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A B S T R A C T   

The genus Pseudooneotodus (Drygant, 1974) is a genus of small and conical elements widely distributed from the 
Middle Ordovician to the Early Devonian throughout the world. Because of its unusual shape, Pseudooneotodus 
has long been considered enigmatic, and only in the late nineties of the last century the genus has been finally 
placed within conodonts according to histological data. 

This study investigates possible similarities between Pseudooneotodus and Eurytholia (Sutton et al., 2001), an 
incertae sedis genus of enigmatic plates with a phosphate composition. An association of over one hundred 
specimens of Pseudooneotodus beckmanni and Eurytholia bohemica was analyzed from conodont residues in two 
distinct geographical areas: the Prague Basin (Požáry and Mušlovka sections, Bohemia, Czech Republic) and the 
Carnic Alps (Rauchkofel Boden section, Austria). Through an investigation that combines the use of optical and 
electron microscopy (including focused ion beam scanning electron microscopy), X-ray microdiffraction, and 
trace element (HFSE) analysis by mass spectrometry, differences between these fossil groups were observed and 
compared with data resulting from typical conodonts (Dapsilodus obliquicostatus, Panderodus unicostatus and 
Wurmiella excavata) recovered from the same samples.   

1. Introduction 

The taxonomic affinity of conodonts has been a matter of long and 
animated discussion among specialists. The recovery of the first cono
dont animals with preserved soft parts in the last decades of the previous 
century has allowed the assignment of conodonts to vertebrates by most 
conodont workers (see a summary in Ferretti et al., 2020, but with 
possible alternative views in Blieck et al., 2010 and Turner et al., 2010). 
However, a phosphatic composition is not exclusive to conodonts, and 
the attribution of bioapatite material extracted from acid digested res
idues to conodonts is not automatic, unless the existence of a counter
part documented in conodont natural assemblages or the recovery of 
conodont clusters. This is especially true if the morphology of the 
specimen is somehow diverse from the typical conodont element shape 
of a main cusp possibly bearing long denticulated processes. 

Pseudooneotodus (Drygant, 1974) is a genus with extensive world
wide distribution ranging from the Middle Ordovician to the Early 
Devonian and having a peculiar small and conical shape, recalling the 
Ordovician genus Oneotodus Lindström (so the name Pseudooneotodus; 

Corradini, 2008). Because of its unusual morphology, Pseudooneotodus 
had long been considered not to be a conodont, and various hypotheses 
on its biological affinity were advanced. Möstler (1968) referred to the 
skeletal elements of the genus as “pseudoconodonts”, Serpagli (1970) 
considered them to be “problematic”, Flügel and Schönlaub (1972) 
regarded them as fish teeth, and Winder (1976) suggested possible 
similarities with gastropods and bryozoans. Other authors, however, 
identified morphological similarities with conodonts. Jentzsch (1962) 
noticed that the growth lamellae are overlapping in the basal cavity and 
Schulze (1968) compared the basal filling of Pseudooneotodus with that 
of conodonts. Drygant (1974) finally assigned these elements to con
odonts, and Barrick (1977) confirmed the “conodont hypothesis” on the 
basis of the “same colour, luster and type of the basal material as found 
in undoubted conodonts from the same remains” (p. 57), proposing as 
well a first apparatus architecture. Sansom (1996) conducted a histo
logical study on Pseudoonetodus, finally confirming the attribution of 
Pseudooneotodus to conodonts. 

Pseudooneotodus is documented from the Darriwilian (Middle Ordo
vician, Histiodella holodentata Zone; Stouge, 1984) to the Emsian (Early 
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Devonian; Schulze, 1968). A total of eight species and one subspecies are 
known: Pseudooneotodus mitratus (Moskalenko), P. mitrectus (Moska
lenko), P. nostras (Moskalenko), P. humilis Orchard in the Ordovician; 
P. tricornis Drygant, P. bicornis bicornis Drygant, P. bicornis contiguus 
Corradini, P. linguicornis Jeppsson and P. beckmanni (Bischoff and San
nemann) in the Silurian; the latter is the only species documented in the 
Early Devonian (Corradini, 2008). 

The genus Eurytholia was introduced by Sutton et al. (2001) to 
describe small “hat-like” phosphatic sclerites of unknown origin found 
in residues of samples prepared for conodont analysis from the Middle to 
Upper Ordovician of some sectors bordering the Iapetus Ocean (South 
Wales, UK; Alabama, USA; Dalarna, Sweden; and North Estonia). The 
millimetre-sized plates had a typical “cap” shape with a raised upper 
zone and were assigned to two species of Eurytholia (E. prattensis Sutton, 
Holmer and Cherns, and E. elibata Sutton, Holmer and Cherns). The el
ements of Eurytholia were interpreted as dorsal dermal sclerites of a 
problematic animal, ovoid in shape, bearing sub-longitudinal rows of 
sclerites (Sutton et al., 2001). 

Similar sclerites, ranging from 0.3 mm to 2 mm, were recovered from 
Silurian and Lower Devonian conodont residues in several sections of 
the Czech Republic (Butovice, Kosov Quarry, Amerika Quarry, Mušlovka 
Quarry, Požáry, and U Topolů) and attributed to the new species Eur
ytholia bohemica (Ferretti et al., 2006). Eurytholia bohemica differs from 
the Ordovician species described by Sutton et al. (2001) by the presence 
of a well-developed girdle with an inner groove running along the 
margin of the plates. According to the authors, this belt might have 
facilitated the anchoring of the sclerite in a more rigid outer layer. In 
addition, some of the stratigraphically younger specimens found in the 
Koněprusy area lacking the belt and having distinctly concave side walls 
could have represented another species, but the material was insuffi
cient for a firm taxonomic assessment. A small association of Eurytholia 
bohemica was later described (Ferretti and Serpagli, 2008) in the upper 
Silurian of the Carnic Alps from a single sample (level 326) from the 
Rauchkofel Boden section. Recently, the species was reported from the 
Silurian of Sardinia (Corradini et al., 2009), the Silurian of Ireland 
(Ferretti et al., 2021a; Kaminski et al., 2016) and the Lochkovian of 
Sardinia (Corriga et al., 2022). 

Mergl (2019) recently described Eurytholia from Middle Devonian 
conodont residues from Central Bohemia (Czech Republic). Given the 
paucity of material found, the new specimens were identified as Eur
ytholia aff. bohemica. Based on the similarity in morphology and his
tology, as well as the perfect overlap of stratigraphical range, Mergl 
(2019) highlighted the relationship of Pseudooneotodus and Eurytholia, 
suggesting that Eurytholia could belong as well to vertebrates. 

As mentioned above, one feature common to all the organisms under 
study is the phosphatic (bioapatite) composition. Bioapatite is a material 
of strictly biochemical origin that is broadly assigned the general for
mula Ca5(PO4,CO3)3(F,OH) (Keenan et al., 2015; Skinner, 2005). 
Various iso- and hetero-valent substitutions may occur in anionic and 
cationic sites either during in-vivo biologically-mediated crystal growth 
or in post-mortem burial and diagenesis (Zapanta LeGeros, 1981). Cal
cium may be substituted by major elements (e.g., Brigatti et al., 2004; 
Keenan and Engel, 2017) or by REE (Rare Earth Elements) and other 
HFSE (High-Field-Strength Elements, e.g., Grandjean-Lécuyer et al., 
1993; Li et al., 2017; Reynard et al., 1999; Trotter et al., 2007; Trotter 
and Eggins, 2006; Trueman and Tuross, 2002; Zhao et al., 2013) and the 
content of trace elements in fossil bioapatite was for a long time assumed 
as a reliable marker of sea-water composition (e.g., Girard and Albarède, 
1996; Grandjean et al., 1987; Grandjean-Lécuyer et al., 1993; Wright 
et al., 1984). Nevertheless, since about three decades ago (Armstrong 
et al., 2001; Holser, 1997; Picard et al., 2002; Reynard et al., 1999; 
Toyoda and Tokonami, 1990), concrete hypotheses have emerged that 
HFSE concentrations in bioapatite are significantly affected by chemical 
and mineralogical composition of the diagenetic environment (Chen 
et al., 2015; Herwartz et al., 2013; Kocsis et al., 2010; Liao et al., 2019; 
Trotter et al., 2016; Trotter and Eggins, 2006; Zhang et al., 2016; Zhao 

et al., 2013; Žigaitė et al., 2020) and, as recently proposed (Medici et al., 
2021), also by the morphology of the fossil remain, although not in such 
a way as to distort the diagenetic contribution. Although there is not yet 
unanimous agreement, the multifactorial diagenetic footprint hypothe
sis as the major characterizing imprint of HFSE content is the most 
widely endorsed (Chen et al., 2015; Kim et al., 2012; Lécuyer et al., 
2004; Trotter et al., 2016; Zhang et al., 2016). Therefore, bioapatite can 
be tagged (hydrogen signature) during life (Grandjean-Lécuyer et al., 
1993; Lécuyer et al., 2004; Nothdurft et al., 2004; Webb et al., 2009; 
Webb and Kamber, 2000; Wright et al., 1987), but it is in the burial 
environment that HFSE uptake is greatly boosted by diagenesis (pore- 
water signature) (Chen et al., 2015; Pattan et al., 2005; Zhang et al., 
2016). A quick assessment of REE sources can be based on the Th vs 
ΣREE and Y/Ho vs ΣREE cross-plots (Li et al., 2017). In fact, high ΣREE 
(sum of all REE content) and strong LREE (light REE, i.e., sum of La and 
Ce) and Th enrichment characterize the pore-water contribution 
(McLennan, 2001; Peppe and Reiners, 2007; Shen et al., 2012; Wright 
and Colling, 1995); on the other hand, high Y/Ho are indicative of an 
hydrogen signature as, in modern ocean water, Ho is adsorbed or 
complexed at about twice the rate of Y (Nozaki et al., 1997; Zhang et al., 
1994; Zhang and Nozaki, 1996). More difficult is the interpretation of 
MREE (middle REEs, i.e., sum of Pr, Nd, Sm, Eu) and HREE (heavy REEs, 
i.e., sum of Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) enrichments as their 
contribution could reflect an authigenic phosphate signal (Bright et al., 
2009; Reynard et al., 1999; Sholkovitz and Shen, 1995), further 
complicating the interpretation of the results. 

The diagenetic footprint can also be assessed by measuring param
eters related to the crystal structure of the bioapatite, although this 
approach is rarely used and has sometimes led to questionable results 
(Ferretti et al., 2017; Medici et al., 2021; Pucéat et al., 2004; Trueman 
et al., 2008; Trueman and Tuross, 2002; Žigaitė et al., 2020). These 
parameters include, for example, bioapatite cell volume and crystallinity 
index; the correlation with diagenesis is that the higher (and longer) the 
pressure and temperature to which a crystal is exposed, the higher the 
resulting crystallinity index and the smaller the cell volume (Ferretti 
et al., 2021b; Medici et al., 2021). As will be better detailed in the Re
sults section, an additional feature that is closely related to crystallinity 
and on which the crystallinity index value also depends, is the Full 
Width at Half Maximum (FWHM) of selected diffraction peaks. In fact, 
the FWHM is a parameter that can be directly correlated with both 
crystal grain distortion and structural disorder (Kim and Chung, 2003; 
Tung et al., 2009); in other words, a linear increase in the FWHM of a 
diffraction peak denotes both a deformation of individual crystals and 
increased disorder in the bioapatite lattice which, in turn, can be related 
to the diagenetic imprint. 

Following the indication of Mergl (2019), specimens of Pseudoo
neotodus and Eurytholia recovered from the same conodont residues and 
of the same age throughout the samples were compared through the 
application of a survey protocol on bioapatite crystal-chemistry and 
trace element composition (Ferretti et al., 2021b; Ferretti et al., 2017; 
Malferrari et al., 2019; Medici et al., 2020; Medici et al., 2021), com
plemented by the use of focused ion beam scanning electron microscopy, 
applied to conodonts following the pioneer investigations by Rosseeva 
et al. (2011) and Zhuravlev and Gerasimova (2015). The study was 
extended to undoubted conodonts (“true” conodonts: Dapsilodus obli
quicostatus (Branson and Mehl), Panderodus unicostatus (Branson and 
Mehl) and Wurmiella excavata (Branson and Mehl)) recovered from the 
same samples producing Pseudooneotodus and Eurytholia in order to 
minimize the number of uncontrollable variables. 

The purpose of the work is to test whether the diagenetic signature 
completely masked the life-print information and whether additional 
evidence can help in refining the taxonomic assignment of both Pseu
dooneotodus and Eurytholia. 
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2. Geological setting 

The study material comes from the Silurian of Bohemia and the 
Carnic Alps (Fig. 1a). During the lower Paleozoic these areas belong to a 
group of terranes (Fig. 1b) that detached from the northern Gondwana 
margin during the Ordovician and drifted northward faster that the 
main continent. Beside Bohemia and the Carnic Alps, these terrains 
include Sardinia, the Montagne Noire and the Pyrenees, among others, 
and are known as Galatian Terranes assemblage (von Raumer and 
Stampfli, 2008). During the late Silurian these terranes were located at 
mid latitudes in the southern hemisphere (Ferretti et al., 2022; Ferretti 
et al., 2009; Schönlaub, 1997). Even if their mutual position is still 
debated, likely Bohemia occupied a slightly northern position than the 
Carnic Alps (Fig. 1b). However, at first approximation the upper Silurian 
sequences of the Carnic Alps and Bohemia are similar, being mainly 
composed by black graptolitic shales and limestones rich in 

cephalopods. 

2.1. Bohemia 

In Bohemia lower Paleozoic units are mainly exposed in the Prague 
Synform, a complex structure formed during the Variscan Orogeny, 
exposed in the western part of the Czech Republic (Fig. 1a). The marine 
sedimentary succession of the Prague Synform spans from the Ordovi
cian to the Middle Devonian (Chlupáč et al., 1998). The Silurian rocks 
are preserved within the core of the synform between Praha and Beroun. 
Here, the lowermost Silurian rocks are represented by black graptolitic 
shales, while carbonate deposition increased progressively already 
starting from the Sheinwoodian (Kříž, 1998), and resulting in the more 
widespread rock of Přídolí age (Slavík and Hladil, 2017). Volcanic ac
tivity developed from several volcanic centers along synsedimenary 
faults during the Aeronian and from the Sheinwoodian to the Gorstian 
(Kříž, 1992; Kříž et al., 2003). The study material belongs to the Kopa
nina Fm. exposed in the Požáry and Mušlovka quarries. 

The Kopanina Fm. mainly consists of tuffaceous shales and bioclastic 
limestone in the lower part and thick cephalopod limestone in the upper 
part (Ferretti and Kříž, 1995; Kříž et al., 1986; Manda et al., 2023). The 
transition with the overlying Požáry Fm. is defined by the onset of platy 
limestones alternated with shales (Kříž, 1998) and appears to be dia
chronous from the upper Ludlow to the lower Přídolí (Čáp et al., 2003; 
Kříž et al., 1986; Manda and Kříž, 2006). For detailed description of the 
Požáry section refer to Kříž (1992), Kříž et al. (1986), Lehnert et al. 
(2007) and Slavík (2017); for Mušlovka quarry refer to Kříž et al. (1986). 

2.2. Carnic Alps 

One of the world’s most complete and best-exposed Paleozoic suc
cessions from the ?Cambrian-Lower Ordovician to the Upper Permian is 
found in the Carnic Alps (Fig. 1a; Ferretti et al., 2023). For a complete 
description of this sequence, updated to the recent lithostratigraphical 
scheme, refer to Corradini et al. (2016, 2015) and Corradini and Pon
drelli (2021). 

Silurian outcrops are irregularly distributed in the Carnic Alps, and 
are mainly represented by cephalopod-bearing and shallow-water bio
clastic limestones, limestones interbedded with shales, black graptolitic 
shales and cherts. The overall thickness of Silurian rocks does not exceed 
60 m. Although the whole Silurian is documented, a large hiatus above 
the Upper Ordovician rocks is recorded in some places as a result of 
Hirnantian glaciation, and various sediment piles are missing up to the 
Gorstian (Corriga et al., 2021). 

Three calcareous formations follow each other in the proximal part 
of the basin: the Kok Fm. (Telychian-lower Ludfordian), the Cardiola 
Fm. (Ludfordian) and the Alticola Fm. (Ludfordian-Lochkovian). The 
material in study was collected from the lowermost bed of the Alticola 
Fm. exposed in the Rauchkofel Boden section (Schönlaub et al., 2017 
and references therein). The Alticola Fm. consists of well bedded grey 
and pink cephalopod limestones with rare interbedded layers of greyish 
bioclastic limestones and grey shales (Ferretti et al., 2015; Ferretti et al., 
2012). The unit is rich of fossils, represented by orthoceratid cephalo
pods, bivalves, brachiopods, trilobites, crinoids, and chitinozoans, 
among others. The age of the unit was precisely defined thanks to the 
rich conodont fauna (e.g., Corradini et al., 2020; Corradini et al., 2019; 
Corradini et al., 2015; Corriga et al., 2016; Schönlaub et al., 2017; 
Walliser, 1964). 

3. Materials and methods 

3.1. Analyzed material 

The material analyzed in this study was selected in order to fulfill a 
list of premises. A first choice was to investigate long-spanning and 
geographically widespread taxa. Pseudooneotodus beckmanni is by far the 

Fig. 1. (a) Overview map with modern location of the study sites in Bohemia 
and the Carnic Alps. (b) Paleogeographical reconstruction of the late Silurian 
(modified after Scotese, 2014). Yellow stars indicate location of the two 
investigated areas. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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Fig. 2. SEM micrographs of Pseudooneotodus beckmanni (Bischoff and Sannemann, 1958). Ludlow, Polygnathoides siluricus Zone. 
1–2, 6. 1, lateral view of specimen 42, IPUM 35015; 2, lower view of specimen 39, IPUM 35016; 6, lateral view of specimen 41, IPUM 35020; Carnic Alps, sample 
Rauchkofel Boden 326. The Carnic material exposes the only outer layer of the specimens. 
3, 5, 7, 10–11. 3, lower-lateral view of specimen 14, IPUM 35017; 5, lateral view of specimen 9, IPUM 35019; 7, upper view of specimen 8, IPUM 35021; 10, lateral 
view of specimen 13, IPUM 35024; 11, lower view of specimen 11, IPUM 35025; Bohemia, sample Požáry 1. 
4, 8–9, 12. 4a, lower view of specimen 26, IPUM 35018; 4b, detail of the texture of the inner layer of specimen 26; 8a, lower view of specimen 22, IPUM 35022; 8b, 
detail of the texture of the inner layer of specimen 22; 9a, lower view of specimen 24, IPUM 35023; 9b, detail of the texture of the inner layer of specimen 24; 9c, 
pyrite framboids; 12, detail of specimen 23 in lateral view, IPUM 35026; Bohemia, sample Mušlovka A. The Bohemian material exposes two layers of the specimens. 
Scale bar corresponds to 100 μm for all frames except for 8b, 9b and 9c where it corresponds to 20 μm. 
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most abundant species of the genus, spanning the Silurian and Early 
Devonian. Eurytholia bohemica covers the Silurian up to the Early (and 
possibly Middle) Devonian. Our selection was therefore restricted to 
these two taxa. A further choice was to study specimens (Pseudooneo
todus beckmanni, Eurytholia bohemica and “true” conodonts) from exactly 
the same stratigraphical level; specifically, all our material documents 
the Polygnathoides siluricus conodont Biozone (Ludlow, Silurian). The 
same age was provided by the Sardinian “Ockerkalk” bearing the asso
ciation Eurytholia/Pseudooneotodus (Corradini et al., 1998; Ferretti et al., 
2009; Serpagli et al., 1998). Elements belonging to Dapsilodus obliqui
costatus, Panderodus unicostatus and Wurmiella excavata were chosen as 
“true” conodonts for comparison. 

With those premises, three levels were selected, two in Bohemia 
(Požáry 1 and Mušlovka A) and one in the Carnic Alps (Rauchkofel 
Boden 326). Samples were treated with an up to 10% solution of formic 
acid, and the insoluble residue was washed through a 100-μm sieve. 
Residues were later concentrated, if abundant, with sodium 
polytungstate. 

Resulting material was first investigated under optical microscopy 
with a Zeiss Stemi SV 11 binocular microscope (magnification 25–100×) 

in order to select taxa. The most complete specimens with no secondary 
recrystallization were picked and later deeply characterized. 

The illustrated specimens are kept in the Type Collection of the 
Department of Chemical and Geological Sciences, University of Modena 
and Reggio Emilia, Modena, Italy under the Repository Numbers IPUM 
3501535039. 

Under the light microscope, rock samples from the Carnic Alps are 
composed almost entirely of calcite, mostly microcrystalline or sec
ondary crystallized within fractures or forming phenocrysts of varying 
sizes. There are also iron oxides and hydroxides, the latter being wide
spread in the microcrystalline calcite. Chlorite is also occasionally pre
sent. Samples from Bohemia, in addition to calcite, document 
microcrystalline quartz (better identifiable by X-ray diffraction), iron 
oxides (sometimes with idiomorphic habit and more abundant than in 
the Carnic Alps) and, rarely, illite; diffraction measurements also indi
cate the occurrence of dolomite and/or magnesian calcite. Fossil re
mains are clearly evident from both localities. 

Fig. 3. SEM micrographs of Eurytholia bohemica Ferretti, Serpagli and Štorch, 2006. Ludlow, Polygnathoides siluricus Zone. 
1, 3–4, 7. 1, upper view of specimen 1, IPUM 35027; 3a, lower view of specimen 4, IPUM 35029; 3b–3c, details of the inner reticulated layer; 4, lower-lateral view of 
specimen 5, IPUM 35030, illustrating the typical girdle with an inner groove running along the margin of the specimen; 7, lateral view of specimen 7, IPUM 35033; 
Bohemia, sample Požáry 1. 
2, 6, 10. 2a, lower-lateral view of specimen 15, IPUM 35028; 2b, detail of the inner reticulated layer; 6, detail of the inner reticulated layer of specimen 22, IPUM 
35032, in lower view; 10, upper view of specimen 18, IPUM 35036; Bohemia, sample Mušlovka A. 
5, 8–9. 5, detail of the inner reticulated layer of specimen 30, IPUM 35031, in lower view; 8a, upper view of specimen 31, IPUM 35034; 8b, detail of the inner 
reticulated layer exposed by removal of the outer layer; 9a, upper view of specimen 34, IPUM 35035; 9b, detail of the oriented bioapatite crystals of the outer layer; 
Carnic Alps, sample Rauchkofel Boden 326. 
Scale bar corresponds to 100 μm for all frames except for 2b, 3b–3c, 5, 6, 8b and 9b where it corresponds to 20 μm. 

Fig. 4. SEM–EDS elemental maps through broken specimens of Eurytholia bohemica and Pseudooneotodus beckmanni revealing a general homogeneous composition of 
the wall. Ludlow, Polygnathoides siluricus Zone. 
1, Ca, Si, O, Al, K, S and P maps of Eurytholia bohemica, specimen 6, IPUM 35037; Bohemia, sample Požáry 1. 
2, Ca, O and P maps of Pseudooneotodus beckmanni, specimen 35, IPUM 35038; Carnic Alps, sample Rauchkofel Boden 326. 
Scale bar corresponds to 100 μm. 
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3.2. Instruments and analytical methods 

We applied a consolidated multi-analytical protocol (e.g., Malferrari 
et al., 2019; Medici et al., 2021; Nardelli et al., 2016) for fossil remains 
characterization encompassing trace elements (HFSE) measurement 
through laser ablation-inductively coupled plasma mass spectrometry 
(LA-ICP-MS), X-ray microdiffraction and scanning electron microscopy 
(SEM) equipped with an energy dispersive X-ray (EDX) detector for 
major elements quantification. In addition, focused ion beam scanning 
electron microscopy (SEM-FIB) was used on conodonts in order to polish 
selected portions of the specimens for further investigation. 

As well-known and extensively documented in the literature, the 
tuning of the experimental parameters, especially those related to LA- 
ICP-MS, represents a critical issue. To avoid overburdening the text, 
detailed description of instruments and analytical methods are reported 
in the Supplementary Online Material (SOM-1). 

4. Results 

4.1. Morphology and structure 

Specimens of Pseudooneotodus beckmanni are characterized in lateral 
view by a short conical shape with a single apical denticle (Figs. 2.1 and 
2.6), usually inclined posteriorly, and a rounded (Fig. 2.11) to sub- 
triangular (Fig. 2.2) basal outline. The external surface is smooth with 
no visible ornamentation or specific patterns. Some specimens show a 
marginal girdle, visible in lateral (Figs. 2.5, 2.9a and 2.10) and upper 
(Fig. 2.7) views, that may expand up to two/thirds of the height of the 
element (Fig. 2.5). Specimens from the Carnic Alps bear a deep empty 
basal cavity that occupies the entire lower part of the specimen 
(Fig. 2.2). On the contrary, material from Bohemia clearly reveals the 
existence of two separate layers: a thinner outer layer and a thicker inner 
layer that may occupy part (Figs. 2.4a, 2.8a, 2.9a and 2.11) or most 
(Figs. 2.3, 2.10 and 2.12) of the basal cavity. The contact between the 
two layers in broken specimens (Figs. 2.4a, 2.10 and 2.12) is sharp and 
might possibly have represented an easy surface of detachment of the 
inner layer. However, in specimens complete of the marginal basal 
outline (e.g., Figs. 2.8 and 2.9), the two layers appear strongly fused each 
other. 

The outer layer exposed in sectioned cuts is compact and massive 
(Figs. 2.4a and 2.12). Remarkably, the inner layer shows a reticulated 
pattern with oval or sub-polygonal meshes of approximately 5 μm size 
defined by 2–3 μm rods. Peculiar concentrations of pyrite framboids 
were observed in a few specimens either from Bohemia (e.g., Fig. 2.9c) 
and the Carnic Alps. 

Specimens of Eurytholia bohemica have an elliptical shape with linear 
(Fig. 3.1 and 3.8a) or slightly curved (Fig. 3.9a and 3.10) margins and a 
median to sub median ridge. The diagnostic well-defined girdle with an 
inner furrow expands along the basal margin as exposed in lower 
(Figs. 3.2a and 3.4) and lateral (Fig. 3.7) views. A deep empty basal 
cavity expands to the apex of the ridge (Fig. 2a). 

Eurytholia specimens bear of a compact outer layer and a porous 
inner layer (Ferretti et al., 2006). The outer wall is made by crystals that 
are oriented perpendicular to the wall (Fig. 3.9b). The inner layer shows 
a peculiar reticulated pattern with oval to pseudo-hexagonal meshes 

(Figs. 3c, 3.5 and 3.6) of approximately 3 μm size with 2 μm rods. The 
inner layer strictly merges with the outer one along the basal margin 
(Figs. 3.2b and 3.8b). 

4.2. Chemical composition (major elements) 

Environmental scanning electron microscopy coupled with micro
analyses (SEM-EDX) was applied to specimens of Pseudooneotodus 
beckmanni and Eurytholia bohemica in order to monitor distribution of 
major elements along the entire surface of the specimens, with special 
attention to detect possible differences through the two layers exposed 
by broken elements. Distribution maps of selected elements (P, Ca, O, K, 
Si, Al, S) and spectra run along continuous lines did not reveal any 
significant variations through the element wall of both Eurytholia 
(Fig. 4.1) and Pseudooneotodus (Fig. 4.2) or along their outer surface. 

4.3. Microstructure 

Focused ion beams (FIB) have been applied since the 1960s to 
characterize inorganic and biological materials at the micro- or nano- 
scales (Lešer et al., 2010). FIB technique offers the opportunity of 
consuming only a small volume of material and of sectioning exactly the 
sample at the specific site of interest. Resulting surfaces may be later 
analyzed with other investigative approaches (see SOM-1 for further 
details). Selected samples of Pseudooneotodus beckmanni and Eurytholia 
bohemica were transferred into FIB/SEM for FIB milling; FIB-milled re
gions were secondary electron imaged and analyzed by EDX to provide 
basic compositional data. 

Specimens of Pseudooneotodus beckmanni with well recognizable 
inner and outer layers (Figs. 5.1a and 5.2a) were tested in order to select 
the best spots to be sectioned. FIB-milled outer layer of the specimens 
revealed a general homogeneity in microstructure and composition for 
main elements (P, O, Ca and F; Fig. 5.2e), but a porous microtexture 
emerged in the basal part of the outer layer at the contact with the inner 
layer (Fig. 5.1d), recalling the terminal dentine network described by 
Sansom (1996). No micropattern was revealed in the inner layer. A first 
specimen of Eurytholia bohemica was FIB sectioned in the median ridge 
(Fig. 6.1), in order to expose the outer layer. A second specimen was 
prepared in order to offer both the inner and outer layer to the focused 
ion beams (Fig. 6.2c). The outer layer of both investigated specimens 
revealed a faint lamination (Figs. 6.1f and 6.2d), while no micropattern 
was detected in the inner layer (Fig. 6.2e). 

4.4. HFSE signature 

A list of statistically significant relationships among the HFSEs of the 
investigated material from both Bohemia and the Carnic Alps is given in 
Supplementary Online Material (SOM-2). All specimens, regardless of 
taxa and source area, are characterized by a substantial enrichment of 
MREE and, in part, HREE (Fig. 7), although this behavior appears more 
pronounced in Eurytholia and, to a lesser extent, in Pseudooneotodus 
rather than in “true” conodonts. This trend is also evidenced by the 
linear distribution of Y with respect to La, Nd and Yb (Fig. 8) considered 
as representative of LREE, MREE and HREE, respectively, and by the 
cross-plot of HRRE/LREE vs MREE/MREE* (Fig. 9). 

Fig. 5. SEM micrographs of Pseudooneotodus beckmanni specimens studied under focused ion beam scanning electron microscopy (FIB). Ludlow, Polygnathoides 
siluricus Zone. 
1a, lower-lateral view of specimen 23, IPUM 35026; 1b, detail of the inset in 1a clearly exposing the outer and inner layers; 1c, FIB milling of the outer layer (white 
arrow); 1d, FIB-milled outer layer revealing at the base a porous texture (white arrow) recalling the terminal dentine network of Sansom (1996); Bohemia, sample 
Mušlovka A. 
2a, lower-lateral view of specimen 26, IPUM 35018; 2b, detail of the inset in 2a clearly exposing the outer and inner layers; 2c, FIB milling of the outer layer (white 
arrow); 2d, FIB-milled outer layer; 2e, SEM–EDS elemental maps (P, O, Ca and F) of the inset in 2d revealing no signification variations in the analyzed spot area; 
Bohemia, sample Mušlovka A. 
Scale bar corresponds to 100 μm for all frames except for 1b–1c and 2 b where it corresponds to 50 μm, for 1d where it corresponds to 2 μm, for 2c where it 
corresponds to 20 μm and for 2d where it corresponds to 5 μm. 
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The Y/Ho ratio is particularly useful for distinguishing marine vs 
lithogenic REE sources. In fact, Y and Ho have similar ionic radii and 
show an analogous vertical distribution profile in modern oceans (Zhang 
et al., 1994); nevertheless, as mentioned in the Introduction, Ho in 
waters is removed (adsorbed onto suspended particulate matter or 
bound by complexants) twice as fast as Y (Bau, 1996; Nozaki et al., 1997; 

Zhang and Nozaki, 1996). For this reason, the lithogenic sources of REE 
are characterized by relatively uniform and low Y/Ho ratios, usually 
between 20 and 30, while seawater shows much higher values, mostly 
ranging between 60 and 70 (Kamber and Webb, 2001; McLennan, 
2001). Since diagenesis results in a general increase in the sum of REE, 
an increasing value of ΣREE, eventually normalized with respect to Th, 

Fig. 6. SEM micrographs of Eurytholia bohemica specimens studied under focused ion beam scanning electron microscopy. Ludlow, Polygnathoides siluricus Zone. 
1a, upper-lateral view of specimen 22, IPUM 35032; 1b, detail of the inset in 1a showing the area of the median ridge planned to be exposed to FIB; 1c-1e, FIB milling 
of the median ridge so to expose the outer layer; 1f, FIB-milled outer layer revealing a laminated texture (white arrows); Bohemia, sample Mušlovka A. 
2a, lower view of specimen 43, IPUM 35039; 2b, detail of the inset in 2a showing the outer and inner layers; 2c, FIB-milled outer and inner layers; 2d, FIB-milled 
outer layer revealing a faint lamination (white arrows); 2e, FIB-milled inner layer revealing a homogeneous texture; Bohemia, sample Mušlovka A. 
Scale bar corresponds to 100 μm for all frames except for 1b–1d and 2b where it corresponds to 20 μm, for 1e and 2c where it corresponds to 10 μm and for 1f, 2d and 
2e where it corresponds to 2 μm. 
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should be associated with a low Y/Ho ratio indicating that the diage
netic addition of REEs is related to their release from lithogenic material. 
Data reported in SOM-2 and the plot of ΣREE/Th vs Y/Ho (Fig. 10) 
provide evidence of two perceptibly distinct REE components, having 
the Carnic material slightly lower values of the Y/Ho ratio compared to 
the Bohemian one. The cross-plot of log [ΣREE] vs Th (Fig. 11) better 
refines this distinction, further indicating that Eurytholia specimens, 
regardless of provenance, are generally characterized by higher ΣREE 
values compared to Pseudooneotodus and to “true” conodonts, due 
essentially to the enrichment of MREE. However, the most significant 
feature evidenced by log [ΣREE] vs Th cross-plot (Fig. 11) is the different 
clustering of Eurytholia and Pseudooneotodus, with the former concen
trated in the right part of the diagram (i.e., low ΣREE content) and the 
latter in the middle part (medium to high ΣREE). “True” conodonts span 
from the left to the middle part of the figure (i.e., mostly high REE 
signature), only partially overlapping data of Pseudooneotodus. 

Among REE, Ce is an exception since it can also be oxidized with 
formation of Ce(IV) species that are poorly soluble or easily adsorbed on 
suspended particulate matter (Sholkovitz and Shen, 1995). This even
tuality leads to a negative Ce anomaly (i.e., Ce/Ce* <1.0) in seawater, 
which can also be enhanced by the alkaline pH that, generally, nega
tively affects solubility (de Baar et al., 1988; Liu et al., 1988). On the 
other hand, in anoxic environments, Ce(III) behaves similarly to the 
other REEs, resulting in little or no inter-element fractionation and a 
weak or nonexistent Ce anomaly (i.e., Ce/Ce* ~1.0). On this ground, the 
type and magnitude of Ce anomaly have often been assumed as a valid 

paleoenvironmental indicator (see Zhang and Shields, 2022 for a recent 
review). Nevertheless, to better assess the Ce anomaly and to identify 
whether the anomaly is only apparent (i.e., due to an excess of adjacent 
REEs), the Pr/Pr* vs Ce/Ce* cross-plots, where Pr/Pr* = 2PrN/(CeN +

NdN) and Ce/Ce* = 3CeN/(2LaN + NdN), are commonly used (Bau and 
Dulski, 1996; Chen et al., 2015; Kowal-Linka et al., 2014; Zhang et al., 
2016). The results shown in Fig. 12 clearly show positive Ce anomaly for 
the material from the Carnic Alps, and no anomalies or, at most, slight 
negative Ce anomalies for the material from Bohemia. 

4.5. Crystallinity signature 

An additional path that can be tracked to assess the diagenetic 
footprint is through the bioapatite crystallinity analysis. In better pre
served material from the sole Carnic Alps we calculated the FWHM of 
the X-ray diffraction peaks of the (300) and (002) reflections, which are 
closely related to the bioapatite cell parameters a and c, respectively. 
More specifically, we plotted the ratio FWHM(300)/FWHM(002) vs bio
apatite cell volume (Fig. 13). Resulting data clearly indicate the occur
rence of an inverse correlation regardless of the three main fossil groups 
investigated. The c vs a cross-plot (Fig. 14), a tool already used in past 
researches (Ferretti et al., 2017; Medici et al., 2021) to highlight 
isomorphic substitutions, shows a different clustering of “true” con
odonts with respect to Eurytholia/Pseudooneotodus, being “true” con
odonts clustered in the right part of the diagram at higher values of the 
cell parameter a, while Eurytholia and Pseudooneotodus cluster (and 
overlap) in the same left-middle part of the diagram (low to medium 
value of the cell parameter a). 

5. Discussion 

Pseudooneotodus and Eurytholia share undoubtedly numerous char
acteristics. Both have a conical, cap-like shape, with great variability in 
the apical part and a wide variation in outline, with a hollow basal part 
and two distinct layers with externally flared basal margins. The outer 
layer of both Pseudooneotodus and Eurytholia appears compact and 
massive, with a porous microtexture in the basal part of Pseudooneotodus 
and a faint lamination in Eurytholia revealed by FIB analysis. The inner 
layer shows a reticulated pattern with oval or sub-polygonal meshes in 
both Pseudooneotodus and Eurytholia of comparable size. The origin of 
HFSE embedded in fossil remains is not easily circumscribed. However, 
normalized distributions of REE, REE anomalies, and correlation be
tween REE and/or other trace elements are widely used for recon
structing palaeoceanographic conditions. On the other hand, several 
evidences also confirm that the REE signature is greatly affected by 
diagenesis. In our samples, diagenesis undoubtedly leads to an increase 
in total REE content and, particularly, in MREE (Fig. 7). A flat distri
bution of REE may develop as a result of organic matter degradation 
(Kim et al., 2012) in contrast, the bulge determined by MREE enrich
ment, although often documented in the literature (e.g., Bright et al., 
2009; Grandjean et al., 1987; Grandjean-Lécuyer et al., 1993; Kidder 
et al., 2003; Lécuyer et al., 2004; Zhao et al., 2013) is not yet explained 
with certainty. One of the most accepted hypotheses (Haley et al., 2004) 
relates it to the precipitation and dissolution processes of iron oxides and 
hydroxides, which, because of their high surface charge and colloidal 
character, may strongly bind cations. A further hypothesis considers the 
selective adsorption of LREE and HREE by Mn and Fe oxides, respec
tively, leaving the residual content (MREE) in pore waters (Prakash 
et al., 2012; Soyol-Erdene and Huh, 2013). However, the observation 
that MREE enrichment discriminates Eurytholia from the other taxa 
(“true” conodonts, and Pseudooneotodus) raises several questions, espe
cially since all specimens realistically underwent identical diagenetic 
imprinting having been collected from the same sample. The reasons for 
this differentiation could be attributable to specimen morphology or to 
original imprinting (in a broad sense). Relative to the former, hypoth
eses had already been made in the past (Medici et al., 2021), pointing 

Fig. 7. Upper continental crust (UCC) normalized (McLennan, 2001) REE 
abundance patterns for Eurytholia (blue lines), “true” conodonts (green lines) 
and Pseudooneotodus (dark red lines) from Bohemia (a) and the Carnic Alps (b). 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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Fig. 8. Cross-plots La (a), Nd (b) and Yb (c) vs Y. Legend: “true” conodonts (stars), Eurytholia (circles) and Pseudooneotodus (triangles); open symbols are used for the 
Bohemian material, filled symbols for the Carnic one. 
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out that the degree of chemical fractionation depends not only on the 
effective diffusion coefficient but also on the size of the exposed surface, 
a parameter, the latter, that has always been assumed to be negligible. 

The presence of two perceptibly distinct REE components marked by 
the ΣREE/Th vs Y/Ho trend (Fig. 10) provides evidence that, although 
the detrital component should be considered as prevalent for both 
investigated areas (Bohemia and the Carnic Alps), the presence of a 
slight persistence of the hydrogen signature should not be ruled out for 
the samples from Bohemia. The cross-plot of log [ΣREE] vs Th (Fig. 11), 
which better refines this distinction, further indicates that Eurytholia, 

regardless of provenance, is generally characterized by high ΣREE 
values compared to Pseudooneotodus and “true” conodonts. In fact, low 
ΣREE and Th values indicate non-detrital derivation, whereas higher 
ΣREE but lower ΣREE/Th reflect the faster uptake of Th than REE during 
diagenesis. This aspect is confirmed for “true” conodonts also by the Y/ 
Ho ratio (mean values ~34 and 31 for Bohemia and the Carnic Alps, 
respectively), highlighting the contribution of the diagenetic fingerprint 
along with the mild persistence of the hydrogen signature. 

The positive Ce anomaly for the Carnic material suggests that the 
(ante diagenesis) marine and/or pore waters were controlled by 

Fig. 9. Cross-plots of MREE/MREE* vs HREE/LREE. Symbols like in Fig. 8.  

Fig. 10. Cross-plots of Y/Ho vs ƩREE/Th. Symbols like in Fig. 8. The field between dashed lines is representative of lithogenic sources.  
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oxygenated seawater during life and/or early stages of fossilization; 
however, the presence of pyrite framboids (observed in Pseudooneotodus 
from both the Carnic Alps and Bohemia) indicates the establishment of 
possible local and temporary reducing conditions. In addition to Ce, Eu 
is also a redox-sensitive REE that, in strongly reducing environments, 
can be reduced to Eu(II) creating a possible fractionation with respect to 
other REEs (Elderfield, 1988). Nevertheless, this transformation affects 
magmatic rather than sedimentary environments and, in the latter, 
positive Eu anomalies (i.e., Eu/Eu* >1.0) are more an indication of REE 
contributions from plagioclase-rich sediments (where Eu replaces Ca) 

rather than from femic phases, which are commonly associated with 
negative anomalies (Taylor and McLennan, 1985). However, this dif
ferentiation is not well reflected in our material (Fig. 12b), which shows 
Eu anomaly varying from strongly positive to neutral for “true” con
odonts (predominantly Bohemian ones) and from neutral to negative for 
all other specimens. 

The existing inverse correlation between bioapatite cell volume and 
the FWHM(300)/FWHM(002) ratio (Fig. 13) indicates that the fossilization 
process involves the increase of carbon content in the lattice of bio
apatite with a consequent decrease of both the cell volume and the 

Fig. 11. Cross-plots of Th vs log [ƩREE]. Symbols like in Fig. 8.  

Fig. 12. Location of the studied samples in the McLennan (2001) normalized plots of (Ce/Ce*) vs (Pr/Pr*) labelled as (Ce/Ce*)N and (Pr/Pr*)N, respectively. Adapted 
from Kowal-Linka et al. (2014). Symbols like in Fig. 8. 
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crystallinity according to the orientation of a parameter. These new data 
confirm that bioapatite cell volume generally decreases with time and, 
specifically for very ancient (Paleozoic) fossils, bioapatite volume falls 
in the range of 525 ± 3 Å3 (Ferretti et al., 2021b). 

The different clustering of “true” conodonts with respect to Eur
ytholia and Pseudooneotodus evidenced by the cross-plot c vs a (Fig. 14), 
even if for now only detected from the Carnic Alps, is in agreement with 
the HFSE distribution (Figs. 7 and 11, SOM-2). In fact, a high REE and Th 
content is indicative of a higher diagenetic footprint, while higher values 
of the cell parameter a in “true” conodonts indicate a lower influence of 
diagenesis (Ferretti et al., 2021b). The greater effectiveness of the 
diagenetic imprinting in Eurytholia could also be confirmed by the 

presence in the outer layer of crystals that are oriented perpendicularly 
to the wall itself (Fig. 3.9b). However, even in this circumstance, the 
crystallinity does not allow to verify whether the original chemical 
imprint is indeed still present, although, at least for “true” conodonts, it 
seems to point in that direction. 

6. Conclusion 

The specimens analyzed in this study are undoubtedly characterized 
by a nonnegligible diagenetic signature, however, with small but sig
nificant distinctions among taxa that predominantly differentiate Eur
ytholia from conodonts and Pseudooneotodus. Whether these differences 

Fig. 13. Inverse correlation between FWHM(300)/FWHM(002) and bioapatite cell volume for samples from the Carnic Alps. Symbols like in Fig. 8.  

Fig. 14. Distinct clustering of “true” conodonts with respect to Pseudoonetodus/Eurytholia evidenced by the bioapatite c vs a correlation. Symbols like in Fig. 8.  
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are attributable to a variable diagenetic imprint related to the 
morphology of the specimen or rather to its taxonomic location and 
ecological niche in life cannot be determined with certainty; neverthe
less, it is significant that similar geochemical differences were found for 
specimens from different localities. Preliminary results on bioapatite cell 
parameters, run so far only on material from the Carnic Alps, appear to 
indicate a different crystallographic signature of Pseudooneotodus and 
Eurytholia with respect to “true” conodonts. Further integrated investi
gation is requested in order to provide a larger data-set so to possibly 
suggest more precise taxonomic assignments. 
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the Silurian. Jb. Geol. B.-A. 129, 291–360. 
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Möstler, H., 1968. Das Silur im Westabschnitt der Nördlichen Grauwackenzone (Tirol 
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