible 
nanofibrils in the secondary layer (Merkel et al. 2007; 
Schmahl et al. 2008). In the nanostructure level, these 
studies reveal structures relevant in the build-up of 
baculate sets, laminae and individual bacula of the 
living species (e.g. from the genera Glottidia, Discina, 
Discinisca, Pelagodiscus and Discradisca), which are 
well comparable to those in the Cambrian species 
U. inornata and O. ruchini (see Lang et al. 2011) and 
offer valuable information for the interpretation of 
phosphatized organic structures in fossil shells. 
 
 
CONCLUSIONS 
 
In the light of the new results and earlier data, as 
expected from the cladistic analysis of the phylogenetic 
relationships of linguloids (Cusack et al. 1999; Williams 
& Cusack 1999, 2007), the shell structure of the 
representatives of the genera Obolus and Ungula is 
rather similar. The genus- and species-level differences 
need further study in a wider context, comparison of the 
taxon-specific differences in shell structure and con-
sideration of the effects caused by taphonomic changes. 

The secondary layer of the studied valve of Ungula 
inornata has baculate symmetrical shell structure (cf. 
Williams & Cusack 1999), with well-expressed alternation 
of baculate and 1�2 µm thick compact laminae. In cross 
section, the maximum thickness of the baculate laminae 
reaches 140 µm in the outermost part of the valve, 
20 µm in the middle part and 2�12 µm in the innermost 
part, where fine nanofibrils are preserved. 

Nanofibrils described in U. inornata are similar  
to those known in Obolus ruchini and Bicarinatina 
bicarinata (Lang & Puura 2009; Lang et al. 2011). By 
analogy with modern genera Discinisca and Glottidia 
(Williams et al. 1998; Williams & Cusack 2007), the 
details of the nanostructures of U. inornata and related 
fossil linguloids allow us to interpret the nanofibrils  
as biopolymers supporting the formation of bacula. 
Tentatively, assuming chemico-structural similarities with 
modern Discinisca, these phosphatized biopolymers can 
be interpreted as proteinaceous axial strands of bacula 
and sheets and meshes of chitin. The nanofibrils are 
relevant structural units in the hierarchical structure of 
lingulate brachiopods with baculate shell structure. Our 
present and earlier studies have shown that phosphatized 
organic nanostructures in lingulate brachiopods may not 
be as rarely preserved as previously thought, and they 
can be found in a large variety of taphonomic conditions. 

Assuming, as a work hypothesis, similar or at least 
analogous roles of biopolymers in forming nanostructures 
of fossil lingulates from the Cambrian to the Holocene, 
the nanostructures and the hierarchical shell structure in 
general could be interpreted as resulting from the initial 
chemico-structural properties of the organophosphatic 
shell and conditions and pathways of post-mortem 
processes affecting the preservation of the shell stucture 
in all hierarchical levels. In the phylogenetic context 
already known, this opens an opportunity to study the 
role of taphonomic overprint to the observable structure 
of fossil lingulate shells. 

Our studies have shown that, in many cases, 
especially in higher magnifications, BSE images bearing 
compositional information are more informative than 
SE images for observing nanostructures and shell structure 
in general. However, both types of images complement 
each other and without documenting the structures in both 
regimes, some relevant details may be missed. 

 
 
Acknowledgements. Lauri Joosu and Kalle Kirsimäe are 
thanked for help with SEM study. We thank Tõnu Meidla for 
consultations and discussions during various stages of writing 
this paper and Oive Tinn for early assistance in the SEM 
work. We appreciate useful comments, suggestions and 
corrections of the reviewers Leonid Popov and Andrzej 
Balinski. We acknowledge the support of the Doctoral  
School of Ecology and Earth Sciences and Research theme 



L. Lang and I. Puura: Cambrian linguloid nanostructures  

 129

SF0180051s08 �Ordovician and Silurian climate changes,  
as documented from the biotic changes and depositional 
environments in the Baltoscandian Palaeobasin�, Estonian 
Science Foundation grant No. 8049 �Biotic recovery events  
in the Ordovician and Silurian� (L.L.) and Natural History 
Museum at the University of Tartu (I.P.). The published 
research has benefitted from the grants of the Kristjan Jaak 
Foundation and Sir Alwyn Williams Foundation, allowing 
L.L. to participate in the 6th Brachiopod Congress in Melbourne, 
Australia, in February 2010. 
 
 
REFERENCES 
 
Artyushkov, E. V., Lindström, M. & Popov, L. E. 2000. Relative 

sea level changes in Baltoscandia in the Cambrian and 
Early Ordovician: the predominance of tectonic factors 
and the absence of large scale eustatic fluctuations. 
Tectonophysics, 320, 375�407. 

Batrukova, L. S. 1969. Novye devonskie lingulidy i distsinidy 
Russkoj Platformy [New Devonian lingulids and 
discinids from the Russian Platform]. Vsesoyznyj 
Nauchno-Issledovatel′skij Geologo-Razvedochnyj Neftyanoj 
Institut, Trudy, 93, 59�77 [in Russian]. 

Bruguière, J. G. 1797. Vers, Coquilles, Mollusques et Polypiers. 
Tableau encyclopédique et méthodique des trios règnes 
de la nature, 2, 96�314. Agasse, Paris. 

Cocks, L. R. M. & Torsvik, T. H. 2005. Baltica from the late 
Precambrian to mid-Palaeozoic times: the gain and loss 
of a terrane�s identity. Earth-Science Reviews, 72, 39�66. 

Cusack, M., Williams, A. & Buckman, J. O. 1999. Chemico-
structural evolution of linguloid brachiopod shells. 
Palaeontology, 42, 799�840. 

Dall, W. H. 1870. A revision of the Terebratulidae and 
Lingulidae, with remarks on and descriptions of some 
recent forms. American Journal of Conchology, 6, 88�168. 

Duméril, A. 1806. Zoologie analytique ou méthode naturelle 
de classification des animaux. Allais, Paris, xxiv + 344 pp. 

Eichwald, E. 1829. Zoologia specialis, quam expositis 
animalibus tum vivis, tum fossilibus potissimim Rossiae 
in universum et Poloniae in specie in usum lectionum 
publicarum in Universitate Caesarea Vilnesi, 1, Josephi 
Zawadski, Vilnae. 314 pp. 

Emig, C. C. 2002. Tools for linguloid taxonomy: the genus 
Obolus (Brachiopoda) as an example. Carnets de 
Géologie / Notebooks on Geology, Maintenon, Article 
2002/01 (CG2002_A01_CCE), 1�9. 

Goryanskij, V. Yu. 1969. Bezzamkovye brakhiopody kembrijskikh 
i ordovikskikh otlozhenij severo-zapada Russkoj platformy 
[Inarticulate Brachiopods of the Cambrian and Ordovician 
of the Northwest Russian Platform]. Materialy po geologii 
i poleznym iskopaemym severo-zapada RSFSR 6 
[Materials on the geology and mineral resources of the 
North-West of the Russian Platform 6]. Nedra, Leningrad, 
176 pp. [in Russian]. 

Goryanskij, V. Yu. & Popov, L. E. 1985. Goryanskij, V. J. & 
Popov, L. E. 1985. Morphologiya, sistematicheskoe 
polozhenie i proiskhozhdenie bezzamkovykh brakhiopod 
s karbonatnoj rakovinoj [Morphology, systematic position 
and origin of inarticulate brachiopods with a carbonate 
shell]. Paleontologicheskij Zhurnal, 3, 3�14 [in Russian]. 

Graham, D. K. 1970. Scottish Carboniferous lingulacea. Bulletin 
of the Geological Survey of Great Britain, 31, 139�184. 

Heinsalu, H., Viira, V., Mens, K., Oja, T. & Puura, I. 1987. 
The section of the Cambrian�Ordovician boundary beds 
in Ülgase, northern Estonia. Eesti NSV Teaduste Akadeemia 
Toimetised, Geoloogia, 36, 154�165 [in Russian, with 
English summary]. 

Holmer, L. E. 1989. Middle Ordovician phosphatic inarticulate 
brachiopods from Västergötland and Dalarna, Sweden. 
Fossils and Strata, 26, 1�172. 

Khazanovitch, K. K., Popov, L. E. & Mel′nikova, L. M. (eds). 
1984. Bezzamkovye brakhiopody, ostrakody (bradoriidy) 
i khiolitel′minty iz sablinskoj svity Leningradskoj oblasti 
[Inarticulate brachiopods, ostracodes (bradoriids) and 
hyolithelminths from the Sablinka Formation of the 
Leningrad District]. Paleontologicheskij Zhurnal, 1984(4), 
33�47 [in Russian]. 

King, W. 1846. Remarks on certain Genera belonging to the 
Class Palliobranchiata. Annals and Magazine of Natural 
History (London) (Series 1), 18, 26�42, 83�94. 

Koneva, S. P. & Popov, L. E. 1983. Nekotorye novye 
lingulidy iz verkhnego kembriya i nizhnego ordovika 
Malogo Karatau [On some new lingulids from the Upper 
Cambrian and Lower Ordovician of Malyi Karatau].  
In Stratigrafiya i Paleontologiya Nizhnego Paleozoya 
Kazakhstana [The Lower Palaeozoic Stratigraphy and 
Palaeontology of Kazakhstan] (Apollonov, M. K., 
Bandaletov, S. M. & Ivshin, N. K.), pp. 112�124. Nauka, 
Leningrad [in Russian]. 

Kutorga, S. S. 1837. Zweiter Beitrag zur Geognosie und 
Palaeontologie Dorpats und seiner nähsten Umgebungen. 
St. Petersburg, 51 pp. 

Lang, L. & Puura, I. 2009. Systematic position, distribution, 
and shell structure of the Devonian linguloid brachiopod 
Bicarinatina bicarinata (Kutorga, 1837). Estonian Journal 
of Earth Sciences, 58, 63�70. 

Lang, L., Uibopuu, E. & Puura, I. 2011. Nanostructures  
in Palaeozoic lingulate brachiopods. Memoirs of the 
Association of Australasian Palaeontologists, 41, 359�366. 

Loog, A. & Kivimägi, E. 1968. On the lithostratigraphy of the 
Pakerort Stage in Estonia. Eesti NSV Teaduste Akadeemia 
Toimetised, Keemia, Geoloogia, 17, 374�385 [in Russian, 
with English summary]. 

Menke, C. T. 1828. Synopsis methodica molluscorum generum 
omnium et specierum earum quae in Museo Menkeano 
adservantur. G. Uslar, Pyrmonti, 91 pp. 

Mens, K., Viira, V. & Puura, I. 1989. Cambrian�Ordovician 
boundary beds at Mäekalda, Tallinn, North Estonia. 
Proceedings of the Estonian Academy of Sciences, 
Geology, 38, 101�111. 

Merkel, C., Griesshaber, E., Kelm, K., Neuser, R., Jordan, G., 
Logan, A., Mader, W. & Schmahl, W. W. 2007. Micro-
mechanical properties and structural characterization  
of modern inarticulated brachiopod shells. Journal of 
Geophysical Research, 112, G02008. 

Mickwitz, A. 1896. Über die Brachiopodengettung Obolus 
Eichwald. Memoires de l�Académie Impériale des Sciences 
de St. Pétersbourg, 4, 1�215. 

Mickwitz, A. 1909. Vorläufige Mitteilung über das genus 
Pseudolingula Mickwitz. Mémoires de l�Académie Impériale 
des sciences de St. Pétersbourg (series 6), 3, 765�772. 

Moberg, J. C. & Segerberg, C. O. 1906. Bidrag till kännedomen 
om ceratopygeregionen med särskild hänsyn till dess 
utveckling i Fågelsångstrakten. Lunds Universitets 
Ǻrsskrift N.F.2, 2, 1�116. 

Nemliher, J. 2006. A new type of shell structure in a 
phosphatic brachiopod from the Cambrian of Estonia. 



Estonian Journal of Earth Sciences, 2013, 62, 3, 121�130 

 130

Proceedings of the Estonian Academy of Sciences, 
Geology, 55, 259�268. 

Nemliher, J., Kurvits, T., Kallaste, T. & Puura, I. 2004. 
Apatite varieties in the shell of the Cambrian lingulate 
brachiopod Obolus apollinis Eichwald. Proceedings of 
the Estonian Academy of Sciences, Geology, 53, 246�256. 

Pander, C. H. 1830. Beiträge zur Geognosie des Russischen 
Reiches. St Petersburg, 165 pp. 

Popov, L. E. & Khazanovitch, K. K. 1989. Popov, L. E. & 
Khazanovitch, K. K. 1989. Lingulaty (bezzamkovye 
brakhiopody s fosfatnokal´tsievoj rakovinoj) [Lingulates 
(inarticulate brachiopods with calcium-phosphatic shell]. 
In Opornye razrezy i stratigrafiya kembro-ordovikskoj 
fosforitonosnoj obolovoj tolshchi na severo-zapade Russkoj 
platformy [The Key Sections and Stratigraphy of the 
Phosphate-Bearing Obolus Beds on the North-East of 
the Russian Platform] (Popov, L. E., Khazanovitch, 
K. K., Borovko, N. G., Sergeeva, S. P. & Sobolevskaya, 
R. F.), AN SSSR, Ministerstvo Geologii SSSR, 
Mezhvedomstvennyj Stratigraficheskij Komitet SSSR, 
Trudy, 18, 96�136 [in Russian]. 

Popov, L. E. & Holmer, L. E. 2003. Understanding linguloid 
brachiopods: Obolus and Ungula as examples. Carnets 
de Géologie / Notebooks on Geology, Maintenon, Article 
2003/06 (CG2003_A06_LEP-LEH), 1�13. 

Popov, L. E., Khazanovitch, K. K., Borovko, N. G., 
Sergeeva, S. P. & Sobolevskaya, P. F. 1989. Opornye 
razrezy i stratigrafiya kembro-ordovikskoj fosforitonosnoj 
obolovoj tolshchi na severo-zapade Russkoj platformy 
[The key sections and stratigraphy of the phosphate-
bearing Obolus beds in the north-east of the Russian 
Platform]. AN SSSR, Ministerstvo Geologii SSSR, 
Mezhvedomstvennyj Stratigraficheskij Komitet SSSR, 
Trudy, 18, 1�222 [in Russian]. 

Puura, I. 2000. Iru section. In Geophysics in the Baltic Region: 
Problems and Prospects for the New Millennium. 
International Conference: Abstracts & Excursion Guide 
(Shogenova, A. & Vaher, R., compilers), pp. 107�108. 
Tallinn, Estonia. 

Puura, I. 2004. The shelly phosphorite of Estonia: the Ülgase 
outcrop. In The Eighth Marine Geological Conference: 
Abstracts, Excursion Guide (Puura, I., Tuuling, I. & 
Hang, T., eds), pp. 75�78. The Baltic, Tartu. 

Puura, I. & Holmer, L. E. 1993. Lingulate brachiopods from 
the Cambrian�Ordovician boundary beds in Sweden. 

Geologiska Föreningens i Stockholm, Förhandlingar, 
115, 215�237. 

Puura, I. & Viira, V. 1999. Chronostratigraphy of the 
Cambrian�Ordovician boundary beds in Baltoscandia. 
Acta Universitatis Carolinae Geologica, 43, 5�8. 

Puura, I. & Viira, V. 2004. Tracing the base of the Ordovician 
System in Baltoscandia. In WOGOGOB-2004 Conference 
Materials (Hints, O. & Ainsaar, L., eds), pp. 85�86. Tartu 
University Press, Tartu. 

Schmahl, W. W., Griesshaber, E., Merkel, C., Kelm, K., 
Deuschle, J., Neuser, R. D., Göetz, A. J., Sehrbrock, A. 
& Mader, M. 2008. Hierarchical fibre composite structure 
and micromechanical properties of phosphatic and 
calcitic brachiopod shell biomaterials � an overview. 
Mineralogical Magazine, 72, 541�562. 

Schuchert, C. & LeVene, C. M. 1929. Brachiopoda (Generum 
et genotyporum index et bibliographia). Fossilum 
Catalogus, 1 � Animalia, Pars 42. Berlin, 140 pp. 

Ulrich, E. O. 1889. On Lingulasma, a new genus, and  
eight new species of Lingula and Trematis. American 
Geologist, 3, 377�391. 

Waagen, W. 1885. Salt Range Fossils, Vol. I, part 4. 
Productus-Limestone Fossils, Brachiopoda. Memoirs of 
the Geological Survey of India, Palaeontologia Indica 
(Series 13), 5, 729�770. 

Walcott, C. D. 1912. Cambrian Brachiopoda. Monograph of 
the U.S. Geological Survey, 51, 1�182. 

Williams, A. & Cusack, M. 1999. Evolution of a rhythmic 
lamination in the organophosphatic shells of brachiopods. 
Journal of Structural Biology, 126, 227�240. 

Williams, A. & Cusack, M. 2007. Chemicostructural diversity 
of the brachiopod shell. In Treatise on Invertebrate 
Paleontology, Part H, Brachiopoda Revised, 6, Supplement 
(Selden, P. A., ed.), pp. 2396�2521. Geological Society of 
America, Boulder and University of Kansas, Lawrence. 

Williams, A., Carlson, S. J., Brunton, C. H. C., Holmer, L. E. 
& Popov, L. E. 1996. A supra-ordinal classification of 
the Brachiopoda. Philosophical Transactions of the 
Royal Society of London (series B), 351, 1171�1193. 

Williams, A., Cusack, M. & Buckman, J. O. 1998. Chemico-
structural phylogeny of the discinoid brachiopod shell. 
Philosophical Transactions of the Royal Society of 
London (series B), 353, 2005�2038. 

 

 
Fosfatiseerunud  orgaanilised  nanostruktuurid  Kambriumi  brahhiopoodil   

Ungula  inornata  (Mickwitz) 
 

Liisa Lang ja  Ivar Puura  
 

Skaneeriva elektronmikroskoobi (SEM) abil uuriti linguloidide hulka kuuluva fosfaatse kojaga Kambriumi käsijalgse 
Ungula inornata (Mickwitz) koja ristlõike töötlemata ja katmata murdepindu, rakendades re�iimi, mis võimaldas 
samaaegselt kuvada ning salvestada tagasihajunud elektronide (BSE) ja sekundaarsete elektronide (SE) abil saadud 
kujutisi. Kojas avastati fosfatiseerunud orgaanilised kiulised struktuurid läbimõõduga alla 200 nm, mis on omavahel 
ühendatud peenemate kiudude võrgustikuga. Võrdlus tänapäevaste käsijalgsete perekonnaga Discinisca varem avaldatud 
tööde põhjal lubab järeldada, et kiire fosfatiseerumine on talletanud 500 miljoni aasta vanuse käsijalgse orgaanilise 
struktuuri peenimadki detailid, sealhulgas koja ehituses oluliste apatiidist varraste teljeks olevad valgukiud ja nendega 
ühendatud kitiinist võrgustiku. Ungula inornata koja struktuur on kõige sarnasem sama perekonna ja perekonna Obolus 
liikide kodade struktuuridega. Vaadeldud nanostruktuurid on võrreldavad paljude seni uuritud fossiilsete ja praegu elavate 
lingulaatide, fosfaatse kojaga käsijalgsete struktuuridega.  


