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Fig. 2. Geological map of the Ponga unit with location of mean CAI values. The colored circles have been drawn in order 
to better visualize the metamorphic grade of the corresponding sample (geological map based on Julivert, 1967a and b, 
and Álvarez-Marrón et al., 1989). 
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DISCUSSION AND CONCLUSIONS: THE METAMORPHISM OF THE PONGA UNIT  
IN THE REGIONAL CONTEXT

The area with ancaizonal and epicaizonal values in the southern Ponga unit is part of a major E–W band 
that crosscuts the main Variscan structures. The width of this band is variable, being minimum in the Ponga 
unit. To the east, this metamorphic band occupies almost the whole Pisuerga-Carrión and Valsurvio units (Fig. 
1). To the west, in the Central Coal Basin, the band is also wider than in the Ponga unit. In both, the Ponga 
unit and the Coal Central Basin, the metamorphic band ends abruptly to the south on the León Fault. In the 
Pisuerga-Carrión unit, it continues to the south of this fault. 

The E–W metamorphic band has been interpreted as a result of an increase of the geothermal gradient 
related to a late-Variscan gravitational instability of the orogenic belt (Aller et al., 2005; Valin et al. 2016). 
Among other evidences, the extensional deformation is recorded as a subhorizontal cleavage crosscutting 
the main Variscan folds in the units adjacent to the Ponga area (Central Coal Basin, Pisuerga-Carrión and 
Valsurbio units), and it was subsequent to the Asturian Arc formation. Although the metamorphic grade in the 
Ponga is similar to that of the adjacent units, the absence of cleavage suggests less strain in this area, which 
does not affect the CAI response.
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INTRODUCTION

The temporal ranges of conodont species have proven to be instrumental for the defi nition of many Global 
Stratotype Sections and Points and this is exemplifi ed in the Permian where all nine stages are, or will be, defi ned 
by the First Appearance Datum of conodont species. I have recently summarized 40 Permian conodont zones and 
correlated 35 additional regional zones (Henderson, 2016). The next step is to review species defi nitions and 
attempt to determine evolutionary patterns that might point to a paleobiologic basis for this zonation. 

DISCUSSION

Permian ozarkodinid conodonts had 15 elements in their apparatus. The platform, or P1-elements, are 
discriminated at the species level because these elements have the greatest range of morphologic variability. 
They also exhibit signifi cant trends in chemical elemental distribution. For example, in Permian gondolellid 
P1-elements the concentration of Na on the oral surfaces, comparable to that seen in modern shark teeth, 
indicates that these elements functioned as teeth exposed to seawater. In addition, the concentration of S 
in juvenile interlamellar tissue suggests a relationship of conodonts as stem cyclostomes and lamprey as 
paedomorphic descendants. The mineralized teeth of conodonts probably point to employment of a greater 
variety of food processing methods compared to lamprey. What can P1-element morphologic changes tell us?

The general shape of gondolellid P1-elements has not changed dramatically, suggesting, if this form re-
lates to food type and food processing, that there were few signifi cant changes in diet during their evolution-
ary history from Pennsylvanian to Triassic. Evolutionary changes to other elements in the gondolellid appa-
ratus have discriminated numerous genera and families, but it is uncertain how these modifi cations affected 
food processing. There are three repetitive changes to P1-element morphology of signifi cance. The reduction 
or loss of platform margins in naked species of Gondolella, Neoclarkina and Neospathodus represents the 
fi rst pattern during the Late Pennsylvanian and Early Triassic. The second pattern involves the relative height 
and fusion of anterior denticles on the carina, which are low in Gondolella, variably high in Mesogondolella, 
low in most Jinogondolella and high in Clarkina. The third pattern represents the apparent association of 
the development of widely spaced discrete denticles on the carina, with third-order transgressive events 
during the Permian and Early Triassic. These patterns involve retention of juvenile characters or paedomorphic 
development that occurred during times of unstable environments, characterized by fl uctuating temperature 
and shelf space. Is natural selection operating on some intrinsic aspect of the conodont animal or because of 
changes in food resource partitioning?
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Upper Permian and Lower Triassic gondolellid taxa are largely discriminated by changes in the configu-
ration of carinal denticles. The presence of discrete denticles in juvenile Jinogondolella granti specimens, and 
in adults of descendant Clarkina postbitteri subspecies, suggests a paedomorphic evolutionary process. This 
event is associated with a major sequence boundary and a Late Capitanian extinction and involves the evolu-
tion of a new gondolellid genus, Clarkina, defined by the lack of serration, high anterior blade-like denticles, 
and change in platform outline. The discrete denticulation of adult specimens coincides with a deepening 
event during the Early Wuchiapingian. However, younger Wuchiapingian taxa typically show increasingly 
closely spaced denticles that culminated in the wall-like carina of C. wangi at the Wuchiapingian-Chang-
hsingian boundary. The smallest juveniles of Clarkina species are very similar, but comparing juveniles of C. 
longicuspidata and its descendant C. wangi hints at the evolutionary process. Juvenile C. longicuspidata have 
relatively discrete denticles compared to the increasingly fused denticles of intermediate and larger mature 
forms. In contrast, denticles of juvenile C. wangi are already partially fused, and in adults the anterior gap ad-
jacent to the cusp, becomes fused, completing the high wall-like carina. This implies a heterochronic process 
involving acceleration or peramorphosis. These small-scale evolutionary events within an anagenetic series 
of Clarkina species is associated with relatively minor flooding surfaces. Younger Changhsingian taxa show 
a breakup of the wall-like carinal development, but they remain characterized by closely spaced denticles 
that decrease in height posteriorly. Discrete denticulate Clarkina species are again associated with the major 
flooding and extinction event during the Permian-Triassic boundary interval.

The high anterior (or ventral) blade in Clarkina may have served a similar function to the long anterior 
blade of other ozarkodinid conodonts like Streptognathodus and Sweetognathus by constraining element 
motion to the transverse plane, thereby maximizing food-processing efficiency. Combined with carinal den-
ticulation, this may provide a paleobiologic basis for morphologic variation used in Upper Permian and Low-
er Triassic biostratigraphy, including the high anterior denticle of Hindeodus parvus, which defines the P-T 
boundary. The morphologic changes in these taxa may therefore relate to the parallel evolution or extinction 
of organisms representing potential food resources or to the availability of food resources along some envi-
ronmental gradient. Profound provincialism during much of the Permian as well as timing and discrimination 
of migration events complicates these patterns.

CONCLUSIONS

The cyclic nature of the carinal morphology and significant ontogenetic changes make species discrimi-
nation difficult, indicating the need for a sample population approach. This approach will allow the discrimi-
nation of the closely related taxa necessary to define a high-resolution biostratigraphic zonation, but there is 
still much “food for thought” regarding the paleobiologic basis of this zonation.
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INTRODUCTION

The Permian-Triassic boundary (PTB) mass extinction (~252 Ma) was marked by the disappearance of 
more than 90% of all marine species (Raup, 1979) and by major changes in plant communities (Retallack, 
1995; Hochuli et al., 2010). Contrary to most organisms, conodonts were not much affected by the main 
extinction event and thrived in the direct aftermath of the PTB (Orchard, 2007). Yet, at the Griesbachian-Di-
enerian Boundary (GDB), ca. 0.5 Myr after the PTB event, conodonts underwent a major faunal turnover. 

Guryul Ravine is considered as one of the world’s best locality for the study of the Early Triassic: it records 
a sub-continuous, relatively uniform, fossiliferous and expanded rock succession straddling the PTB and most 
of the Early Triassic (Kapoor, 1996). Yet, since the eighties and until a few years ago, the unstable political 
conditions in Kashmir have precluded access to the section, and it became urgent to reassess the conodont 
record of this important section in the light of the new taxonomical advances. Here we discuss the results 
concerning the conodonts from the basal Triassic interval (Member E of the Khunamuh Formation).

RESULTS

Samples were collected at about 10-50 cm spacing. The fi rst bed containing specimens of Hindeodus 
parvus (index species for the base of the Triassic), and therefore confi dently assigned a Griesbachian age, is 
located ca. 6 metres above the base of the Khunamuh Fm. Towards the top of the Member E, we observe 
a radical faunal turnover from an exclusively neogondolellid assemblage to an exclusively neospathodid 
assemblage. The evolutionary origin of neospathodid conodonts is considered as a good marker of the GDB 
(for a review of the evolution of Early Triassic conodonts, see Orchard, 2007). At Guryul Ravine, we are able 
to constrain the GDB within a 40 cm interval in the upper half of sub-member E3.

We conducted Unitary Associations (UAs) analyses (for a description of the method, see Guex et al., 2015) 
in order to provide a robust biochronological model for the basal Triassic of the Tethys. Based on a dataset 
comprising fi ve well-documented Chinese sections and the Guryul Ravine section, we defi ne 10 Unitary
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Associations Zones (UAZs) encompassing the PTB and the GDB. We propose to place the GDB in the interval 
of separation between UA7 and UA8. UA7 is characterized by the association of Neogondolella discreta with 
at least one of the following species: Hindeodus parvus, Hindeodus typicalis, Hindeodus eurypyge, Hindeodus 
postparvus, Isarcicella staeschei, Neogondolella griesbachensis, Neogondolella nassichuki, Neogondolella 
meishanensis, Neogondolella kazi, Neogondolella lehrmanni, Neogondolella krystyni. UA8 is characterized by 
the association of Neogondolella discreta and Sweetospathodus kummeli.

DISCUSSION

Following this conodont-based definition of the GDB, we observe that the basal Dienerian co-occurs with 
a 3‰ positive excursion of the d13C at Guryul Ravine, which suggests climatic changes around the GDB. This 
is corroborated by the fact that neogondolellid conodonts, which presumably favoured colder environments 
(Joachimski et al., 2012), were quickly restricted to the colder Boreal realm during the Dienerian and replaced 
by the newly evolved neospathodid conodonts at low and mid latitudes (Orchard, 2007; this study). Recent pa- 
lynological studies (Schneebeli-Hermann et al., 2015; Hochuli et al., 2016) support this hypothesis as the GDB is 
also characterized by a major turnover in the floral composition at high and low latitudes (namely a swap from 
a gymnosperm-dominated floral assemblage to a lycopsid spore-dominated floral assemblage) that suggests a 
transition from a cool and dry climate to a hot and humid climate on a global scale (Hochuli et al., 2016). 
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The Induan-Olenekian Boundary (IOB), or Dienerian-Smithian boundary, is a stage boundary within the 
Early Triassic and the critical time period in the direct aftermath of the end-Permian mass extinction. The IOB 
still lacks a formal GSSP but a new STS working group has been constituted very recently and a fi nal decision 
is expected soon. In terms of conodonts, the IOB corresponds to an explosive evolutionary radiation. Yet, most 
localities have only a very poor conodont record for the Late Induan (Dienerian), which led Orchard (2007) 
to propose for instance that some of the most important innovations in terms of multi-element apparatuses 
remained cryptic by lack of relevant fossils. Here we would like to summarize the conclusive bio-chronological 
results we obtained by analysing new, abundant, unpublished conodont material from several localities, in 
particular from Oman.

In Oman, the preservation of the conodont material is particularly exceptional since most P1 elements 
and many S and M elements are preserved with at least some remains of basal body. To our knowledge this 
is the fi rst report of S or M elements of Triassic age with preserved basal body. We will discuss how they may 
support previous hypotheses on the extent of basal body in Triassic elements and their consequences for the 
animated model proposed by Goudemand et al. (2011). 
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INTRODUCTION/BACKGROUND

The end Permian mass extinction depleted over 90% of the marine species and about 70% of vertebrate 
families on land (Erwin, 1994; Retallack, 1995; Song et al., 2012; Sun et al., 2012; Yin et al., 2013). The conodont 
animal was considered less infl uenced by this lethal event since the input of abundant Hindeodus species and 
the new genus Isarcicella to both the tropical Tethyan area and high paleolatitude regions (Orchard, 1994; Mei, 
1996; Algeo et al., 2012; Twitchett et al. 2004; Brayard et al., 2009; Payne et al., 2011). However, a cold-water 
conodont-Vjalovognathus is locally distributed in the Perigondwana region from Permian strata and is not present 
later. Reports from the Salt Range, Pakistan, Manang, central Nepal, and Guryul Ravine, Kashmir, all from Late 
Permian strata were believed to be the youngest occurrences of this genus (Wardlaw and Pogue, 1995; Nicora and 
Garzanti, 1997; Brookfi eld and Sun, 2015). Selong is one of the best-know Perigondwana Permian-Triassic (P-T) 
sections (Jin et al., 1996; Wignall and Newton, 2003; Shen et al., 2006). To address the considerable evolutionary 
complexity of Vjalovognathus in the Late Permian as well as the temporal changes of conodonts from high pa-
leolatitudes, we sampled at Selong (in 2010) and herein present a new study of its conodonts.

GEOLOGICAL CONTEXT

The Selong section is situated in the northwest of Selong in Nyalam County and is about 700 km south-
west of Lhasa, Tibet, China. P-T strata in southern Tibet accumulated in inner shelf seas along the passive 
continental margin of Indian Perigondwana (Jin et al., 1996; Wignall and Newton, 2003). The P-T boundary 
beds at Selong are composed of the Coral Bed at the top of the Selong Group (Rao and Zhang, 1985; Wang 
et al., 1989; Jin et al., 1996) and then, at the base of the overlying Kangshare Formation, the Caliche Bed, 
the Waagenites Bed, the Otoceras Bed and the Ophiceras Bed (Jin et al., 1996; Wignall and Newton, 2003).

MATERIAL AND METHODS

A total of 31 conodont samples from Selong, weighing 176 kg, were collected from 3.51 m of strata 
straddling the Permian-Triassic boundary. The samples were processed using the acetic acid dissolution 
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method (Jiang et al., 2007; Yuan et al., 2016) in the conodont laboratory of the China University of Geo-
sciences (Wuhan). 

RESULTS

A total of 13 samples yielded 4746 conodonts, including 4124 P1 elements (2834 of them were broken) 
and 622 ramiform elements. Ten Vjalovognathus were recovered from the upper part of the Selong Forma-
tion. One new species V. carinatus sp. nov. and its proposed evolutionary lineage was described in this study 
(Fig. 1). The Sakmarian-Artinskian V. australis (A) is ovate-kidney-bean shaped and linearly compressed at 
its base with an anterior groove on the denticles. The Kungurian V. shindyensis (B) is distinguished by the 
absence of an anterior groove, but it develops a weak axial ridge on the posterior part of the denticles. Late 
Kungurian V. nicolli (C) develops a prominent axial ridge, which straddles the carina and is slightly appressed 
in the base of the denticles. V. sp. nov. X (D) has a round-ovate shaped cross-section of the denticles and 
is more thick-walled compare to V. nicolli (Zheng et al. 2007; Nicoll and Metcalfe 1998). The precise age of 
this species was not given by Zheng et al. (2007). The new specimens-V. carinatus sp. nov. reported from 
Changhsingian differ from previously reported species by their well-developed linear ridge between denticles, 
absence of groove and a basal cavity that is more excavated. The denticles are not compressed as compared 
with the older V. australis and V. shindyensis.

Fig. 1. Evolutionary trend of Permian Vjalovognathus. Scale bars represent 20μm.
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DISCUSSION: Changhsingian Vjalovognathus and its evolution during Permian

Vjalovognathus was first established by Kozur and Mostler (1976) and is characterized by an octomem-
brate apparatus (Yuan et al., 2015). It was used to establish the family Vjalovognathidae by Shen et al. 
(2015). It has been considered a cool water conodont typical of the Perigondwanan region especially during 
the Early Permian (Nicoll and Metcalfe, 1998; Mei et al., 1999a, b; Lai and Mei, 2000; Yuan et al., 2015). 
Five species have been assigned to Vjalovognathus. The earliest member of the Vjalovognathus group is 
V. australis, reported from Timor (Indonesia) and Western Australia where it ranges from late Sakmarian to 
early Artinskian (Van den Boogaard, 1987; Reimers, 1991; Nicoll and Metcalfe, 1998). The second species 
V. shindyensis is known from Kungurian or Roadian strata in the Pamirs (Kozur and Mostler, 1976), Western 
Australia (Nicoll and Metcalfe, 1998) and Shiquanhe, Tibet (Zheng et al., 2007). A third species V. nicolli was 
reported in late Kungurian strata from Western Australia (Nicoll and Metcalfe, 1998) and the central Lhasa 
block (Yuan et al., 2015). The youngest Vjalovognathus was reported in Changhsingian strata from the upper 
part of the Chhidru Formation in the Salt Range, Pakistan (Wardlaw and Pogue, 1995) and the basalmost 
part of the Khunamuh Formation at Guryul Ravine, Kashmir (Brookfield and Sun, 2015), but had not been 
described. At Selong, eight broken specimens with the distinctively truncated denticles are described here and 
considered the same species as those from Guryul Ravine and the Salt Range.

Kozur and Mostler (1976) suggested that Vjalovognathus was derived from Neostreptognathodus pe-
quopensis through the fusion of the two opposite rows of denticles. However, N. pequopensis first appears 
during the late Artinskian (Magginetti et al., 1988; Jin et al., 1997), which postdates the first occurrence of V. 
australis, suggesting the relationship proposed by Kozur and Mostler (1976) is untenable. Yuan et al. (2015) 
proposed a possible relationship between Vjalovognathus and Gondolellidae (Nicoll and Metcalfe, 1998) by 
the similarity of the blade-like P1 element (cf. von Bitter & Merrill 1980). However, more data are clearly need-
ed to establish any factual evolutionary relationship between Vjalovognathus and other conodont genera. 

CONCLUSIONS

We have investigated the conodonts from the Permian-Triassic Boundary interval at Selong, South Tibet 
and present a study on the youngest Vjalovognathus enabling us to establish an evolutionary lineage. The 
cold-water conodont Vjalovognathus went extinct at the end of the Permian, ending their more than 40 Myr 
history. Together with the Early Triassic size reduction of Hindeodus species in Perigondwana, this suggests 
that rapid global warming was the main driver of the conodont changes.
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INTRODUCTION

The Canadian Cordillera consists of a number of fault bounded crustal blocks referred to as terranes. 
These contain rocks that share a common geological history and are distinct from those of neighbouring 
terranes. The various terranes have been interpreted to represent a number of different tectonic settings, in-
cluding volcanic arcs and the remains of oceanic basins. The relationships between the terranes prior to their 
amalgamation and accretion to the North American margin are still enigmatic. Conodont paleobiogeography 
represents an important tool for helping to decipher the relative positions of the terranes. However, the de-
gree of heterogeneity of conodont faunas within individual terranes is not well understood. In an attempt to 
understand the degree of internal variability, the conodont faunas from three separate geographic regions of 
the Cache Creek terrane are compared to each other.

GEOLOGICAL CONTEXT

The Cache Creek terrane has been interpreted as representing ancient oceanic crust in a forearc accre-
tionary complex (Mihalynuk, 1999). The terrane is exposed in a semi-continuous belt from southern to central 
British Columbia, and in a separate northern section in northern British Columbia and the southern Yukon, 
initially referred to as the Atlin terrane (Monger, 1975). The upper Palaeozoic to Mesozoic rocks of the terrane 
are assigned to the Cache Creek Complex (or Cache Creek Group), a unit defi ned in the southern part of the 
terrane near Ashcroft, and subsequently recognized in the central and northern regions. The composition of 
this complex is variable along the length of the terrane, but the rocks assigned to it are primarily limestone, 
chert, argillite, and volcanics (Beyers & Orchard, 1991; Orchard et al., 2001; Golding et al., 2016a). These 
range in age from Pennsylvanian to Early Jurassic in the central and southern parts of the terrane, and from 
Mississippian to Early Jurassic in the northern part. 

MATERIAL AND METHODS

A total of 306 productive conodont samples collected from limestone belonging to the Cache Creek 
Complex have been examined for this study. Of these, 53 are from the southern part of the Cache Creek 
terrane, 177 are from the central part, and 76 are from the northern part. These collections range in age 
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from the Mississippian to the Late Triassic. A number of these collections have previously been reported in 
publications (see Golding et al., 2016a for references). For many of the collections, the conodont taxonomy 
has been revised, and biostratigraphic ages updated. This allows accurate comparisons of conodont faunas 
between the three parts of the terrane.

RESULTS

The three geographic areas of the Cache Creek terrane are variable in their conodont faunal content. 
Throughout the time interval studied, there are some species that are relatively widespread and occur in two or 
three of the areas (for example, Neognathodus bothrops in the Carboniferous; Wardlawella movschovitschi in 
the Permian; and Epigondolella quadrata in the Triassic). However, there are many species that appear in only 
one of the geographic areas; most notably, these species include Sweetognathus n. sp. A in the Permian and 
Gladigondolella tethydis in the Triassic. Both of these species only occur in the central region of the terrane. 

DISCUSSION

When discussing conodont faunas from the Cache Creek terrane, it is important to emphasize the fact 
that the faunal composition of the terrane is not homogenous. Therefore, comparisons between faunas from 
the Cache Creek terrane and others in the Canadian Cordillera must take into account this variability. For 
example, Orchard et al. (2001) conclude that the presence in the Cache Creek terrane of Sweetognathus n. 
sp. A during the Permian and of Gladigondolella tethydis during the Triassic indicates separation of the terrane 
from the North American continent at these times due to the absence of these species in contemporaneous 
faunas of the continental shelf. However, as noted above, both of these species occur only in the central 
part of the terrane. This may imply geographic separation between the three parts of the terrane during the 
Permian and Triassic, and that the Cache Creek terrane is not a homogenous tectonic unit. Alternatively, the 
presence of “exotic” species in the terrane may have implications other than that of paleogeography, such as 
facies dependence of species. Requiring the separation of the Cache Creek terrane from the North American 
margin during the Triassic based on conodont faunas is potentially in conflict with geological evidence in 
favour of proximity of the neighbouring Stikine and Quesnel terranes to the North American continent at this 
time (Beranek & Mortensen, 2011; Golding et al. 2016b).

CONCLUSIONS

Analysis of conodont faunas is an important tool in deciphering the relative positions of terranes in the 
Canadian Cordillera prior to accretion. However, this methodology must take into account variability within 
terranes, as well as between terranes.
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INTRODUCTION/ BACKGROUND
 

This contribution presents the results of a systematic conodont study in Slovenia with the aim to present a 
conodont biozonation of Early Triassic of the area. Conodont research in Slovenia started in the sixties of the 
last century, during the period of elaboration of Basic Geological Map of Yugoslavia 1: 100,000.

GEOLOGICAL CONTEXT

Slovenia is situated in the area of four major geotectonic units: the Southern Alps, the Eastern Alps, the 
Dinarides, and the Pannonian Basin (Buser, 1989). All of the tectonic units of the Slovenian territory belong to 
the Adriatic lithospheric plate, which was originally connected to the African plate that existed as a separate 
plate from the Mesozoic Era to the present. 

Conodonts were recovered from the Lower Triassic marine sedimentary rocks in the area of the Southern 
and Eastern Alps, the External Dinarides and the Transitional area between the External and Internal Dina-
rides. The Permian-Triassic boundary (PTB) interval containing conodonts is preserved only in the Idrija-Žiri 
area of the External Dinarides. Olenekian conodonts were identifi ed also in all other mentioned units, except 
in the Slovenian part of the Eastern Alps. 

MATERIAL AND METHODS

The results presented herein are based on fi eld work and systematic sampling carried out in the last two 
decades in Slovenia. Several sections were measured and carbonate samples, 2 kg each, were collected for 
the conodont study. Standard techniques with the use of diluted formic acid and acetic acid was applied. 
Than followed heavy liquid separation for conodont enrichment. The laboratory proccessing was done at the 
Geological Survey of Slovenia /Geološki zavod Slovenije.  

RESULTS

A succession of conodont zones can be identifi ed in the Lower Triassic strata of Slovenia. Following 
conodont zones have been distinguished in the studied geotectonic units: H. parvus Z.,  Isarcicella lobata 
Z.,  I. staeschei – I. isarcica Z.,  H. postparvus Z., Hadrodontina aequabilis Z., Ha. anceps Z., Eurygnathodus 
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costatus Z.,  Neospathodus planus Z., N. robustus Z., Platyvillosus corniger Z., Pl. regularis Z., Pachycladina 
obliqua Z., Foliella gardeane Z., Triassospathodus hungaricus Z., T. symmetricus Z., N. robustispinus - T. homeri 
Z. and T. triangularis Z. (Kolar-Jurkovšek & Jurkovšek, 2015). 

The lithostratigraphic development of Lower Triassic strata in all of the studied geotectonic units in Slo-
venia is more or less similar. The base of the Lower Triassic strata is composed of the Bellerophon Formation, 
which was the result of a general marine transgression onto a shallow shelf of western Paleotethys in the 
Late Permian. The External Dinarides were a part of an extensive carbonate platform during the Early Triassic 
interpreted as epeiric ramp located on the western margin of the Tethys. The epeiric ramp model is charac-
terized by a large lateral extension, very low bathymetric slope, water depths of tens of meters, storms and 
nearshore currents (Aljinovič et al., 2011, 2014). A Spathian transgression occurred after a lowstand in the 
late Smithian (Aljinovič et al., 2011). 

Despite lithological variations among the different Lower Triassic sedimentary areas in the External Dinar-
ides, as well as in the Transitional area between the External and Internal Dinarides, their threefold division 
can be divided into: 1) an oldest part of Early Triassic consisting of carbonates, 2) dominantly red siliciclastics 
or mixed siliciclastic-carbonate part (shale, siltstone, sandstone), and 3) a youngest carbonate part represent-
ed by mudstones, marls and calcisiltites with ammonoids (representing Spathian-Anisian strata) (Buser, 1974; 
Aljinovič et al., 2013).

The Lukač section near Žiri in the External Dinarides represents a key section to define the PTB interval 
strata in Slovenia due to the presence of the conodont species H. parvus that is used as a marker according 
to an international criterion of the IUGS (Kolar-Jurkovšek & Jurkovšek, 2007). Therefore it is taken also as 
a standard for conodont zonation for the entire Dinarides area (Kolar-Jurkovšek et al., 2011, 2012, 2013).

DISCUSSION

Certain Lower Triassic faunas in Slovenia show a very low diversity marked by shallow water and/or eury-
haline genera (i.e. Hadrodontina, Pachycladina) that are an important regional biostratigraphic tool in west-
ern Tethys (Perri, 1991; Kolar-Jurkovšek, 1990; Kolar-Jurkovšek & Jurkovšek 1995, 1996). A limited geogra- 
phic distribution of some taxa is confined to the European sections (Foliella, Platyvillosus) and it suggests they 
were ecologically restricted and probably adapted to shallow water environments (Chen et al., 2016). Most 
conodont faunas recovered from Dienerian and Smithian strata in Slovenia markedly differ from the contem-
poraneous conodont faunas of North America and Asia. Triassospathodus hungaricus is the species present 
quite frequently in Slovenia where it occurs as a single conodont species (Kolar-Jurkovšek & Jurkovšek, 2015). 

CONCLUSIONS

– Seventeen conodont zones have been distinguished in the Lower Triassic strata of Slovenia.
– The introduced Early Triassic conodont zonation of Slovenia can be applied also for the shallow shelf 

environments of western Tethys.  
– Certain conodont taxa are of significant importance for biostratigraphic correlation between western 

and eastern Tethys.   
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an-Triassic boundary at the Lukač section in western Slovenia. Rivista Italiana di Paleontologia e Stratigrafia, 117/1, 
115-133.
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INTRODUCTION/ BACKGROUND

The Upper Triassic was fi rst divided by Mojsisovics (1869) into three stages, which are Carnian, Norian 
and Rhaetian. Originally, these stages were defi ned based on ammonoids (Carnian and Norian) and bivalves 
(Rhaetian) and described in different localities in the northern Alps. During the last decades, Triassic cono-
donts have been the subject of intensive investigations and a strong literature is now available. In fact, in 
recent years, the known species of Upper Triassic conodonts quickly increased, because of detailed research 
carried out in several sections worldwide, mostly in order to defi ne the Upper Triassic GSSPs. The constantly in-
creasing amount of available data of conodont distributions on long and continuous sections, sometimes tied 
to ammonoid, radiolarian and bivalve occurrences or chemo- and magnetostratigraphy, permit us to propose 
a conodont biozonation for the entire Upper Triassic. When possible, our biozonation is built on phylogenetic 
reconstructions, in order to provide a framework in which taxonomical attributions and biostratigraphic stu-
dies could be less aleatory. The reconstruction of Upper Triassic conodont phylogeny unveils the evolutionary 
trends of the class Conodonta during its last 40 Myrs. 

This biozonation is based on 20 Interval Zones and 2 Taxon-range Zones, and it is thought to facilitate 
the discussion of the three Stages, even though only the base of the Carnian stage is formally defi ned and 
ratifi ed by the International Commission on Stratigraphy (Mietto et al. 2012). When possible, the proposed 
conodont biozonation is compared with ammonoid, radiolarian or bivalve biozones and numerical ages. We 
consider this proposed biozonation as a starting point for future Upper Triassic investigations, wishing for a 
constructive integration in order to delineate a reference conodont biozonation, commonly applied for Teth-
yan and global correlations.

UPPER TRIASSIC CONODONTS - OVERVIEW 

The pectiniform conodont record of the Upper Triassic documents pulses of severe extinctions followed 
by recovery events, testifying that the evolutionary history of the class Conodonta in the last 38 Myrs of its 
existence is characterized by a continuous decline of conodont specifi c diversity (see e.g. Martínez-Pérez et 
al. 2014 and references therein). During the Late Triassic, conodonts suffer four main extinction events before 
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Fig. 1. New Upper Triassic conodont biozonation proposed and ranges of index species and most important conodonts 
for global correlations. B=Budurovignathus, C=Carnepigondolella, E=Epigondolella, H=Hayashiella, Ma=Mazzael-
la, Me=Metapolygnahtus, Mi=Misikella, Mo=Mockina, No=Norigondolella, Ne=Neocavitella, Nh=Neohindeodella, 
Ni.?=Nicoraella?, P=Paragondolella, Pa=Parvigondolella.
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the final one at the end of the Rhaetian. The first is a weak one in the early Julian substage. The second is 
more significant at the Julian/Tuvalian substage boundary (middle Carnian). The third one, which is more 
similar to a faunal turnover rather than to a proper extinction, is at the Tuvalian/Lacian substage boundary. 
The fourth, occurs across the Norian/Rhaetian stage boundary testifying to a morphologic change towards 
simple cavitated species (i.e. genus Misikella). From the point of view of conodont morphology, each extinc-
tion is followed by a new speciation and by evident changes in the morphologic diversity of the platform 
elements. All these faunal turnovers seem to be related to climatic changes (Trotter et al., 2015).

THE NEW CONODONT ZONATION 

Conodonts are a leading fossil group for the definition of the biostratigraphic scale of the Palaeozoic. The 
incredible improvements reached in conodont research in the last years have shown the reliability of cono-
donts as a valid and sound biostratigraphic tool for also the Lower Mesozoic, making them a leading fossil 
group for the Upper Triassic (e.g. Orchard, 2016).

The conodont biozonation here presented is completely original and it is based on personal studies of 
Tethyan stratigraphic successions and comparisons with data from literature on conodonts from the Tethys 
and Boreal Provinces. The biozones proposed are based on phyletic lineages and conodont ranges from 
continuous pelagic successions with highly detailed and tightly spaced sampling. The main sources of data 
are the GSSP Tethyan candidate sections for the base of the Norian (Pizzo Mondello, western Sicily, Italy) and 
the base of the Rhaetian (Pignola-Abriola, southern Apennines, Italy), integrated with conodont distributions 
from other localities in all Tethyan provinces, and taken from the literature.
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INTRODUCTION
 

Conodonts are the primary group for detailed biostratigraphy for most of the Palaeozoic Era and for the 
defi nition of Palaeozoic GSSPs. Recently researchers have reached an incredible level of detail also in the 
Triassic conodont biostratigraphy and phylogenesis, mainly due to the necessity of defi ning stage boundaries. 
We prove here how a conodont biovent is the most preferable marker to defi ne the base of the Norian stage, 
illustrating the great detail reached in the knowledge of conodont biostratigraphy across the Carnian/Norian 
boundary (CNB) in both the two GSSP candidate sections for the Norian stage: Pizzo Mondello (western Sicily, 
Italy) - PM (e.g. Nicora et al., 2007) and Black Bear Ridge (northern British Columbia, Canada)- BBR (e.g. 
Orchard, 2014). As a consequence of different paleolatitudinal depositional environments (western Tethys for 
PM and north-western Pangea margin for BBR), the conodont faunas of the two candidate sections for the 
Norian GSSP present differences related to endemism that have caused, during the years, divergences among 
specialists concerning conodont systematics. Nevertheless, after more than 10 years of detailed studies, it is 
now possible to recognize in both sections, common species and important phylogenetic lineages among 
the cosmopolitan forms, thus allowing to identify comparable conodont bioevents and turnovers (Rigo et al., 
2017). In particular, the occurrence of a Metapolygnathus species, i.e. the FAD of M. parvus or M. echinatus, 
has been suggested as the possible marker for the base of the Norian stage (Nicora et al., 2007; Orchard, 
2007). It is, in fact, possible to recognize in both provinces the entire lineage of Metapolygnathus parvus, 
descendent of M. dylani (Orchard, 2014). For this reason, we propose here the FAD of M. parvus as the pri-
mary marker to defi ne the base of the Norian.

METAPOLYGNATHUS PARVUS

The conodont Metapolygnathus parvus was established by Kozur in 1972, but the suggested holotype 
was a juvenile specimen. After more than 30 years, Noyan and Kozur (2007) presented a detailed analysis 
of the Metapolygnathus communisti group on new material from the Stefanion section (Argolis, Greece), 
emending a new description of M. parvus based on adult populations. 

The occurrence of M. parvus is documented in other Tethyan successions, from Turkey, Slovakia, Southern 
Apennines (Italy), Hungary and at PM section (Sicily, Italy), as well as in North America at BBR, where three 
morphotypes named alpha, beta and gamma, characterized by three different stratigraphic distributions, were 
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described by Orchard (2014). Comparisons between the Tethyan and the North American populations easily 
prove that the Tethyan representative corresponds to M. parvus alpha of Orchard, which is the first morpho-
type to occur at BBR (Fig. 1).

Noyan & Kozur (2007) considered M. parvus as a probable descendant of M. communisti, as the terminal 
taxon of the phylogenetic lineage Paragondolella noah - Metapolygnathus praecommunisti - Metapolygna-
thus communisti - Metapolygnathus parvus (Mazza et al., 2011). Recently, Orchard (2014) suggested the 
newly established species Metapolygnathus dylani as ancestor of M. parvus, recognizing few specimens of 
M. dylani also at PM, within the morphologic variability of M. praecommunisti. The morphologic affinities 
between M. praecommunisti and M. dylani confirm the relationship between the two species, within their 
morphoclines, leaving no doubts about the presence of M. dylani in both the Tethys and North America. 

Fig. 1. (From Rigo et al., 2017) - Comparison between three different specimens of Metapolygnathus parvus Kozur from 
three separate regions: a) Northern Tethys (from Noyan & Kozur, 2007, fig. 7.1), North America (Metapolygnathus ex gr. 
parvus morphotype alpha; from Orchard, 2014, fig. 48, 23-25), and c) Neotethys (classified as “M. communisti morpho-
type without nodes” that, according to the description emended in Noyan & Kozur, 2007, corresponds to true M. parvus. 
From Mazza and Martínez-Pérez (2015, Pl. 6, fig. 23). Scale bars are 200 µm. 

FAD OF METAPOLYGNATHUS PARVUS: PRIMARY EVENT FOR THE CNB

Since Metapolygnathus parvus is the descendant of M. dylani within the phylogenetic lineage Paragon-
dolella noah - M. praecommunisti (or M. ex gr. communisti sensu Orchard, 2014) - M. dylani - M. parvus, it 
is possible to recognise easily the First Appearance Datum (FAD) of M. parvus, which first occurs above the 
FAD of M. dylani both at PM and BBR, documenting the transitional forms of its morphocline from M. dylani. 

Also, occurrences of the representatives of the entire phylogenetic lineage that leads to M. parvus are 
recognisable in the same stratigraphic order (homotaxy) in both the North American and Tethyan provinces. 
The appearance of M. parvus is thus a synchronous bioevent in both Tethyan and North America realms and 
it can be thus considered as a real First Appearance Datum (FAD). Furthermore, the finding of M. parvus in all 
the provinces of the Tethys (southern, western and northern Tethys) in the same stratigraphic position, makes 
its FAD a cosmopolitan homotaxial bioevent. 

GLOBAL CORRELATIONS 

In both Tethyan and North American realms the FAD of Metapolygnathus parvus also occurs within a 
few metres between the last occurrence (LO) of the last Carnian ammonoid genus Anatropites and the 
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first occurrence (FO) of the first Norian ammonoid genus Geumbelites (Rigo et al., 2017 and references 
herein).

Recently, the Subcommission on Triassic Stratigraphy also recognised the occurrence of the bivalve Halo-
bia austriaca as another possible primary marker event to define the base of the Norian Stage (Rigo et al., 
2017). At both the GSSP sections proposed for the base of the Norian, PM and BBR, the bivalve Halobia 
austriaca occurs just above the occurrence of M. parvus (Rigo et al., 2017 and references herein). However, 
the occurrence of H. austriaca is also documented below the FAD of M. parvus and from undoubtedly Carnian 
strata and from the Carnian ammonoid macrolobatus Zone as reported by Orchard (2014 and references 
therein). 

Furthermore, the first appearance of M. parvus occurs very close to the base of the positive d13Ccarb trend 
recognized in both PM and BBR sections and in other Tethyan sections, indicating a global trend recorded by 
the seawater chemistry. Noteworthy, this positive trend is coincident with a turnover (disappearance) of the 
typical Carnian conodonts to Norian metapolygnathids, named T2 at PM and also recognized at BBR, which 
are probably both related to a global spreading of oxygen depleted conditions (Rigo et al., 2017). 
The FAD of M. parvus also occurs within the upper part of magnetozone PM4n only at PM, because at BBR 
the original paleomagnetic signal has been cancelled by regional metamorphism (Nicora et al., 2007).

CONCLUSIONS

We propose the FAD of Metapolygnathus parvus as the primary marker bioevent to define the base of the 
Norian, on the base of the following data:

1.	� it is easily recognizable, 
2.	� it is in a lineage from its ancestor M. dylani and its FAD occurs close to a conodont faunal turnover 

(disappearance of the typical Carnian conodonts and mass occurrence of Norian metapolygnathids);
3.	� its FAD is homotaxial between indisputably Carnian Anatropites (below) and Norian Guembelites 

(above) ammonoids in both the North American and Tethyan provinces;
4.	� it occurs in correspondence with a positive d13Ccarb trend in both the 2 candidate sections;
5.	� it occurs in the uppermost part of the magnetozone PM4n at Pizzo Mondello section.
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INTRODUCTION

During the last 15 Myr of the Triassic, extinctions in major pelagic groups (such as conodonts and ra-
diolarians) occurred in a stepwise fashion, unlike in a single mass extinction event such as occurred at the
Triassic–Jurassic boundary. Available biostratigraphic data suggest that prominent faunal groups in the ma-
rine realm experienced a three-step extinction in the Late Triassic: at the end of the middle Norian, at the end 
of the Norian, and at the end of the Rhaetian. Catastrophic processes, such as episodes of anoxia and mantle 
plume volcanism, in the Central Atlantic Magmatic Province (CAMP) have been proposed to account for the 
second (end-Norian) and third (end-Rhaetian) extinction events. However, the cause of the initial (end-middle 
Norian) extinction event has been uncertain. Here, we show a possible temporal link between the end-middle 
Norian conodont extinction and a bolide impact, at a high level of precision.  

GEOLOGICAL CONTEXT

A Norian impact event has been inferred from anomalous concentrations of platinum group elements 
(PGEs) and negative Os isotope excursion in a claystone layer in an Upper Triassic bedded chert succession in 
the Sakahogi section, central Japan (Sato et al., 2013, 2016). Previous paleomagnetic studies of the Triassic 
bedded chert succession in the Sakahogi section suggest that these sediments accumulated in a pelagic, open 
ocean setting within a low- to mid-latitudinal zone of the Panthalassa Ocean, and accreted on to the eastern 
margin of the Asian continent during the Middle to Late Jurassic (Uno et al., 2015). In the Sakahogi section, 
the claystone layer ranges in thickness from 4 to 5 cm and extends laterally for at least 90 m. Studies of PGEs 
and Os isotopes have revealed that the anomalously high PGE abundances in the claystone layer resulted 
from a large chondritic impactor with a diameter of 3.3–7.8 km (Sato et al., 2016).

MATERIAL AND METHODS

Samples for conodont biostratigraphy were collected from 53 chert beds across the claystone layer. To 
extract conodonts for biostratigraphic analyses, chert samples were soaked in a dilute HF solution (5%) for 
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24 h, and were then passed through a 63-μm mesh sieve. This treatment was repeated 2–5 times to obtain 
sufficient residue for analysis. After drying the residue, conodonts were handpicked under a binocular micro-
scope and were observed using a scanning electron microscope. 

RESULTS AND DISCUSSION

Based on the stratigraphic distributions of marker species, three conodont biozones are recognized in the 
Upper Triassic cherts of the study section: middle Norian Mockina postera zone; late Norian Mockina bidenta-
ta and Misikella hernsteini zones. A biostratigraphic analysis shows that four middle Norian taxa disappeared 
below the claystone layer, including Mockina postera and M. spiculata. Samples above the claystone bear M. 
bidentata along with more elongate Mockina elements resembling Mockina mosheri. 

We propose that the impact event was probably the major factor responsible for the conodont extinction 
that occurred in the middle–upper Norian boundary. The base of the Mockina bidentata conodont zone 
provides the position in the middle–upper Norian boundary that is most closely aligned with the traditional 
base of the Sevatian, and which can be correlated with the impact event horizon in the study section (Onoue 
et al., 2016). The biostratigraphic record of conodonts suggests that a few Parvigondolella species survived 
across the claystone layer, but important middle Norian Epigondolella and Mockina species became extinct 
just below the impact horizon. The present data also shows the first appearance of late Norian Epigondolella 
and Mockina species within the first ~1 Myr after impact. Conspicuous morphological changes occur in these 
genera across the impact claystone layer; the Epigondolella and Mockina species below the claystone layer 
are characterized by a wide platform, whereas species above the claystone have a longer and more narrow 
platform. The catastrophic collapse of the pelagic ecosystem after the impact event was probably the major 
factor responsible for the conodont turnover that occurred across the middle-upper Norian transition.
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INTRODUCTION/BACKGROUND
 

The Late Triassic was characterized by several catastrophic events, such as widespread eruption of fl ood 
basalts, ocean acidifi cation, and large extraterrestrial impact. The stratigraphic record of these events has been 
recently recognized in the Triassic bedded chert successions from the Jurassic accretionary complex in Japan. 
Because the Upper Triassic cherts in Japan have been deposited in a pelagic environment within a Paleo–Pa-
cifi c (Panthalassa) deep basin, their stratigraphic record is particularly important for understanding the impact 
of global catastrophic events in the Late Triassic. Nevertheless, this process has been hampered by the poor 
age control for the cherts. The ages of the Triassic bedded cherts were predominantly determined from the 
radiolarian biostratigraphy, based on an indirect correlation with the ages determined from European and 
North American radiolarian biostratigraphies. However, the accurate calibration of chronostratigraphic stages 
and substages has been developed using ammonite and conodont biostratigraphies and magnetostratigraphy. 
In order to calibrate the Upper Triassic radiolarian zonation with the standard Triassic timescale, the conodont 
biostratigraphic and magnetostratigraphic studies are required in the pelagic chert successions in Japan.

This study undertook to establish the conodont biozones and magnetostratigraphy in exactly the same 
sections that Sugiyama in 1997 used as the type sections for his radiolarian biozones. The stratigraphic in-
tervals from the Carnian to the Hettangian in his sections H, N, Q and R in the Inuyama area, central Japan 
were examined. 

GEOLOGICAL CONTEXT

Sections H, N, Q and R in which Sugiyama (1997) investigated the radiolarian biostratigraphy, are loca-
ted in the Inuyama area of central Japan. The sections are part of the Kamiaso Unit, which is regarded as a 
Jurassic accretionary complex in the Mino Belt. The Kamiaso Unit consists mainly of Early Triassic ‘Toishi-type’ 
siliceous shale, Middle Triassic to Early Jurassic bedded chert, and Middle–Late Jurassic terrigenous clastic 
rocks. These rocks form the Sakahogi syncline and are exposed repeatedly as stacks of thrust sheets on the 
banks of the Kiso River. Yao et al. (1980) identifi ed four chert thrust sheets and labelled them CH-1, CH-2, 
CH-3, and CH-4 in structurally ascending order. Section H, Q and R are included in CH-2, while section N is 
situated in CH-3, respectively. 
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MATERIAL AND METHODS

In this study, 178 chert samples were collected from sections H, N and Q to achieve a biostratigraphic 
dataset of conodonts. In total, 140 samples were crushed into small pieces and immersed in a 5%–10% 
solution of hydrofluoric acid in a 100 ml plastic beaker for ca. 10 hour to remove the matrix. 

477 oriented hand samples (red cherts) were collected from sections H, Q and R at average sampling 
interval of ~30 cm. Each hand sample was cored and cut into cylindrical specimens (25 mm in diameter, 22 
mm in length). 357 specimens were subjected to progressive thermal demagnetization with a Natsuhara 
TDS-1 thermal demagnetizer. Natural remanent magnetizations were measured with a 2G Enterprises DC-
SQUID cryogenic magnetometer and the component structure of the NRM was plotted on vector end-point 
demagnetization diagrams.

RESULTS

This study described in detail the conodont zonation and some important conodonts including 29 species 
referred to 11 genera from the study sections. Based on recent conodont taxonomy and the stratigraphic distri-
bution of marker species, eight conodont zones were defined: Paragondolella tadpole interval Zone, Quadralella 
tuvalica interval Zone, Epigondolella quadrata interval Zone, E. triangularis interval Zone, Mockina postera in-
terval Zone, Mockina bidentata interval Zone, Misikella hernsteini interval Zone, and Misikella posthernsteini 
interval Zone. These were correlated with the coeval radiolarian zonation established by Sugiyama in 1997. 

Thermal demagnetization showed four distinct remanent magnetization components from the cherts 
as mentioned in previous studies (e.g. Shibuya and Sasajima 1986). A reversal test is performed using the 
tilt corrected data set of the highest blocking temperature component, and an intermediate test result is 
obtained. We regarded the component as the primary remanent magnetization, which produced a magneto-
stratigraphy of the lower Carnian to Hettangian. The magnetostratigraphy consists of 20 substantive normal 
and reverse magnetozones, defined by measurement of 357 specimens. The mean inclination of the last 
demagnetized component suggests the bedded chert originated in an equatorial area.

DISCUSSION

The Upper Triassic conodont fauna of sections H, N and Q yields several common species that can be 
biostratigraphically correlated with sections in British Columbia, Sicily, Salzkammergut, and the Chichibu and 
Tamba belts of Japan. The Carnian–Norian boundary interval in the studied sections is tentatively placed 
between the last occurrence of Carnian species (Q. tuvalica) and the first occurrence of Norian species (E. 
quadrata and E. spatulata) because of the absence of Metapolygnathus parvus and other diminutive ele-
ments reported from the GSSP candidate sections for the Carnian–Norian boundary. 

Although the magnetostratigraphic data in the vicinity of the early-late Carnian boundary is the first 
record from the marine section, the magnetostratigraphy of samples in Carnian-Rhaetian interval was well 
correlatable with that of Tethyan marine sections (e.g. Pizzo Mondello and Silická Brezová sections). This 
correlation implies that the bedded chert of Inuyama area was deposited in the Northern Hemisphere, assum-
ing that the rocks in the Tethyan marine sections were deposited in the Northern Hemisphere. The correlation 
of the magnetostratigraphic data also suggests that loss of the stratigraphic record at the Triassic-Jurassic 
boundary in the study sections, possibly due to structural erosion or hiatus.
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By means of magnetostratigraphic correlation to the Newark astrochronological polarity time scale (APTS, 
Olsen et al., 2010), a new age model of sedimentation for the Upper Triassic bedded chert successions in the 
Inuyama area was obtained. This correlation places the Carnian-Norian boundary in the studied sections, at 
the top of Chron E7r in the Newark APTS (~227 Ma), and the Norian-Rhaetian boundary can be placed within 
Chron E20r (205-206 Ma). These ages contrast with the age constraints provided by the cyclostratigraphic 
data of the Triassic bedded chert successions in the Inuyama area (Ikeda and Tada, 2014).  

CONCLUSIONS

1)  Based on recent conodont taxonomy, new conodont biostratigraphic data are presented from the 
Lower Carnian to the Rhaetian bedded chert succession in central Japan, where the standard radiolarian 
biostratigraphy has previously been investigated (Sugiyama, 1997). The defined conodont zonation of section 
H and N is comparable to that in North America, Tethys, and other sections in southwest Japan.

2)  We established the lower Carnian to Rhaetian magnetostratigraphy of the bedded chert successions, 
which consists of 20 substantive normal- reverse polarity chrons. The magnetostratigraphy in the vicinity of 
the early-late Carnian boundary is the first record from the marine section. 

3)  Magnetostratigraphy from the bedded chert succession in the Inuyama area was correlated with that 
of Tethyan marine sections. Assuming that the rocks in the Tethyan marine sections were deposited in the 
Northern Hemisphere, the magnetostratigraphic correlation indicates that the bedded chert of Inuyama area 
was deposited in the Northern Hemisphere. 

4)  Based on magnetostratigraphic correlation with Newark APTS, the Carnian-Norian boundary in the 
studied sections can be placed at the top of Chron E7r in the Newark APTS, and the Norian-Rhaetian bound-
ary falls within Chron E20r.

5)  The intercalibrated conodont–radiolarian biostratigraphy and magnetostratigraphy from the studied 
sections accurately calibrates the radiolarian zones in Japan with standard chronostratigraphic stages and 
substages.
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CONODONT EVOLUTION





271

CONODONT SKELETAL ANATOMY AND APPARATUS COMPLEXITY
THROUGH TIME

M. A. Purnell

Department of Geology, University of Leicester. University Road, Leicester LE1 7RH, UK; mark.purnell@le.ac.uk

Keywords: Dentition, skeletal architecture, evolutionary history, function, constraint

Knowledge of the conodont skeleton in terms of the morphologies of the elements and the positions 
they occupy provides the foundation of homology, taxonomy and evolutionary relationships in conodonts. 
Understanding that conodonts are vertebrates and that their elements functioned as a raptorial array and 
teeth provides the biological and evolutionary context within which to interpret their responses to external 
environmental drivers.

Our knowledge of conodont skeletal anatomy has seen great strides forward in recent decades, and it 
is now clear that in the context of vertebrate dentitions, conodonts are very unusual. In most major clades 
of vertebrates, teeth are more or less uniform in morphology (homodont); they can be assigned to relative 
positions based on the whether they are on the bones forming the upper, lower or pharyngeal jaws, and num-
bered in terms of their location relative to landmarks such as the symphysis. But for such dentitions it is not 
possible to recognise homologous tooth positions in different taxa, and once teeth become disarticulated, any 
homology information is lost because teeth from separate locations are morphologically indistinguishable. 
The nature of the dentition of conodonts, like that of mammals, stands in marked contrast to this common 
pattern. In mammals and conodonts, homologous teeth from different taxa can be compared, and even 
where the morphology of teeth differs considerably, secure homologies can be established on the basis of the 
relative positions of tooth types. Also, the morphological complexity of teeth, and the degree to which they 
are differentiated into types that occur in particular locations in the mouth means that disarticulated, isolated 
teeth and elements retain evidence of homology and phylogenetic signal.

While these similarities allow parallels to be drawn between conodont and mammal dentitions, they also 
highlight some interesting and signifi cant differences in the broad evolutionary patterns exhibited by the two 
groups. Across mammal phylogeny, and through time, dental formulas vary markedly, with signifi cant changes 
between taxa in numbers of canines, premolars and molars. This in addition to the clear differences in mor-
phology of the teeth. In contrast, articulated skeletal remains of conodont indicate that their dental plan was 
remarkably stable through much of their 300 million year existence, and direct evidence of the ‘standard’ 15 
element arrangement has been recognized in natural assemblages representing diverse clades of conodonts 
ranging in age from Ordovician to Triassic.

Why, despite the major perturbations in the global marine biosphere they endured, did conodonts ex-
hibit such anatomical stability? This is likely to be in large part a consequence of strong developmental and 
functional integration, and in this context, hypotheses that some taxa had fewer than 15 elements in their 
apparatus is worth closer scrutiny. Loss of elements from different domains of the apparatus has different 
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implications for function, taxonomy and our reading of the fossil record. The loss of occupants of positions 
in the S domain implies changes in food capture. The loss of elements from the P domain implies a change 
in food processing ability, perhaps linked to a shift towards foods that can be ingested with less slicing or 
crushing. Also, because the data for diversity and disparity in the conodont fossil record is primarily derived 
from P elements, evidence of loss of elements from the P domain has broad implications for understanding 
of evolutionary patterns.
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Conodont elements are the only mineralized skeletal remains of an extinct group of soft-bodied, nektonic 
chordates that inhabited the oceans from the late Cambrian through the Triassic (some 300 million years). 
Interest in the effectiveness of conodont elements as chronostratigraphic markers, coupled with the search 
for the biological affi nities of the conodont animal, has often obscured the fact that conodonts not only wit-
nessed all major global changes during their 300 million year existence (e.g., major chemical perturbations 
to the ocean-atmosphere system, extinction and diversifi cation events, the evolution of major new Bauplane 
as life emerged from the water and invaded the land), and were themselves affected by these changes. Du-
ring this time the development of novel predation strategies initiated successive waves of “arms races”. In 
addition, three major extinction events – two of which were among the largest in Earth’s history – resulted 
in the complete taxonomic and ecological restructuring of marine communities. But curiously, irrespective of 
this tremendous explosion of environmental change, conodonts have generally been considered more-or-less 
static entities dwelling within the confi nes of their oceanic environment, a morphological “constant” in an 
ever-evolving world. 

The classifi cation of conodonts has traditionally been based on the analysis of their elemental morpholo-
gy. Three main categories of conodont elements have been identifi ed: coniform (including rastrate), ramiform, 
and pectiniform. If observed through their entire stratigraphic range, conodont elements and apparatuses 
have undergone substantial modifi cation both in their architecture and in their elemental shapes. Apparatus-
es composed of only coniform elements characterize most of the earliest evolutionary history of the group, 
while multi-elemental shapes grew and diversifi ed in later periods. Interestingly recent comparisons within 
the same morphological category have revealed both persistencies as well as morphologic innovations. For 
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example, Jones et al. (2012) explored morphological variation in Wurmiella excavata in order to better con-
strain the function of this element in food processing. We address this issue of characterizing the evolution 
of conodont element form (size + shape) quantitatively using both geometric and image-based approaches 
previously applied to the analysis of vertebrate, invertebrate and microplankton form within an explicitly 
phylogenetic context. Our intention is to document the evolution of conodont form independently from any 
interpretation of the function conodonts had in the living animal so that correlations between form and 
function can be investigated using standard statistical hypothesis tests.	
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INTRODUCTION

The Baltoscandia region was a wide platform covered by an epicontinental sea on the Baltic Craton du-
ring Early to Middle Ordovician. In the same period the Baltica palaeoplate moved rapidly from high southern 
latitudes at about 50oS towards low southern latitudes reaching about 40oS in the mid Darriwilian. This 
northern directed movement crossed climate zones and the platform sedimentary succession changes from 
predominantly siliciclastic sedimentary rocks with minor carbonate in the late Cambrian to Early Ordovician 
to increasingly carbonate-rich rocks: fi rst by cool, temperate shallow-water limestone (Orthoceras Limestone) 
and then by warmer temperate shallow-water carbonate and marl accumulation at the end of the Middle 
Ordovician (Darriwilian). 
 
RESULTS

True conodont faunal endemism within Baltica has not been observed. Instead Early and Middle Ordo-
vician multielement conodonts from Baltoscandia record a series of faunal events comprising (1) conodont 
faunal phylogenetic developments, (2) migration events, (3) immigration events and (4) signifi cant faunal 
turnovers. 

The late Cambrian and earliest Ordovician (early Tremadocian) record of the conodont faunas is incomplete 
for the Baltic Platform, because of pronounced global sea-level lowstand. The conodont phylogenic evolution 
starting from late Tremadocian (Early Ordovician) comprises the signifi cant lineage of Paltodus, ‘Acodus’ (= 
Acodus deltatus sensu stricto), Trapezognathus and to Lenodus and from the top Floian the lineages of Balto-
niodus and Microzoarkodina. Several migration events include genera in the Tremadocian and the signifi cant 
Oepikodus evae acme in the Floian. The dispersal of the bi-membrate genus Eoplacognathus (sensu stricto) in 
the Darriwilian was a signifi cant migration event from deeper-water setting at the margin of the craton and 
onto the platform. Visitors (i.e. Yangtzeplacognathus) immigrating from other palaeocontinents or plates also 
reached the Baltica plate. These stayed only for a short period and disappeared equally fast as they appeared. 
However, the precise geographic source region for some invaders and the palaeoceanographic conditions 
that facilitated dispersal into the Baltoscandia platform is still poorly understood. Biogeographic analysis 
indicates that in the Early Ordovician communication exclusively with Laurentia prevailed. This line of com-
munication was disturbed at the beginning of the Middle Ordovician (Dapingian), where communication with 
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Peri-Gondwana faunas also appeared on the Baltic platform. The Dariwillian invasions were multidirectional 
that involved taxa immigrating into the Baltoscandian region from both Laurentia and peri-Gondwana plates 
that approached continental margins of the Baltica palaeocontinent. The late Darriwilian – early Sandbian 
conodont faunas of Baltica show close similarities to faunas in the oceans, at margins of Laurentia, South 
China, and other adjacent tectonic plates and terranes, which indicate their semi-cosmopolitan distribution.

CONCLUSIONS

The synchronicity of the geologic, climatic and oceanographic events supports the influence of geologic 
events on conodont evolution on Baltica. Causal links between the faunal turnovers includes predominantly 
(1) sea-level changes (2) tectonics and (3) global climate change. The trends also correlate with the perturba-
tions in the carbon cycle, with the d13C minima corresponding to the low diverse fauna and faunal turnover 
and the positive values generally occurring during radiations.  
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INTRODUCTION

Studies on taxonomic diversity through time constitute useful tools for understanding evolutionary pro-
cesses and patterns. In this sense, conodonts are particularly suitable due to their abundance, continuity in 
their stratigraphic record and excellent preservation (Sweet and Donoghue 2001[not in refs.]). The paleoeco-
logy of conodonts received much attention after the pioneering work of Seddon and Sweet (1971), Barnes 
and Fåhraeus (1975), among others. Recently, the high diversity of Ordovician conodonts was considered to 
propose a combined ecological model, where conodonts occupied a variety of available ecological niches 
with different modes of life (Zhen and Percival, 2003). Lately, a recurring theme in conodont paleoecology has 
been the effect of eustatic sea level change in conodont community structures (Wu et al., 2014, and referred 
papers therein); for example, patterns of Middle Ordovician conodont diversity change were attributed mostly 
to oscillations in the sea level for the Argentine Precordillera (Albanesi and Bergström, 2004).

The Precordillera of western Argentina is characterized by a thick Cambro-Ordovician succession (ca. 
2,200 m) of marine limestones that interdigitate with clastic slope deposits toward the west. Spanning a 
range of depositional environments, from shallow intertidal to marginal shelf and deep ramp settings, the 
Precordillera is the only lower Paleozoic basin of South America with a carbonate platform. A signifi cant suc-
cession of black shales developed after the drowning of the carbonate platform associated with a rapid sea 
level rise during the early Middle Ordovician.  The only remnants of carbonate deposits in the Precordillera 
concomitant with the referred black shales succession occur at the Las Chacritas and Las Aguaditas locali-
ties, and the Las Aguaditas Formation is the only unit that shows an environmental transition from platform 
to slope in the Middle Ordovician. The equivalent[do you mean correlative? Or, perhaps age-equivalent is
better?] Gualcamayo Formation conformably overlies the San Juan Formation limestones and is characterized 
by black shales interbedded with calcareous strata, deposited on the outer platform (Astini, 1995).

Conodont species diversity is analyzed herein by means of conventional measures: estimated mean stand-
ing diversity (MSD) (Foote, 2000), total diversity and normalized diversity (Cooper, 2004), and a quantitative 
stratigraphic approach with the CONOP9 program (Sadler and Cooper, 2003). These measures are widely 
used in paleoecology and are discussed elsewhere (e.g., Foote, 2000, and referred works). The biostratigraph-
ic intervals that span the Lenodus variabilis, Yangtzeplacognathus crassus, Eoplacognathus pseudoplanus 
and Eoplacognathus suecicus Zones are interpreted from 4 sections in the Argentine Precordillera from the 
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San Juan Province: Las Chacritas type section, Las Chacritas-south section, Las Aguaditas Creek and Cerro 
La Chilca sections. 

MATERIAL AND METHODS

This study is based on collections of Darriwilian (Middle Ordovician) conodonts from Las Aguaditas Creek, 
Las Chacritas River and Cerro La Chilca sections of the Central Precordillera. Fifty-one species were identified 
in the stratigraphic interval from the Lenodus variabilis to the Eoplacognathus suecicus zones, species listed 
with “?,”“cf. ,” “aff.” and subspecies were omitted, except for “Bryantodina” aff. typicalis which is a mor-
phologically distinctive species. This database was used in CONOP9 program (Sadler and Cooper, 2003) to 
derive a composite succession and identify conodont zones to be used as time units. The MSD of conodonts 
was estimated using conventional measures: estimated MSD (Foote, 2000), total diversity, and normalized 
diversity (Dnorm) (Cooper, 2004). We also used a quantitative stratigraphic approach, CONOP9 software, in 
order to get a more reliable estimation of the MSD. 

RESULTS

A composite range chart for Darriwilian conodonts from the Central Precordillera is herein presented, 
were the L. variabilis, Y. crassus, E. pseudoplanus and E. suecicus Zones are identified (Fig. 1). Conodont diver-
sity curves show the same trend based on the different approaches (Fig. 2a). The curves of Dnorm and estimated 
MSD run parallel and are extremely close to each other, showing that the consideration of single interval taxa 
do not distort the results; on the other hand, total diversity tracked through increased values. Conventional 
measures show a gradual increase in species diversity from the L. variabilis Zone and reach a maximum peak 
in the E. pseudoplanus Zone, then decrease in the E. suecicus Zone. However, the later biozone is poorly re- 
presented in the study sections due to a stratigraphic hiatus. The diversity curve based on CONOP9 approach 
showed a rapid diversity increase throughout the L. variabilis Zone reaching a first diversity peak in the Y. 
crassus Zone and a second one in the E. pseudoplanus Zone, subsequently it decreases to a minimum through 
the E. suecicus Zone. Species appearance is considerably high during the L. variabilis Zone (19 species), and 
increases within the Y. crassus Zone with 23 species (Fig. 2b), decreasing upwards to its lowest point in the E. 
suecicus Zone (2 species). In the E. pseudoplanus Zone species disappearance is higher than in the previous 
zones (8 species); nonetheless, diversity reaches its highest value due to the high number of range-through 
species, and species that have their first appearance datum (30 and 7 species, respectively).
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Fig. 1. CONOP9 composite range chart for Middle Ordovician conodonts from the Las Chacritas, Las Aguaditas Creek and 
Cerro La Chilca sections and identified conodont zones. 
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Fig. 2. A. Diversity curves of conodont species from the study sections after conventional approaches (Dtot, Dnorm and 
estimated MSD) and CONOP9 throughout the L. variabilis, Y. crassus, E. pseudoplanus and E. suecicus zones. B. Origination 
and extinction percentages of conodont species through the L. variabilis, Y. crassus, E. pseudoplanus and E. suecicus zones.

CONCLUSIONS

Detailed conodont taxonomy and occurrence records were performed in 4 stratigraphic sections from the 
Central Precordillera. The data enabled the application of a quantitative stratigraphic approach (CONOP9), 
which led to the recognition and delimitation of the mentioned biozones. Different diversity measures showed 
similar trends for Darriwilian conodonts from the Argentine Precordillera. However, as shown by Hints et al. 
(2011), estimated MSD and normalized diversity tend to underestimate the CONOP9 diversity curve, while 
total diversity tends to overestimate it.   

These results show a positive trend in conodont diversification throughout the Middle Darriwilian. Both 
methodologies reveal a rapid conodont diversification through the L. variabilis and the Y. crassus zones. Ac-
cording to the estimated MSD and normalized diversity approach, the highest conodont diversity is reached 
in the E. pseudoplanus Zone. On the other hand, total diversity and CONOP9 curves show increased diversity 
values, both in the Y. crassus and E. pseudoplanus zones. In the former, an important origination pulse occurs 
(45%) and reveals a 69% turnover rate, while in the E. pseudoplanus Zone a 16% of species origination and 
34% of species turnover take place. A marked drop in conodont diversity is documented at the end of the 
E. suecicus Zone by the CONOP9 approach. This bias is the result of all conodont species having their last 
appearance datum due to a biostratigraphic unconformity; nevertheless, a total of 37 species (Dnorm=18.5) are 
present in this interval. Here, the conventional measures seem to provide a more appropriate MSD estimation.

This pattern of diversity appears to be related to local sea level fluctuations. Most of the conodonts that 
appear in the L. variabilis and Y. crassus zones have their records in the upper San Juan Formation at the 4 
study sections, where 42 out of 51 species were documented. The uppermost part of the San Juan Formation 
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represents the shallowest depositional environment from the units analysed, which is interpreted as distal 
ramp without storm influence. The facies transition between this formation and the overlying units at different 
localities is interpreted to have been caused by a flooding event over the carbonate platform. In these deeper 
environments the conodont species tend to disappear or to occur in low abundances, except for the middle 
and upper parts of the Las Chacritas Formation (E. pseudoplanus and E. suecicus Zones), and the uppermost 
strata of the lower member of the Las Aguaditas Formation (E. pseudoplanus Zone), where a shallowing event 
is responsible for a high number of species (45 records) and specimens (over 9000 specimens). These data [or, 
observations] reveal the profound effect of oceanographic cycles in faunal changes.
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INTRODUCTION

Several species of the Ordovician genus Histiodella have been used as index fossils (e.g., Sweet, 1984; 
Maletz, 2009; Stouge, 2012). This taxon is distributed through low to mid-high latitude latitudinal regions 
and characterizes deep platform or platform margin to slope depositional environments (Stouge, 2012).[But, 
many occurrences of Histiodella species are from shallow platform sites, e.g., Oklahoma (Bauer; McHargue); 
U.S. Appalachians; Durness Gp., Scotland (R.Raine)] Histiodella is particularly abundant in the Las Aguaditas 
creek stratigraphic section of the Central Precordillera, Argentina, where it presents a continuous record 
through the upper part of the San Juan Formation and the lower member of the Las Aguaditas Formation, 
Darriwilian in age (fi g. 1). The upper part of the San Juan Formation presents a high diversity and abundance 
of conodont elements (Feltes et al., 2016)[have not read this yet], including those of Histiodella. In the lower 
and middle parts of the lower member of the Las Aguaditas Formation the conodont diversity decreases 
sharply because of the fl ooding event that submerged the carbonate platform. The sea level change caused 
unfavourable conditions for the development of the conodont fauna in this geological setting. In the upper 
part of the lower member, the diversity recovers and Histiodella species reappears. In the study section, fi ve 
species of Histiodella were identifi ed following Ethington and Clark (1981), McHargue (1982), Stouge (1984) 
and Bauer (2010); i.e., H. sinuosa, H. serrata, H. holodentata, H. cf. holodentata, and H. kristinae, which share 
a certain ancestor-descendant relation according to the phylogenetic hypotheses of McHargue (1982) (from 
H. sinuosa to H. serrata), and Stouge (1984) (from H. holodentata to H. kristinae). Elements that occupies 
the Pa position in the apparatus of Histiodella are predominant in the collection; these are the most useful 
elements in the taxonomy to distinguish between different species of the genus. The aim of this work is to 
analyze the evolutionary transformation experienced by this taxon across the Yangtzeplacognathus crassus 
to the Eoplacognathus pseudoplanus zones. 
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MATERIAL AND METHODS 

An elliptic Fourier analysis is carried out (Kuhl y Giardina 1982; Ferson et al., 1985), using the free access 
software SHAPE v.1.3 (Iwata and Ukai, 2002) to evaluate the morphometry of Histiodella specimens. The 
data is treated in PAST v.2.17 (Hammer et al., 2001) to perform a principal component analysis (Fig. 2) in 
order to represent the element distribution in the morphospace; also, a multivariate analysis of the variance is 
performed in order to consider if there exists significant difference between species. The outline of a specimen 
represents the inside shape of the element, linking the nadirs between denticles and the cusp (see Jones, 
2006); thus, broken tips of denticles and cusp, do not modify the shape. Conodonts are characterized by con-
tinuous growth, for that reason, the outline includes only the five denticles closer to the cusp in the anterior 
process, in order to reduce the variation of the element shape due to differences in the ontogenetic state of 
development. In the case of the Pa element of Histiodella it corresponds to the length of the anterior process 
by successive addition of denticles. We decided to take into account five denticles because each specimen 
of the study collection presents at least five denticles. Moreover, with this number of denticles the shape of 
the element is representative of the maximum height reached by the denticles of the anterior process, which 
is taxonomically relevant. A total of 206 Pa elements of Histiodella are analysed, which were recorded (or 
recovered) through 55 m thick of the stratigraphic column, i.e. the uppermost 12 m of the San Juan Formation 
and the whole lower member of the Las Aguaditas Formation (43m).

Fig. 2. Principal component analysis of specimens from Histiodella species recorded in the study section. PC1 and PC2 
explain the 43.49% and 22.43% of the variation, respectively.
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RESULTS

The two first principal components are represented and explain 65.92% of the variance. The PC1 explains 
43.49% of the change of the element form, and represents mostly a contrast in the element height. The spe- 
cimens with positive values in this component have a high anterior process, where the oral margin becomes 
nearly parallel to the base due to a widening of the distal part of the anterior process (the length/height ratio 
of the element tends to 1). Conversely, the elements with negative values present a thinner anterior process, 
and the element acquires an elongated shape. The PC2 explains 22.43% of the variance, and the most 
evident change through this component is the height of the distal part of the anterior process relative to the 
height of the cusp. Elements with positive values in the PC2 have a distal part of the anterior process lower 
than the cusp region and elements with negative values have the opposite measures. 

Multivariate analysis of the variance: 

H. sinuosa H. serrata H. holodentata H. cf. holodentata H. kristinae

H. sinuosa 0 0.984437 0.12873 0.298649 0.00993142

H. serrata 0.984437 0 0.513993 0.350823 0.010713

H. holodentata 0.12873 0.513993 0 0.0194556 0.00013136

H. cf. holodentata 0.298649 0.350823 0.0194556 0 0.966323

H. kristinae 0.0099314 0.010713 0.000131365 0.966323 0

The MANOVA performed with the Fourier coefficients shows significant difference between H. kristinae 
and all of the species, except for H. cf. holodentata, and between H. holodentata and H. cf. holodentata. No 
significant difference is verified between H. serrata and H. sinuosa, H. holodentata and H. cf. holodentata, 
neither between H. sinuosa and H. cf. holodentata. 

DISCUSSION

It is remarkable that the MANOVA does not reveal significant differences between H. cf. holodentata with 
H. sinuosa and H. serrata, due to the temporal and phylogenetic distance that separates them. On the other 
hand, it is not surprising that this method does not differentiate between H. sinuosa and H. serrata, since the 
distinctive characteristic of the latter is the beginning of the development of denticles in the posterior process, 
but preserving a similar inner outline. However, the 95% ellipse of H. sinuosa is located left in relation to 
that of H. serrata in the PC1  (Fig 2.). This topology means that elements of H. sinuosa are more elongated, 
or poses lower denticles in the anterior process, which is the principal variation in the shape as explained. 

CONCLUSIONS

The outline technique applied in our study results useful to detect continuous and subtle changes in the 
morphology of the elements. However, it implies the drawback of not considering the denticles shapes in the 
process, which is relevant in the evolution of this taxon. This may be the reason that explains the absence of 
differences between some species. It supports the hypothesis that the Histiodella lineage evolves anagene- 
tically, through continuous changes in shape, and the appearance of novel characters, which can continue its 
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development in the descendant species. An evolutionary tendency of the denticles to surpass the height of the 
cusp is verified by this analysis. The scatter plot shows that the species limits are diffuse, while the elements 
are not grouped discreetly; which is supported statistically. However, the species are positioned in an order 
that coincides with the stratigraphic record and the phylogenetic hypothesis followed in this study; thus sup-
porting the stratophenetic interpretations that were traditionally held for the Histiodella lineage. Finally, we 
suggest that H. holodentata descends from H. serrata, as supported by the PCA analysis.
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INTRODUCTION

Only about a dozen Ordovician Konservat-Lagerstätten are known globally and such deposits are more 
rarer in this system than in, for instance, the Cambrian. In view of this, the 2005 discovery of an in several 
aspects unique such deposit at Decorah, Iowa (Liu et al., 2006, 2009) was of special paleontological interest. 
The Winneshiek Lagerstätte is located in a circular meteorite crater, the Decorah Impact Structure, which has 
a diameter of 5.6 km and covers approximately 25 km2. It contains a crater fi lling a partly sandy, organic-rich, 
dark-grey shale, the Winneshiek Shale, which is exposed at only a single locality on the bank of the Upper 
Iowa River. However, two drill cores and chips from 29 wells show that this shale has a thickness of 17-27 
m and overlies, with gradational contact, a thick impact breccia. The Winneshiek Shale is unconformably 
overlain by the widespread but largely unfossiliferous St. Peter Sandstone.

Tons of material excavated from the river bed have yielded more than 5300 cataloged specimens (Liu et 
al., 2017). Numerically, this collection is dominated by conodonts but it contains also representatives of a 
few other fossil groups (e.g. Lamsdell et al., 2015a, 2015b; Briggs et al., 2016) such as eurypterids with an 
estimated adult size of up to 1.7 m, phyllocarids (Briggs et al., 2016), and other non-mineralized arthropods. 
There are no benthic shelly fossils, such as articulate brachiopods, trilobites, bryozoans, bivalves, corals, and 
echinoderms, and also graptolites are missing. It appears that the Winneshiek Shale was deposited in a very 
quiet environment, possibly in brackish water, with a too low oxygen content in the bottom water to permit 
the establishment of a diverse benthic fauna.

Although not abundant, conodonts occur on many shale bedding surfaces and the conodont elements 
are excellently preserved in three dimensions. Very commonly, quite prominent basal bodies are preserved 
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attached to the crowns of the elements. A striking feature is that many elements have a gigantic size with a 
length of 10-15 mm and represent some of the largest conodont elements recorded anywhere.

The Winneshiek Shale fauna does not include fossils suitable for a very precise determination of the age 
of the unit. However, a recent chemostratigraphic δ13Corg investigation indicates that the unit represents Stage 
Slice Dw2 of Bergström et al. (2009) of the global Darriwilian Stage (Bergström et al., in preparation).

CONODONT APPARATUSES

Of special interest is the fact that several of the approximately 12 conodont taxa present in the Winne- 
shiek fauna are represented by more or less complete apparatuses. The two most common of the apparatuses 
were recently described and identified (Liu et al., 2017) as Archeognathus primus Cullison, 1938 and Iowa- 
gnathus grandis Lui, Bergström, Witzke, Briggs, McKay and Ferretti, 2017. These are the first hyaline conodont 
apparatuses formally described in the global conodont literature.

Archeognathus primus has a 6-element apparatus of a previously unknown type. It includes one pair of 
blade-like multidenticulated coleodiform (S) elements and two pairs of archeognathiform (P) elements. All 
elements have very robust basal bodies that rival, or exceed, the crowns in size.

The apparatus of I. grandis includes 15 ramiform elements of alate (one element) and bipennate or 
angulate, and tertiopedate morphology (seven pairs). Bedding-plane apparatuses show that these elements 
were arranged in two opposing rows. In general architecture, this apparatus type shows a closer similarity 
to post-Ordovician apparatuses of ozarkodinid type than to those of Promissum and Icriodella (formerly No-
tiodella) from the Upper Ordovician Soom Shale of South Africa (Aldridge et al., 1995, 2013). However, the 
apparatus of Iowagnathus grandis differs from these apparatus types in the arrangement and appearance of 
the elements. Detailed study and description of the several other apparatuses present in the Winneshiek Shale 
are expected to add substantial new information to our most incomplete knowledge about the apparatus 
organization of other hyaline Darriwilian taxa, which has remained essentially unknown.

Despite the fact that no soft parts have been identified in the Winneshiek specimens, the very large size 
of the apparatuses (up to 2-4 cm) suggests that the Winneshiek conodont animals reached a substantial size. 
Comparison with the apparatus size in the soft-part preserved conodont animals from the Carboniferous of 
Scotland suggests that the Winneshiek animals may have reached a length of 0.5 m or more.

The conodonts from the Winneshiek Shale provide a wealth of new information and this deposit has the 
potential to become one of the key Lower Paleozoic units for research on conodont apparatus architecture 
and element morphology.
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Ludlow epoch of the Silurian period, according to the very detailed conodont record of Gotland area and 
to a lesser extent other areas of the world (Jeppsson and Aldridge, 2000; Jeppsson et al., 2012), experienced 
three major events, namely Linde, Lau and Klev. Apparently, Lau event was the most signifi cant of all three 
biotic perturbations, since it is also coincident with the large scale genus level brachiopod depletion episode 
or so called “pentamerid event” (Talent et al., 1993). Chemostratigraphic studies revealed that these biotic 
disturbances were closely associated with signifi cant stable carbon isotopic excursions, of which mid-Ludfor-
dian excursion which is contemporaneous with the conodont Lau event was one of the strongest during the 
whole Phanerozoic (Melchin et al., 2012). The detailed association of Ludlow events to the biotic changes in 
different ecological settings is still poorly known.

Here we present an integrated record of conodont, brachiopod and graptolite succession in relation to 
the stable carbon isotopic excursions from the Milaičiai-103 (Western Lithuania) core section. The conodont 
data set is composed of 126 collections, which span almost the whole Ludlow starting from the L. scanicus 
and ending at the Neoc. parultimus graptolite zones. In total 26 conodont taxa are recognized in the section. 
Based on the distribution of time specifi c conodont species, K. variabilis interval zone is distinguished in the 
depth interval between 1301 and 1246 m. Lower portion of this interval zone, besides name bearing species, 
was characterized by other species characteristic of lower Ludlow, namely Kockelella stauros Barrick and 
Klapper 1976 and Wurmiella infl ata (Walliser, 1964), as well as several long ranging species. Polygnathoides 
siluricus zone is distinguished in the depth interval between 1246 and 1236 m. There is a single found of 
very rare massively built taxon Silurognathus maximus Jeppsson 2005 in the upper part of this zone, which 
confi rms (at least regional) usefulness of this taxon for the upper Ludlow chronostratigraphy beyond the 
Gotland area. In the upper part of the section in the interval between 1182 and 1155 m Oz. snajdri zone 
is distinguished. This depth interval additionally is also characterized by the typical upper-most Ludfordian 
assemblage of conodont taxa, such as Oulodus elegans (Walliser, 1964), Ozarkodina baccata Miller and 
Aldridge 1997, and Ozarkodina ambigua (Viira, 1983).

The analysis of brachiopod fossil assemblages shows that during Ludlow time, there was steady long-
term shallowing trend at the site. Lower portion of the section was characterized by deep water BA 5-4 L. 
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obovata – J. grayi brachiopod community, which transitioned in to the BA 4 C.? pubes, later in to the BA 3-4 
I. amplificata-S. lewisii and finally in to the BA 3 I. ovalis brachiopod community.

The biostratigraphic and paleoecological data were tied to the δ13C (whole rock) trend. The most prom-
inent feature of the stable carbon isotopic curve is the pronounced mid Ludfordian Lau carbon isotopic 
excursion, which begins approximately at depth of 1253 m, peaks at depth of 1229 m, reaching maximum 
value of 5.02 ‰, and then gently declines through the section and ends approximately at depth of 1189 m.

Finally in order to test the influence of the oceanic events on the conodont paleocommunities composi-
tional dynamics, so called recurrence plot and recurrence quantification analyses were employed. Recurrence 
plots are filtered distance matrices which reveal patterns of similarity between temporally or spatially or-
dered samples. In this case, samples were compared according to their conodont species compositions. The 
obtained patterns show that conodont communities were compositionally comparable (due to influence of 
long ranging dominant species) before and after the Lau event. On the other hand, the conodont commu-
nities which existed during the peak and the falling stage of the Lau carbon isotopic excursion represented 
transiently stable unique assemblages. This fact points to the possibility that environmental conditions that 
structured conodont communities were highly anomalous during this global perturbation.
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INTRODUCTION

The Devonian-Carboniferous boundary is preserved in the Coffee Pot Member of the Dyer Formation, 
Chaffee Group, Colorado based on carbon isotope values of bulk carbonate and 87Sr/86Sr of conodont apatite. 
Conodonts in the lower Dyer are expansa Zone; upper Dyer conodonts are tentatively identifi ed as Carbo-
niferous.

GEOLOGICAL CONTEXT

The Dyer Formation in central Colorado is composed of carbonate strata deposited on a tropical car-
bonate platform during the Late Devonian. The Broken Rib Member is comprised primarily of biopackstones, 
biowackestones, and mudstones. The overlying Coffee Pot Member is comprised of dolomitized mudstones 
and intrarudstones characterized by rare stromatolites, karsted intervals, sandstones, and bioclastic beds.

MATERIAL AND METHODS

Carbonate isotope samples and conodonts were collected from four measured sections in the White River 
area of central Colorado. Samples for magnetic susceptibility were collected at 5 cm intervals from the base 
of the Broken Rib Member through most of the Coffee Pot Member in a section along Deep Creek Canyon. 
Samples for conodonts were processed using buffered formic acid; 87Sr/86Sr was determined from conodont 
fragments recovered from eight intervals below and above a signifi cant carbon isotope excursion.

RESULTS

The Broken Rib Member yields a relatively abundant and diverse conodont fauna characterized by Bis-
pathodus, Polygnathus, Pandorinellina, Icriodus, and Apatognathus. The taxa are relatively long ranging, 

Editors:  Jau-Chyn Liao and José Ignacio Valenzuela-Ríos
Fourth International Conodont Symposium. ICOS IV. “Progress on Conodont Investigation”. Cuadernos del Museo Geominero, nº 22
Instituto Geológico y Minero de España, Madrid, 2017. ISBN: 978-84-9138-031-3
© Instituto Geológico y Minero de España



EDITORS:  JAU-CHYN LIAO AND JOSÉ IGNACIO VALENZUELA-RÍOS

296

indicative of the granulosus (Upper trachytera) Zone to expansa (Lower expansa) Zone based on the over-
lapping ranges of Polygnathus obliquicostatus and Icriodus costatus costatus. The MS and carbon isotope 
signatures are relatively stable, δ MS is near -4, carbon isotopes are near -1 or 0 per mil. Conodonts from the 
Broken Rib have yielded 87Sr/86Sr of 0.70874 to 0.70836. The Coffee Pot yielded conodonts from three hori-
zons, in addition to a bed described by Sandberg and Poole (1977). Conodonts in the lower Coffee Pot include 
Pandorenellina cf. P. insita, Icriodus costatus darbyensis, and Polygnathus perplexus? In the upper Coffee 
Pot Member, above strata that exhibit unusually high (5-7 per mil) δ13C values, fused clusters of fragmented 
conodonts of ?Siphonodella, Pseudopolygnathus, have a 87Sr/86Sr value of 0.70819. Magnetic susceptibility 
shifts further to the negative at the Broken Rib – Coffee Pot contact.

DISCUSSION

Conodonts in the Broken Rib Member are relatively long ranging, indicative of the granulosus (Upper tra-
chytera) Zone to expansa (Lower expansa) Zone based on the overlapping ranges of Polygnathus obliquicos-
tatus and Icriodus costatus costatus. Pandorinellina cf. P. insita, Icriodus costatus darbyensis, and Polygnathus 
perplexus? are indicative of the expansa Zone to ultimus Zone. The conodonts in the lower Coffee Pot are 
similar; a more negative shift in δ MS values indicates a drop in sea level. In the upper Coffee Pot Member, 
above strata that exhibit unusually higher (5-7 per mil) δ13C values characteristic of the highest Devonian 
Hangenberg Excursion, fused clusters of fragmented conodonts of ?Siphonodella, Pseudopolygnathus, and 
sand grains are suggestive of the Lower Carboniferous.        
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INTRODUCTION/BACKGROUND

Conodonts are elements of a complex feeding apparatus made of fl uorapatite of an extinct marine verte-
brate (e.g. Donoghue et al., 2000). Since the microstructure of conodonts is similar to that of the tooth enam-
el of present-day vertebrates, we have regarded conodonts as physiological analogues of teeth, and taken 
their morphology as a homologous characteristic, signifi cant in phylogenetic reconstructions (e.g. Mazza et 
al., 2012). Integrated data both from available literature and from studied sections sampled in detail allow 
to draw a holistic stratigraphic distribution of Upper Triassic pectiniform conodonts. Basing on stratigraphic 
data, and on the apparatus reconstructions, most of the Triassic pectiniform conodonts belong to the Gon-
dolelloidea family (Fåhræus and Ryley, 1989). One of the most important challenges for the reconstruction 
of the Upper Triassic conodont phylogenesis is to identify the praecursor of the genus Misikella. Different 
interpretations of the Misikella apparatus have been proposed (Fåhræus and Ryley, 1989; Budurov and Sudar, 
1990) and Mastandrea et al. (1998) illustrated several clusters of ramiforms and pectiniform, all belonging to 
M. ultima. Basing on the similarity of the ramiform elements, Orchard assigned to the genus Norigondolella 
the likely precursor of the multielement Misikella apparatus (Pálfy et al., 2007). Our purpose is to arrange the 
uppermost Norian and Rhaetian phylogeny of the genera Misikella and Parvigondolella, in order to provide a 
theoretical framework for forthcoming taxonomical and biostratigraphic studies. We also recognized Mockina 
bidentata as the ancestor of Misikella hernsteini, the fi rst species belonging to genus Misikella.

MATERIAL AND METHODS

The phylogenetic analyses have been conducted on material from the Norian/Rhaetian successions of the 
Lagonegro Basin (Southern Apennines, Italy), consisting of ca. 400 m of hemipelagic cherty limestones with 
minimal facies variations. Thus, the depositional environment remained substantially the same, and the qua-
lity of conodont preservation should be consistent throughout the Formation. In particular, three stratigraphic 
sections have been investigated in detail, providing a great collection of conodonts around the Norian/Rhae-
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tian boundary: the Monte S. Enoc, Pignola-Abriola and Monte Volturino sections. The excellent continuity and 
absence of condensed facies of the Calcari con Selce Formation in these sections allowed to collect a com-
plete and well-preserved conodont association across the Norian/Rhaetian boundary (Giordano et al., 2010). 

This rich conodont collection from the Lagonegro Basin perfectly documents transitional forms between 
genera and species that are peculiar for the upper Norian (Sevatian) and Rhaetian. In particular, we docu-
mented the evolution of the genera Misikella and Parvigondolella from a common ancestor that is Mockina 
bidentata, which is characterized by two well-developed denticles on the lateral margins of the small tongue-
shaped platform (an accessory tiny denticle can be present anteriorly), located in central portion and in 
correspondence to the pit. The blade consists of 5-6 high and well-fused denticles, ending in a carina that is 
composed of 3-4 denticles. Although the transitional forms between M. bidentata and genera Misikella and 
Parvigondolella are frequently collected during Norian/Rhaetian conodont investigations, the phylogenetic 
relationships among them are still debated and not clear, in particular during the Late Norian (Sevatian), 
which is a period of biotic turnovers and climate changes.

The phylogenic reconstruction based on the recognition of morphoclines, which are represented by a 
gradual transition from the ancestral to the descendant species, is the only method that can disentangle disa-
greements in the ranges of conodont species and taxonomic divergences. Only adult morphologies have been 
considered for phylogenetic analyses in this study. Moreover, the identification of the morphocline between 
ancestors and descendants allows to recognize the first appearance datum (FAD) of the descendant species.

EVOLUTIONARY TRENDS OF THE NORIAN/RHAETIAN CONODONTS

Morphocline between Mockina bidentata/Parvigondolella andrusovi

Genus Parvigondolella, the first representative of which is P. andrusovi, descends directly from conodont 
M. bidentata and their phylogenetic relationship is well proved (Kozur and Mostler, 1972; Kozur, 1989; Moix 
et al., 2007). 

The morphocline between Mockina bidentata and Parvigondolella andrusovi is characterized by two pha- 
ses that prove the quick evolutionary pace of this lineage: 1) the gradual loss of the platform of the Mockina 
bidentata, initially maintaining small denticles on both sides of the blade, which however decrease in size till 
the complete absorption by the blade; 2) the decrease (to 7-9) and the fusion of the blade denticles that are 
almost homogeneous in size and backwardly projected, with the cusp never located as the last denticles but 
followed by 1 to 2 denticles as in Mockina bidentata. The homogenization process of the blade denticles is 
reached by Parvigondolella lata, stratigraphically younger than P. andrusovi and its direct descendent. Notably 
is the total absence of significant variations on the basal side of both Mockina bidentata and Parvigondolella 
andrusovi, where the pit position is still central or slightly forwarded.

Morphocline between Mockina bidentata/Misikella hernsteini

The evolutionary trend characterizing the morphocline between Mockina bidentata and Misikella hern-
steini consists of the loss of the platform (vestigial bulges can be present in transitional forms) and the 
decrease in denticles composing the blade plus carina, reaching the number of 6 to 4 and similar in size. The 
denticles corresponding to the carina (posteriorly to the central cusp) in the species Mockina bidentata are 
progressively absorbed, leading the cusp to occupy the terminal position. Sometimes, it is possible to observe 
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a small vestigial denticle behind the cusp. The lower side develops a deep basal cavity that extends through 
the entire surface starting below the prominent denticle. The basal cavity has a typical teardrop shape with 
the largest part below, and thus terminal, the cusp.

MISIKELLA TAXONOMIC ISSUE 

Genus Misikella is affected by a taxonomic issue, related to its original definition. In fact, the genus 
Misikella is considered as the representative of uppermost Sevatian and Rhaetian stages. The genus Misikella 
was established by Kozur and Mock in 1974, who proposed Misikella longidentata as type species (1974a, 
p. 135). In the same year, the two authors assigned Spathognathodus hernsteini as new type species for the 
genus Misikella (Kozur and Mock, 1974b, p. 247). This issue was first noticed by Fåhræus and Ryley (1989) 
who recognized two different conodont apparatuses within this group: a tetramembrate apparatus which 
corresponds to Misikella longidentata species, and a bimembrate conodont apparatus to all those species 
previously brought to Misikella genus (e.g. Misikella hernsteini, M. posthernsteini, “M. rhaetica”, M. koessen-
ensis, “M. lanceolata”). Thus, they proposed a new generic name (Axiothea) for those upper Norian-Rhaetian 
species with a bimembrate conodont apparatus. Later, Budurov and Sudar (1990) gathered Misikella longi-
dentata and all the Axiothea species into a single genus (Misikella) and retained M. longidentata as the type 
species (for priority reasoning). We agree with Fåhræus and Ryley (1989) on assigning M. longidentata and 
the upper Norian-Rhaetian species to very different clades, and we should thus adopt the genus Misikella 
for the Carnian - lower Norian M. longidentata and genus Axiothea for the upper Norian-Rhaetian species 
proposed by Fåhræus and Ryley (1989), basing of the principle of priority. Since the Misikella is largely used 
by the scientific community for the upper Norian and Rhaetian conodonts, we suggest to maintain the genus 
Misikella for the upper Norian-Rhaetian, accepting the species M. (=Spathognathodus) hernsteini as type 
species for genus Misikella as proposed Kozur and Mock (1974b). As a consequence, Misikella becomes a 
monophyletic genus, excluding only “Misikella” longidentata.
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The term “bioapatite” has often been used improperly in the past and in different scientifi c fi elds to cha-
racterize apatite mediated by the intervention of organisms. Conodonts, for a long time considered enigmatic, 
represent an extinct group of jawless vertebrates that were the fi rst among the group to experiment skeletal 
biomineralization with tooth-like elements in their feeding apparatus. Their use of apatite is shared with 
many other vertebrates that have applied calcium-phosphate biominerals to grow their skeletal structure and 
to shape their teeth. However, microbes are thought to play a role in apatite precipitation (e.g., Crosby and 
Bailey, 2012). Although development of mineralized parts seems controlled by specifi cally produced organic 
molecules that remain entrapped within the mineral units, the growth mechanisms and the diagenetic evolu-
tion of apatite fossils are still poorly understood. 

Ferretti et al. (2016) recently described peculiar diagenetic apatite overgrowths on Late Ordovician (A. 
ordovicicus Zone) conodonts from Normandy. The conodont specimens exhibit a CAI of 4-5, indicating a 
heating up to 400°C. Diagenetic neo-crystals observed on the surface of conodont elements show distinctive 
large columnar, blocky or web-like microtextures. Apatite crystals were analyzed in terms of size, morphology, 
composition, geometry and spatial arrangement by integration of optical and scanning electron microscopy 
(SEM), environmental scanning electron microscopy coupled with chemical microanalyses (ESEM-EDX) and 
X-ray microdiffraction (μXRD). X-ray diffraction technique had been used in the past to characterize lattice 
parameters in apatite crystals (e.g., Ellisson, 1944; Pietzner et al., 1968; Nemliher and Kallaste, 2012). Mi-
crodiffraction, applied to conodont structural characterization, proved to be a reliable tool in describing over-
growths that otherwise cannot be resolved by the use of microscopic methods alone. In fact µXRD method 
allows for small volumes of material to be probed: X-rays are collimated to form a very small beam (up to 
10 μm in diameter) before irradiating a sample, giving the possibility to check for local “micro” environment 
such as defects or preferred orientations of the crystallites. Microdiffraction measurements were carried out 
on various points of the surface using a 50 µm collimator and changing specimen orientation (fi xed Omega 
revolution angle and varying Phi rotation angle). The integration of μXRD with chemical analyses allowed 
Ferretti et al. (2016) to reveal that diagenetic apatite neo-crystals exhibit the same chemical composition as 
the original fossil structure, and that no signifi cant difference in unit cell parameters appears to exist between 
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the newly formed apatite crystals and those of the smooth (with no crystal overgrowth) conodont surfaces. 
In other words, diagenesis has strictly replicated the unit cell signature of the older crystals. The application 
of this approach, coupled with RAMAN analysis, has been extended to encompass conodont elements of 
different age and having diverse CAI in order to better constrain variability of apatite cell parameters. These 
results have been compared with those derived from apatite documented in other fossil and living organisms.
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Origin and systematic position of conodonts is not clear and should be still studied. It is well known that 
in the late Cambrian and Ordovician deposits among typical conodonts commonly occur phosphatized gras-
ping spines of chaetognaths and composed of them apparatuses. Until their recognition (Szaniawski, 1982) 
they have been treated as conodonts of the genus Prooneotodus (Muller and Nogami). Presently, despite of 
their morphological differentiation, they are assigned to one species of Chaetognatha - Phakelodus tenuis 
(Muller). Recently I had the opportunity to state that in the early Ordovician deposits, except of the elements 
of Phakelodus, occur other elements and apparatuses, which are similar in shape and construction to both 
- conodonts and grasping spines of chaetognaths (Szaniawski 2015). They are phosphatic, but probably in re-
sult of the secondary phosphatisation because some of them are deformed in a way suggesting original fl exi-
bility. Some of the elements are described and assigned to the conodont genera: Coelocerodontus Ethington, 
Diaphonodus Chen and Gong and Viirodus Dubinina. The elements have similar shape and construction to 
both - conodonts and grasping spines of chaetognaths. However their arrangement in apparatuses is clearly 
different than in conodonts of that age. The apparatuses are constructed of elements slightly differentiated in 
shape but fi tting well to themselves. That means they were originally joined and could cooperate very well in 
action. Most probably they were originally composed of organic matter, constructed similarly to the grasping 
apparatuses of chaetognaths and similarly to them became diagenetically phosphatized. This suggests that 
the early Paleozoic chaetognath-like animals were strongly diversifi ed and elements of their apparatuses 
can be confused with the co-occurring conodonts. Similarly as it has happened with the grasping spines of 
Phakelodus. It seems also possible that some of the fossils considered since a long time as conodonts have a 
common origin with Chaetognatha.
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INTRODUCTION

The names of the proto- and euconodont animals come from the designation of histological types of 
their tooth elements (Bengtson, 1976). The extraordinary morphological similarity of the tooth elements of 
the proto- and euconodonts and the existence of a group of paraconodonts, which in pattern of the matter 
growth are sometimes considered to be transitional between the two former, made it possible to suggest the 
existence of a single evolution chain for all types of the conodont elements (Bengtson, 1983). H. Szaniawski 
compared the Lower Paleozoic protoconodont tooth elements of the Prooneotodus? tenuis (Müller) with the 
grasping spines of modern Chaetognatha and found their strong morphological and structural similarity. It 
was established that the protoconodont tooth elements are the hooks of Chaetognatha (Szaniawski, 2005). 
In essence, the proper conodonts are only the euconodonts. 

MATERIAL AND METHODS

Imprints of euconodont animals from the Lower Carboniferous deposits of the Polar Urals, Russia (Buryi et al., 
2010) have been morphologically compared with the imprints of euconodont animals from the Upper Ordovician 
deposits in South Africa (Aldridge & Theron, 1993), the Silurian of Wisconsin (North America) (Mikulic et al., 1985), 
the Lower Carboniferous of Granton, Scotland (Briggs et al., 1983; Aldridge et al., 1993). The representatives 
of protoconodont animals – fossilized Chaetognatha Protosagitta spinosa from the lower Cambrian of China, 
Paucijaculum samamithion from the upper Carboniferous of North America, as well as the modern ones of genera 
Spadella, Aberrospadella, Bathyspadella, Heterokronia and Eukronia (Kasatkina, 1982) have been studied. 

RESULTS

It was established that in the inner and outer structure of the proto- and euconodont animals there are 
many common morphological features:

1. Presence of skeletal attaching elements. The euconodont animals are similar to the protocono-
donts in pattern of arrangement of the body supporting constructions. Our data show that the supporting 
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carcasses of the proto- and euconodonts are represented by the skeletal head attaching plates and the 
muscular system. The skeletal head plates of the Chaetognatha serve to attach and support a massive tooth 
apparatus -hooks (in protoconodonts) and teeth (in paraconodonts), as well as to attach the body muscular 
system (Kühl, 1938). The euconodont animals also had the pair head attaching elements (Buryi & Kassatkina, 
2004) that served to attach the muscles connecting the tooth elements of the mouth apparatus, placed in the 
food sac, and to govern them in the feeding process. 

2. Similar muscular system. In the protoconodont animals the transverse-banded muscular system is 
observed (benthic shallow-water Spadella and Aberrospadella and deep-sea Bathyspadella, as well as bathy-
pelagic Heterokronia and Eukronia). In the euconodont animals there are also the inner transverse muscular 
structures of the body. The obliquely oriented and perpendicular muscular fibres are distinguished, whose 
orientation appears to depend on the direction of the animal movement. The convergence angle of the euco-
nodont transverse muscular system can be directed towards the head or in the opposite direction – towards 
the tail (Kasatkina & Buryi, 2007).

3. Absence of notochord. In the picture of the sixth imprint of euconodont animal from Granton it is 
clearly seen that the longitudinal light structure is not a notochord. It is a gut with the excrements going out 
from its back end. In the imprint of the Protosagitta spinosa ancient Chaetognatha from the lower Cambrian 
of China a narrow light longitudinal structure (intestine) is also visible beginning from the head and ending 
with anus in the body back part. When the notochord is absent, the supporting structures of the body (both 
proto- and euconodont) are the longitudinal muscular bands and turgor.

4. Similar reproductive organs. The reproductive organs of the protoconodonts can be observed both 
in modern animals and in Protosagitta spinosa from the lower Cambrian of China. As judged from the first 
imprint from Granton, in the euconodont the tail division is supposedly filled with the male genitals. And on 
its fin rays one can see the structures that, probably, are the spermatophores similar to those in the proto-
conodonts. These spermatophores are, apparently, released from the cavity of the tail division. 

Taxonomic features that make the proto- and euconodont different:

1. Different organs of food grasp. On the example of the living now Chaetognatha, in the proto-
conodonts the hooks and teeth are situated on the head surface and serve to directly entrap (hooks) and 
retain (teeth) the mobile prey in the pharynx. In the euconodont animals all tooth elements are inside the 
body, in the food sac. This agrees well with S. Bengtson (1976) hypothesis that the tooth elements of the 
euconodont histological type were situated inside the animal body. The tooth elements of the euconodonts 
were able to filtrate the food particles from water.

2. Different number of the attaching plates. The essential difference of the proto- and euconodont 
animals is the different structure of their head skeletal apparatuses. In the protoconodonts they contain four 
skeletal plates (two pairs), and in the euconodont animals there are only two plates (one pair). The head 
plates play a very important role in the structure and evolution of these groups as in the protoconodont 
animals four massive muscular bands are attached to four skeletal plates, in the euconodonts – only two.

3. Presence of the food sac in the euconodonts. All skeletal and tooth elements and their con-
nective tissues were in the rounded food sac localized on the outer ventral side of the animal. In the process 
of the food sac functioning, probably, the food particles in it were filtered from water, which was removed 
through special holes, and then a food clot was formed and migrated into the food channel (gut) (Guravskaya 
& Kassatkina, 2015).



FOURTH INTERNATIONAL CONODONT SYMPOSIUM. ICOS IV. “PROGRESS ON CONODONT INVESTIGATION”

309

DISCUSSION

H. Szaniawski (2005) ascertained that the protoconodont elements are the hooks of the chaetogntha, 
and consequently, the animals, bearing them, must be assigned to the

Phylum Chaetognatha Leuckart, 1854. Our investigations show that, though the protoconodont and 
euconodont animals have some similar morphological features there are the fundamental differences 
between them in arrangement of the organs of the food grasp and their functioning. The protoconodonts, 
being predators, have a massive complex of hooks and teeth to catch, grasp, and retain the prey. The mor-
phological structure of the mouth apparatus of the euconodont animals makes possible to suggest that they 
could not be the predators. The euconodont could, most likely, only gather the fine particles of detritus, bac-
teria, and unicellular algae with soft lobes, surrounding the mouth opening, and to pull them together with 
water into the food sac. The nutrient particles were filtrated with the help of the S elements from water and 
entered the pharynx, where the P elements formed a food clot of them, which went further to the gut. In our 
opinion, they apparently, being suspension feeders, belong to another type of animals - Euconodontophylea 
Kassatkina & Buryi, 1997 (Kassatkina & Buryi, 1997).
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INTRODUCTION

How shape changes through evolutionary time? This question is central to paleontology as most of the 
record is morphological in nature. There is a long tradition of research on how forms are ruled, and therefore 
on how developmental processes determine the morphological variations of individuals in ontogeny and 
through evolution. Indeed, biological shapes are constrained by the basic rules of chemistry, physics and
geometry, among others. The set of theoretically possible forms is thus bounded by the way these forms can be
generated during ontogeny, possibly driving evolution into preferential directions. To date, patterns of shape 
variation in conodont elements have been documented mostly qualitatively and at the species level (e.g. 
within taxonomic diagnoses). Unlike other clades such as ammonoids, no generalized pattern of variation 
has been described for conodonts. Moreover little attention has been paid to the developmental origin of the 
taxonomical characters. Because conodont elements are used for feeding, their complex morphology, in par-
ticular recurrent homeoplasies, may refl ect, to some degree, functional adaptations to specifi c diets. Yet, they 
must also refl ect, to an unknown extent, developmental constraints. In order to constrain our interpretations 
of presumed adaptation to diets and environments, it is thus mandatory to better understand if and which 
traits might be adaptive or not. Conodont elements are likely highly integrated, that is their morphological 
characters are not independent but covary with each other. In this context, recognizing and measuring pat-
terns of covariation and modularity in conodont elements will not only inform us about potential develop-
mental rules, but will also allow us to make phylogenetic hypotheses that better refl ect the true distances 
between taxa. In this study, we investigate patterns of intraspecifi c variation in two very distinct and distant 
evolutionary lineages, one from the Late Devonian, and one from the Late Triassic.  In both cases, empirical 
observations have led some authors to hypothesize evolutionary trends in conodonts morphology. Here we 
are assessing those ‘trends’ in a quantitative way. 

For this purpose, statistically meaningful populations of P1 elements of each species have been digitized 
using a CT-scanner. We performed geometric morphometrics both in 2D and 3D to compare the shape of the 
P1 elements quantitatively. 

We are particularly keen to identify generic rules of conodont morphology, for instance patterns of cova-
riation that would be shared by these two lineages and whose validity might then be extended to other taxa.
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INTRODUCTION/BACKGROUND
 

The pattern and timing of the biotic recovery of marine ecosystems after the end-Permian mass extinction 
is still a matter of debate. It has been suggested that the size of individuals was temporarily reduced in many 
marine clades during this recovery interval, a phenomenon coined ‘Lilliput effect’ (Schubert and Bottjer 1995, 
Twitchett 1999), with little knowledge about the underlying mechanism. On the other hand, Brayard et al. 
(2010, 2011) showed that previous conclusions drawn from the iconic gastropod case are not supported, 
and a recent study (Schaal et al. 2016) showed that several clades responded contrastingly in terms of size 
during the Early Triassic recovery.

Owing to their widespread and abundant distribution, conodonts are ideal for assessing temporal pat-
terns at high resolution. Several global events occurred during the Early Triassic. The main one occurred at 
the Smithian-Spathian boundary (SSB) and it affected particularly nektonic organisms such as ammonoids 
and conodonts (Brayard et al. 2006, Galfetti et al. 2007, Orchard 2007, Goudemand et al. 2008). Chen et 
al. (2013) measured the temporal evolution of conodont sizes across the SSB by analysing a collection of 
441 P1 elements of segminate conodonts from the Nanpanjiang Basin (China) and concluded that their size 
decreased at the SSB, which they interpreted as a response to presumably extremely high seawater tempera-
tures (Sun et al. 2012, Romano et al. 2013, see also Goudemand et al. 2013).

Our goal is to reassess this pattern for a larger geographical area and for a larger set of conodont genera.

MATERIAL AND METHODS

We have measured more than 9000 conodont P1 elements from three sections along the Northern Indian 
Margin (NIM): Tulong (South Tibet), Guryul Ravine (Kashmir) and Nammal Gorge (Salt Range, Pakistan). 

Our study includes not only specimens of conodont taxa with a segminate P1 element (Neospathodus, 
Novispathodus, Triassospathodus, Icriospathodus) but also neogondolellids, which have a segminiplanate P1 
element (Neogondolella, Columbitella, Borinella, Scythogondolella), as well as ellisonids. 

Editors:  Jau-Chyn Liao and José Ignacio Valenzuela-Ríos
Fourth International Conodont Symposium. ICOS IV. “Progress on Conodont Investigation”. Cuadernos del Museo Geominero, nº 22
Instituto Geológico y Minero de España, Madrid, 2017. ISBN: 978-84-9138-031-3
© Instituto Geológico y Minero de España



EDITORS:  JAU-CHYN LIAO AND JOSÉ IGNACIO VALENZUELA-RÍOS

314

RESULTS

Our results support Chen et al.’s hypothesis that ‘segminate conodonts’ decreased in size at the SSB. 
Nonetheless, we also demonstrate that ‘segminiplanate conodonts’ underwent a remarkable size increase 
during the same interval. The largest measured elements belong to the ellisonids and are found during the 
early late Smithian.

CONCLUSIONS

Our results contradict a direct causal link between seawater temperatures and conodont size. On the 
other hand they corroborate a previous suggestion (Joachimski et al., 2012) that ‘segminiplanate cono-
donts’ may have preferred colder environments than ‘segminate conodonts’. In terms of size evolution, they 
responded contrastingly to the end-Smithian event.
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INTRODUCTION

There is a long standing debate about whether evolution is driven ‘internally’ by developmental con-
straints or ‘externally’ by environmental factors and natural selection. Owing to their long and rich fossil 
record, conodonts have a great potential for shedding light on this debate. A few recent studies (Jones et 
al. 2012, Martínez-Pérez et al. 2016) have highlighted how some particular conodont morphologies/traits 
(e.g. the presence of white matter) might have been particularly useful for processing food and might have 
constituted the basis for functional adaptation to weaker or harder food. Nevertheless, too little is currently 
known about potential developmental constraints in conodont elements. 

Here we scanned and analyzed about 180 P1 elements from a Carnian-Norian boundary collection from 
Sicily with the aim of quantitatively testing suggested evolutionary trends and identifying potential patterns 
of covariation that would refl ect underlying developmental rules. This material has been the focus of an array 
of interesting studies by Mazza and coworkers for the last half decade or so (Mazza et al. 2012, 2015, 2016). 
In particular they reconstructed and described ontogenetic series on the basis of single P1 elements using 
synchrotron-based X-ray microtomography, and they performed cladistics analyses. Moreover, the material 
preservation is usually pristine. Hence this material lends itself for such quantitative analyses.

Specimens of the closely related genera Carnepigondolella, Metapolygnathus and Epigondolella were 
analyzed using both Elliptic Fourier contour analysis and landmark or semi-landmark-based geometric mor-
phometrics. Because growth series are available throughout the sequence, ontogenetic and phylogenetic 
patterns of variation can be compared to the intraspecifi c patterns of variation among ‘adult’ forms. 
We will present our preliminary results.
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INTRODUCTION

The relative importance of biotic and abiotic factors as controls of evolutionary dynamics and drivers 
of species diversity patterns has been hotly debated (e.g., Benton, 2009), but conodonts – despite their 
outstanding fossil record and major role in early Phanerozoic ecosystems – have been so far left untouched 
by this discussion. Concepts on the mechanisms shaping conodont diversity at the regional and global scale 
during the Silurian Period have been shaped by the models developed by Lennart Jeppsson. Based on over 
fi fty years of work on the Silurian succession in the Swedish island of Gotland, he documented multiple new 
taxa, provided insight into the ecology of many species, and proposed one of the most detailed conodont 
zonation for the Baltic area (Jeppsson et al., 2006). His model linking conodont diversity and distribution 
with palaeoceanographic circulation and climate (Jeppsson, 1990; Jeppsson and Aldridge, 2000; Jeppsson et 
al., 1995) has been tested, rejected in its original form, and subsequently modifi ed and developed, fuelling 
intensive research worldwide. The hypothesis which currently dominates in the literature posits that changes 
in conodont diversity during the Silurian were driven by external factors – such as environmental changes 
resulting from glaciations – which caused repeated carbon isotope excursions and associated intervals of ele-
vated extinction rates of conodonts. However, the potential role of biotic interactions as an additional or even 
major driver of the observed diversity patterns have never been addressed. Testing the relative importance of 
the models attributing these patterns to external drivers is hindered by the following issues: (1) background 
extinction and turnover rates are not known; (2) quantitative data on conodont distribution and diversity at 
different spatial scales is not available; (3) reported diversity changes are partly based on new taxa which 
are not suffi ciently documented to allow comparisons with other regions or which have uncertain ranks; (4) 
environmental niches of individual species are poorly contained; (5) the trophic position(s) of conodonts in 
Silurian ecosystems is (are) poorly constrained. We address primarily the fi rst three issues and seek to develop 
alternative hypotheses to the present models. 

METHODS

We catalogued the content of all samples from Gotland in L. Jeppsson’s collection and, wherever it was 
possible, reconstructed its stratigraphic position, exact or approximate position in the section, and the geo-
graphic coordinates. The information has been stored in the Palaeobiology Database (https://paleobiodb.org).
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We preserved Jeppsson’s original identifications in all cases and kept revisions at minimum by adding new-
er taxonomic opinions in clear separation from the original data. We photographed and documented pro- 
blematic taxa, especially those reported only from Gotland, essential for stratigraphy or for diversity patterns 
proposed by Jeppsson. Exposures in Gotland provide onshore-offshore transects across the interval between 
the uppermost Telychian (Llandovery) through Ludfordian (Ludlow), classified into previously defined facies 
belts. Presence/absence data was used to calculate sample-level and total diversity in time and space (facies 
belts), as well as temporal and spatial turnover, at the stratigraphic resolution offered by the local zonation.

CONCLUSIONS

Preliminary results indicate that previous estimates of the magnitude of extinctions were overestimated 
owing to the short time frames taken into consideration. Moreover, they are strongly affected by the taxo-
nomic practice, e.g. how morphological evolution in a lineage is partitioned into genera, species, subspecies, 
and intraspecific variability. The recognition of environmental niches of conodonts are equally affected by how 
broad are their taxonomic diagnoses and indicate that part of the morphological variability can be attributed 
to morphological clines along the onshore-offshore gradient. Variation in the environmental preferences of 
species results also in elevated local extinction rates at sequence boundaries and other abrupt facies shifts. 
The continuous spatial record in Gotland, however, allows this stratigraphic bias to be accounted for in the 
total diversity changes. Finally, the turnover associated with external factors driving carbon isotope excur-
sions does not exceed turnover between environments in the absence of external drivers, showing that the 
current model stressing the importance of external, abiotic drivers is insufficient to explain observed changes 
in diversity. Instead, high diversity at the assemblage level seems to be associated with higher morphological 
disparity, suggesting that biotic factors such as community structure and trophic diversity might contribute to 
conodont diversity dynamics.
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Conodonts are regarded as the earliest members of vertebrates evolutionary lineage to possess a mi-
neralized skeleton, manifest as a feeding apparatus of tooth-like elements. As such, the conodont elements 
composed of calcium phosphate mineral are of great signifi cance since they host general insights as an 
archive of seawater chemistry and temperature, providing fundamental understandings of the past climates. 
Conodont elements have two different clearly discernible units, a microcrystalline and organic rich basal body 
and crystalline crown composed of transparent crown tissue and the enigmatic white matter. There is little 
agreement on the physical nature of white matter, the principal tissue targeted for geochemical analyses, 
which has variably been interpreted as megacrystalline, microcrystalline, and non-crystalline. We attempted 
to test among these interpretations based on physical characterization of crystal dimension, orientation, 
porosity and permeability, of white matter using Electron Back-Scatter Diffraction (EBSD) and Ptychographic 
X-ray computed tomography (PXCT). PXCT reveals that while white matter is extremely porous, the pores 
are not, generally, connected. EBSD analyses demonstrate that white matter is comprised of a single crystal 
typically tens of microns in dimension. Combined with evidence that conodont elements grew episodically, 
these data suggest that white matter, which comprises the denticles of conodont elements, grew syntactically. 
Thus, while this tissue is a closed system and, therefore, a good potential geochemical archive, it is an archive 
representative of the different growth stages of the conodont element and organism. These insights should 
inform the interpretation of geochemical data derived from conodont elements, implying that bulk samples 
are time averaged, but also affording an opportunity to discriminate ontogenetic shifts in the ecology of 
habitat of these long extinct early vertebrates. 
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Conodonts are an enigmatic group of animals characterised by a complex array of oropharyngeal min-
eralised elements. Those elements conform a complex apparatus with a huge diversity of shapes, for which 
function, up to date, has been poorly studied. Within the Order Ozarkodinida, the conodont apparatus is 
extremely conservative, being normally composed by a series of 15 pieces classifi ed as P, S and M elements. 
Interestingly, conodont functional analysis has been focused on just the P1 elements, those that show the 
highest morphological disparity; meanwhile the function of the apparatus itself has been poorly studied, just 
based on analogies and qualitative analytical approaches (Purnell, 1994). The development of new computa-
tional techniques, assisted by computed tomography, are opening new opportunities to study quantitatively 
the function of these elements. Accordingly, in this work we attempted to shed some light on the function of 
the conodont apparatus using Synchrotron X-Ray Tomographic Microscopy (SXRTM), combined with Finite 
Element analysis (FEA). 

To reach our goals, we have extracted a complete 3D conodont apparatus from a cluster of Gnathodus 
bilineatus (Carboniferous of UK), based on SXRTM, and analysed the different conodont types (S1-4, S0 and 
M) by means of a Finite Element analysis, a conventional engineering technique used to analyse the stress 
and strain within complex shapes. Gnathodus P1 elements are well known from a function viewpoint, with a 
complete analyses of their occlusion, microwear and microstructure showing that those elements performed 
and effi cient tooth-like function (Donoghue & Purnell, 1999; Martínez-Pérez et al., 2014). Therefore, the func-
tional study of a complete apparatus of the same species, will allow us a better understand of the role of the 
whole apparatus by unravelling the relationship between the morphology of the different teeth-like structures 
and the specifi c function that those elements could performed. 

Based on the 3D models of the different elements of the apparatus, we constrained our FEA models sim-
ulating different loading scenarios, assuming that if the P1 elements develops a tooth function, the ramiforms 
should be involved somehow in the processing, manipulation or merely grasping the food items. Given this 
scenario, we scaled the models to surface area, applying loads to the main denticles of each conodont type 
(S1-4, S0 and M) in different directions (perpendicular to the main cusp, dorsal, ventral, and lateral) to simulate 
different element movements and/or functions, and constraining the elements by its basal cavity. Our preli-
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minary results show that even though some element show clear morphological similarities, their mechanical 
performance apparently responds differently upon similar loading conditions, with some elements being more 
resistant than other, e.g. the S1-4 elements seem stronger than the M and S0 elements. On the other hand, 
the variation in the loading condition for each element allowed us to show their best mechanical scenario, 
opening a new line to investigate the relative movement of the different element on the apparatus based on 
their best mechanical performance. Therefore, although preliminarily, we can suggest that there is evidence 
of morphological and, consequently, functional specialization of individual elements, probably reflecting the 
different roles that the elements could perform within the apparatus. In addition, the combination of the 
study of complete well-preserved clusters, with the real topological position of the elements, and the appli-
cation of these state-of-the art analytic techniques could shed light on the function and motion of the whole 
conodont apparatus.
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The general architecture of conodonts’ oral skeleton is a bilaterally symmetrical array of usually 15 phos-
phatic elements. Based on exceptional fused clusters of elements of Novispathodus, an Early Triassic cono-
dont, Goudemand et al. (2011, 2012) revised the morphological interpretations of the S1 and S2 elements 
and proposed a realistic, animated reconstruction of the feeding apparatus at work. They suggested that the 
reconstructed movements were best explained by the putative presence of a lingual cartilage about which 
the elements were rotated by pairs of antagonistic muscles, i.e. a pulley-like mechanism similar to that found 
in extant cyclostomes. 

As mentioned in an earlier abstract (Goudemand et al. 2013, 3rd ICOS), newly discovered and excep-
tionally preserved fused clusters of elements of the Norian Mockina (Cypridodella) that were imaged using 
propagation phase-contrast X-ray synchrotron microtomography, lend additional support to this model. In 
particular they seem to record the predicted pinching confi guration whereby the S0 and the pair of M ele-
ments would have been synchronized to grasp food. 

Here we have segmented the individual elements within these clusters and re-analysed these clusters in 
details. The relative positions of the M elements recorded in one particular cluster led us to build a revised, 
animated model of these conodonts’ apparatus.
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INTRODUCTION/BACKGROUND
 

We are interested in the structure of intraspecifi c variation within conodont populations and how de-
velopmental constraints may have driven the evolution of conodonts in specifi c directions. In particular we 
want to understand the theoretical, developmental basis of phenotypic integration in conodont elements. For 
this purpose we are developing computational models, inspired by a cell-based model, initially developed by 
Salazar-Ciudad and Jernvall (2010), which is considered a realistic, simplifi ed model of dental development. 

MATERIAL AND METHODS

Salazar-Ciudad and Jernvall’s model is an agent-based model at the cellular level that simulates the 
interactions between the epithelium and the underlying mesenchyme. Initially, the model includes a set of 
identical epithelial cells lying above a set of identical mesenchymal cells. All cells can respond to mechan-
ical cues as well as to three diffusing signaling molecules: an activator inducing enamel knots, an enamel 
knot-secreted inhibitor of enamel knot formation, and a growth factor regulating growth of the epithelium 
and mesenchyme. Because the enamel knot differentiation is irreversible, the model represents an irreversible
reaction-diffusion-like model. Contrary to a standard reaction-diffusion model, the 3D domain within which the
signals diffuse grows as the reaction-diffusion patterning mechanism operates. As a consequence, the way 
the signals diffuse is constrained by the domain but the growth of the domain depends also on the diffused 
signals. In other words, pattern formation and morphogenesis are mutually linked, a mode of development, 
they call morphodynamic (Salazar-Ciudad and Jernvall, 2002). 

Denticles form when epithelial cells differentiate into non-dividing ‘enamel knot’ cells. This happens when 
the concentration of the activator reaches a set threshold. ‘Enamel knot’ cells then secrete the inhibitor, which 
inhibits the secretion of the activator and diffuses, thus also inhibiting the formation of additional denticles 
in the direct neighbourhood of the previous denticles. 

DISCUSSION

Although this model was developed for mammalian teeth (mice and seals), it is a generic model: the 
actual genetic and cellular interactions that regulate tooth-shape development are summarized in a few 
interactions and the model parameters code for the strength of these interactions, regardless of what actual 
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genes may be involved. Most of the cellular interactions are likely to be shared by other vertebrate epithelial 
appendages. Only the strength of these interactions is expected to vary. The genetic interactions are also re-
duced to a simple Turing model that is extended to enable cell differentiation and growth, and consequently 
we can expect the core of this model to be relevant for all odontodes, and thus for conodonts.

We are currently trying to extend the model to polyodontodes (or odontocomplexes) in order to match the 
specificity of conodonts’ growth pattern (see Donoghue 1998). 

CONCLUSIONS

We show that it is possible to use this model to simulate the growth of conodont-like elements, in particu-
lar comb-like and molariform elements. The model can be used to suggest hypotheses about developmental 
modifications that may have underlie observed evolutionary innovations. Thus it could also provide estimates 
of the likelihood of evolutionary transitions between two given morphologies. 
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INTRODUCTION

Conodonts were eel-shaped soft-bodied organisms, their only hard-parts were a set of oral teeth-like 
elements. Their biological affi nities and the function of those mineralised elements have attracted great at-
tention. Until recently, conodont functional analysis has been limited to analogies and qualitative analytical 
approaches, but novel quantitative computational methods, as aided by computed tomography, are opening 
new opportunities to study the function of these elements. We have attempted to elucidate the evolution 
of feeding function within the Upper Triassic Epigondolella-Mockina lineage using Synchrotron X-Ray Tomo-
graphic Microscopy (SXRTM), combined with microwear analysis. 

MATERIAL AND METHODS

All the studied specimens belong to the Epigondolella-Mockina lineage (including taxa such us Epigondolella
aff. praeslovakensis, Epigondolella quadrata, Epigondolella rigo and Mockina slovakensis), from the Seazza 
Creek (Roghi et al., 1995) and the Pizzo Mondello (Nicora et al., 2007) sections through the Upper Triassic of It-
aly. All exhibit a typical gondolellid morphology: a well-developed ventral free blade and a dorsal platform. Some 
species of this lineage are characterised by a high free blade and an abrupt interruption between the blade and 
the platform. This kind of morphology has never been studied from a functional viewpoint. 

Our functional analysis was centred on the development of their occlusal cycle based on the 3D models (dig-
ital and physical) obtained from several Epigondolella aff. praeslovakensis P1 clusters obtained using SXRTM at 
the Paul Scherrer Institut (Villigen, Switzerland). In addition, in an attempt to independently test inferred occlusal 
models, several disarticulated P1 elements belonging to the same taxon, and from the same levels, were analysed 
for microwear (internal and external), using Scanning Electron Microscopy and SXRTM tomography.
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RESULTS

Analysis of the occlusal cycle of Epigondolella aff. preaslovakensis has allowed us to infer a model of a 
bilateral occlusion with an orthogonal component. Element occlusion was directed and controlled mainly by 
the denticles of the platform, not by the denticles of the carina.

Microwear analyses reveal evidence of element-element occlusion in the areas predicted by the occlusal 
model, that is, on the exterior denticles of the platform and on some parts of the free blade.

Our tomographic characterizarion of several exceptionally well-preserved specimens allowed us to iden-
tify internal wear and repair in the same functional areas predicted by the occlusal analysis. Interestingly, the 
same type of internal marks were identified in closely-related taxa with similar morphologies, such as Epigon-
dolella quadrata and Epigondolella rigoi, as well as in unrelated taxa such as Metapolygnathus linguiformis 
and Metapolygnathus communisti.

DISCUSSION AND CONCLUSIONS

Our digital occlusal analysis, combined with the internal and external microwear analyses of the Epi-
gondolella-Mockina evolutionary lineage has allowed us to describe an occlusal cycle characterised by an 
orthogonal approach controlled by the lateral denticles of the platform and not by the denticles of the 
carina, showing that the great development of the carina and lateral denticles of the platform did not allow 
the typical rotational cycle described in other typical platform conodonts (Donoghue and Purnell, 1999a; 
Martínez-Pérez et al., 2014, 2016), highlighting again the occlusal diversity in conodonts. This cycle has been 
corroborated by the microwear analysis, finding clear evidences of wear on the surface of those denticles that 
controlled the occlusal cycle. In addition, the internal evidence of wear, recurrently located in areas where 
superficial wear was found, support the proposal that conodont elements were not shed and replaced by new 
ones as some authors suggested (Carls, 1977), but were retained throughout the whole life of the animal 
(Donoghue and Purnell, 1999b). The record of similar internal wear facets in other related taxa with similar 
morphologies, such as Epigondolella quadrata and Epigondolella rigoi, and unrelated taxa with dissimilar 
morphologies, such as Metapolygnathus linguiformis or Metapolygnathus communisti, demonstrate that this 
internal damage is not a taphonomic artifact. 

Finally, our work confirms that typical platform gondolellids used their P1 conodont elements as teeth to 
process their food. In addition, our results confirm that these elements were repaired, maintaining an optimal 
and functional efficiently morphology to process their food and, thus, were not shed and replaced during the 
life of the animal.
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INTRODUCTION/BACKGROUND

Conodont clusters are relatively scarce in the fossil record from Permian to Triassic over the world, but 
extremely rare in China. Hitherto only four different conodont taxa have been recovered as clusters, inclu-
ding: Neohindeoformella from the Late Permian Changxing Formation, Kongtong Mountains, Datian, Fuji-
an Province (Zhang and Zhang 1986), Hindeodus from the Early Triassic Feixianguan Formation, Shangshi, 
Guangyuan, Sichuan province (Jiang and Zhang 2015), Novispathodus from the Early Triassic Luolou Forma-
tion, Tiandong District, Guangxi Province (Goudemand et al. 2011), and clusters of Nicoraella from the Middle 
Triassic Guanling Formation, Luoping, Yunnan Province (Huang et al. 2010). All show several ramiform and/
or platform elements preserving, in some cases, part of the three-dimensional structure of the multielement 
apparatus. Fused clusters are rare structures composed of several elements that are diagenetically fused and 
are extremely important for testing hypotheses on the architecture of apparatuses. However, they are fragile 
and very diffi cult to manipulate, and if more than two elements are involved, the external elements and/
or matrix mask the morphology and arrangement of the different elements, making it very complicated to 
analyze. Here, using state of the art tomographic techniques, we study the fi rst complete cluster of Nicoraella 
from Luoping biota, showing the complete characters of the conodont apparatus; allowing us to reconstruct 
its architectural model and revise the architecture of the superfamily Gondolelloidea apparatuses.

GEOLOGICAL CONTEXT

Isolated conodont elements and fused conodont clusters of the genus Nicoraella were recovered from the 
lower fossil unit of the Luoping biota (Anisian, Middle Triassic; Zhang et al. 2009). The conodont-bearing stra-
ta belong to the member II of the Guanling Formation, which is widely exposed over the eastern Yunnan and 
western Guizhou provinces, at the southwestern part of the Yangtze Platform between the Nanpanjiang Basin 
and the Yangtze Platform (Enos et al. 2006). The Guanling Formation is well known because of the discovery 
of abundant articulated fossils at Luoping County. The Luoping biota is a rich and diverse fossil assemblage 
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of marine invertebrates and vertebrates, dominated by lightly sclerotized arthropods, associated with fishes, 
marine reptiles, bivalves, gastropods, belemnoids, ammonoids, echinoderms, brachiopods, foraminifers, ostra-
cods and conodonts (Hu et al. 2011).

MATERIAL AND METHODS

All conodont clusters and discrete elements here reported, come from the Luoping biota (Huang et al. 
2010, 2011) and were extracted from limestone after acetic acid digestion of several samples in the Shang-
shikan and Dawazi sections. Specimens were photographed using a SEM located at the State Key Laboratory 
Geological Processes and Mineral Resources, China University of Geosciences, Wuhan, China. In addition, 
the cluster was scanned at the Synchrotron-radiation X-ray tomographic microscopy (SRXTM) in Swiss Light 
Source (Villigen, Switzerland). Accurate 3D models reconstructions were obtained after analysing the tomo-
graphic data using the specialized software Avizo (8 and 9) and Geomagic Studio.

RESULTS

An important collection of discrete conodont elements and several fused conodont clusters was recovered 
from the Dawazi and Shangshikan sections. Previous work on the ratios of the discrete elements recovered 
revealed the presence of the whole conodont elements of a traditional Ozarkodinid apparatus in the co- 
llections, but neither the real composition nor the apparatus architecture was achieved (Huang et al. 2011). 
However, the study of a complete cluster of Nicoraella showed a 15 element conodont apparatus, including 
one pair of segminate P1 elements (nicoraellan), one pair of bipennate P2 elements (xaniognathiform), one 
alate S0 element (hibbardellan), a pair of dolobrate S1 elements (cypridodellan), a pair of breviform digyrate 
S2 elements (enantiognathiform), two pair of bipennate (hindeodellan) S3 and S4 elements, and one pair of 
digyrate M elements (cypridodellan). The relative position of the different elements in the clusters locates the 
S0 element at the middle and in an inner position of the apparatus, the dextral and sinistral S1 to S4 elements 
lay outside, one by one next to S0 element, and the M elements, fused together with S array, in the most 
external location. P1 and P2 elements were fused together, with their denticles opposing each other, and in a 
more caudal position.

DISCUSSION

The cluster here described follows the classical 15 element Ozarkodinid apparatus (2P1, 2P2, S0, 2S1 to S4, 
and 2M elements). Our architecture undoubtedly confirms the position of S1 and S2 elements in the multiele-
ment apparatus, confirming the last proposal of Goudemand et al. (2011), when they swapped the S1 and 
S2 positions in contrast with previous interpretations where the positions of the S1 and S2 were respectively 
occupied by the enantiognathiform and cypridodellan elements of the superfamily Gondolelloidea (Orchard, 
2005). In addition, the multielement apparatus includes the S0, S3-4, M and P elements, allowing us to reinter-
pret the architecture of the apparatus within the superfamily Gondolelloidea, for example, with the architec-
ture of the natural assemblages of the genus Neogondolella from the Middle Triassic of Switzerland (Rieber, 
1980; Orchard and Rieber, 1999); but also it permits us to compare the structure with the newly reconstructed 
apparatus of the genus Novispathodus (Orchard, 2005; Goudemand et al. 2011). Our results confirm that the 
S3 and S4 elements are much more conservative, showing similar outlines and at the same positions in of all 
the Gondolelloidea superfamily apparatus.
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CONCLUSIONS

The fused cluster and co-occurring isolated elements reveals the topological position and pattern of the 
Nicoraella conodont apparatus, allowing us to reconstruct its multi-element architecture (Fig. 1). The appara-
tus contains 15 elements, as proposed for other ozarkodinid conodont apparatus. The fi rst reconstruction of a 
complete 3D conodont apparatus based on a complete cluster of Nicoraella represents the typical apparatus 
in the superfamily Gondolelloidea. Our specimens show a similar pattern of juxtaposition with the specimens 
of Novispathodus. These new data open a great opportunity to discuss the structure of the Gondolelloidea 
superfamily apparatus architecture.

Fig. 1. A-D, complete fused cluster with fi fteen elements (S0, S1 to S4, M, P1 and P2 elements). E, Multielements of Nico-
raella apparatus. Scale bar is 200 microns.
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Perhaps more than any other group of organisms, conodonts exemplify the diffi culties inherent in inter-
preting incomplete fossil remains. For much of the century-and-a-half since their phosphatic skeletal elements 
were fi rst described, there was little evidence and little consensus regarding many aspects of their anatomy, 
phylogenetic affi nity, and function. After this prolonged period of almost unconstrained speculation, the 
discovery in the 1980s and 1990s of a series of fossils preserving non-biomineralised parts of the conodont 
body fi nally provided the key to establishing what kind of organism conodont elements came from. The 
remains from Scotland and South Africa are exceptionally well preserved and include authigenically phos-
phatized tissues, yet they also exhibit clear signs of decay and loss of anatomical information. These crucial 
specimens provide good evidence for the shape and orientation of the conodont body, and the presence of 
trunk musculature, interior rods and/or tubes, caudal fi ns and anterior sensory structures. Taken together 
with their skeletonized elements, the suite of soft-tissue characters evident from these remains indicates 
that conodonts were jawless vertebrates, broadly comparable to extant hagfi sh and lampreys. The presence 
of mineralized tissues comprising the conodont dentition, and their similarity to canonical vertebrate skeletal 
tissues, evidenced conodonts as the earliest skeletonizing vertebrates, and implicated them in scenarios that 
sought to explain the origin of the vertebrate skeleton. Until recently there was little scientifi c disagreement 
with this hypothesis in the literature, but a few recent papers have questioned it, and this has prompted 
us to reconsider all the available evidence in the light of current understanding of soft tissue taphonomy, 
relationships among vertebrates and their invertebrate relatives, and alternative approaches to phylogenetic 
analysis. Our results are clear: only by selectively excluding characters, failing to take anatomical decay into 
account, and by adopting narrow, character-based defi nitions of higher taxa (rather than basing assessments 
of affi nity on hypotheses of relationships between clades) can conodonts be excluded from the vertebrates. 
However, rather than providing evidence of the origin of canonical vertebrate skeletal tissues, it appears that 
conodonts evolved their ‘teeth’, composed of enamel- and dentine-like tissues, entirely independently from, 
but in parallel with, gnathostomes. 
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INTRODUCTION 

The Giebringhausen section was one of the fi ve key sections of the Rhenish Massif used by Ziegler 
(1966), Ziegler et al. (1976) and Ziegler & Klapper (1982) when the global middle/upper Givetian conodont 
zonation was fi rst established and gradually refi ned. The original publication gave a rough section log for the 
NE face of the abandoned quarry with only 20 numbered beds. A range chart listed all identifi ed taxa but 
zonal assignments of beds changed with ongoing faunal analysis. For example, the original (1966) record of 
Palmatolepis transitans (from Bed 17, marked with an “Ü” – probably for transitional), which would have 
indicated the late lower Frasnian transitans Zone (MN 4 Zone), disappeared later completely, leaving the 
original beds 17-19 in the disparilis to lowermost asymmetricus zones (all still Givetian). The identifi cation 
of several fi gured polygnathids was left vague, which indicated that the faunal composition was never fully 
exploited. Unfortunately, the section was gradually forgotten and never re-visited during any later fi eld trip. 

MATERIAL AND METHODS

New intensive fi eld work in the eastern Sauerland led eventually to the re-discovery of the locality 
below the top of the Burghagen mountain, ca. 800 m NNE of Giebringhausen. The old quarry is now heavily 
overgrown and large parts were fi lled by rock debris. Some limestone cliffs still stick out and the best of it in 
the NE corner was measured and sampled bed-by-bed. It is not possible to recognize any of Ziegler´s beds but 
some paint marks indicate that some previous sampling did take place. In the studied cliff, the middle Givetian 
is currently inaccessible and trenching would be very diffi cult. We took 39 samples from nearly all exposed 
limestone beds, which are either middle-grey, crinoidal turbidites (lower part, typical Padberg Limestone) or 
dark-grey to black, partly very argillaceous limestones and concretions embedded between dark-grey and 
black shale. We identifi ed almost 10.000 platform elements that represent more than 80 taxa, including a 
high number of rare, unusual (possibly pathological), and new forms. The conodont yield fl uctuates extremely, 
between 0 and 1540/sample. Coarse turbidites seem to be richer and dark limestones are often conodont-
poor, but with exceptions from that rule (especially the argillaceous, black Bed 50d with 1130 specimens). We 
also counted fl uctuations of alpha diversity, with a maximum of 42 taxa in one of the richest assemblages. The 
section is suitable for an analysis of hydraulic sorting by turbulence since there are very different amounts of 
ramiform elements in successive samples, with one bed being rich in ramiforms only.
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RESULTS

Throughout the section some taxa tend be very common, especially Polygnathus xylus and Po. varcus. 
Zonal markers are mostly less common, with the exception of Po. limitaris, Po. paradecorosus and Po. dengleri 
dengleri in some upper Givetian beds. In the basal Frasnian, anyrodellids may reach up to 22 % of faunas. 

In accord with the turbiditic nature of most limestones, there is some evidence of faunal reworking/
mixing. The first two exposed beds (beds 3 and 4) are conodont-rich, with dominant Linguipolygnathus 
linguiformis (25-37 %) associated with common “Ozarkodina” semialternans, Po. ansatus, Po. ovatinodosus, 
some Schmidtognathus latifossatus, and rare Schm. hermanni, S. pietzneri, S. wittekindti, Po. limitaris, Po. 
dubius, and “Oz.” sannemanni adventa. This suggests the re-sedimentation of topmost middle Givetian 
(semialternans Zone) material in the basal upper Givetian (hermanni Zone). There are less than 5 % icriodids 
(mostly I. brevis brevis), which shows that the source was a pelagic slope, probably of an adjacent volcanic 
seamount. The overlying beds 6-9 are conodont-poor but Schmidtognathus is present.

Polygnathus cristatus ectypus enters as a subordinate species together with “Oz.” sannemanni proxima 
in Bed 10; Po. limitaris and Po. xylus are very common. The next two beds yielded a rare new Schmidtognathus 
species (with short side lobe) together with more abundant S. pietzneri, a single Nicollidina brevis, and the 
first local Po. pennatus. We assume that now rare specimens of L. linguiformis, a single L. mucronatus, and 
possibly also some Po. timorensis and Po. ansatus are reworked in the cristatus ectypus Zone. Based on 
Klapperina vysotzkii, we assign the subsequent beds 16-18 to the lower part of the disparilis Zone. Its zonal 
index species follows in the less rich fauna of Bed 19 together with Kl. disparata and Kl. disparalvea. This 
indicates a possible subdivision into successive subzones, which we like to prove by further sampling. 

All Klapperina species continue into Bed 20A, which is marked by the sudden, moderately common 
entry of Po. dengleri sagitta and, less frequent, by Po. paradecorosus and (locally delayed) S. peracutus. 
This important fauna proves that the Moroccan dengleri sagitta Subzone of Aboussalam & Becker (2007) 
is well-developed in a Rhenish section and not only of regional (northern Gondwana) significance. The 
overlying Bed 20B is very conodont-poor and Bed 21b characterized by a xylus-varcus assemblage (82 %) 
with relatively frequent (12 %) “Oz.” sannemanni adventa. The dengleri dengleri Zone is restricted at our new 
Giebringhausen section to a single thin turbidite (Bed 22b). Klapperina disparilis and Kl. disparalvea are still 
present; there is no extinction at all at the base. 

Beds 24-46 fall in a locally unusually thick and conodont-rich development of the norrisi Zone. 
Skeletognathus norrisi is a rather subordinate species, not only in Bed 24, and its characteristic Pb element 
is more often encountered than its Pa. The lower part of the zone (the very conodont-rich beds 24 and 26) 
is characterized by an acme of Po. dengleri dengleri (partly > 40 % of the faunas) and there are also blooms 
of Po. dubius, Po. pennatus, Po. varcus, Po. ovatinodosus, and Po. ordinatus. All three Klapperina species are 
still present, as in southern Morocco. The base of the zone is marked by additional index species, such as 
Mesotaxis guanwuchanensis (including its characteristic Pb element), Po. aequidivisus, Po. alatus, Po. webbi, 
Po.“collieri M2”, Po. n. sp. aff. collieri, Ctenopolygnathus angustidiscus, and I. symmetricus. There is also an 
interesting, small tortodid bloom in both beds (12 and 8.5 %, respectively), notably with T. variabilis sardinia, 
T. variabilis variabilis, T. aff. weddigei, and relatives of T. subsymmetricus, T. schultzei, T. deformis, and T. 
ancyrognathoideus (here re-assigned from Ancyrognathus). Other rare forms may be related to Uyenognathus 
(possible “Po.” sculptilis) and one specimen resembles the poorly known Chinese S. furtivus. 

The higher part of the norrisi Zone, between beds 40 and 44, is poorer in conodonts and very dark. 
This first, topmost Givetian pulse of the global Frasnes Crises (Events) caused the extinction and local 
disappearance of some forms, such as “Oz.” sannemanni adventa, “Oz.” plana, Po. cristatus ectypus, and Po. 
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ordinatus; Skeletognathus is also not found any more although it continues elsewhere until MN Zone 2. It is 
currently not possible to place the Middle/Upper Devonian boundary with precision. Ancyrodella rotundiloba 
soluta, the index of the lower part of the MN 2 Zone, enters as a subordinate taxon (3.5 %) in Bed 48, 
which is dominated by Po. paradecorosus (58 %), followed by Po. pennatus (11 %). The early ancyrodellids 
disappear completely from the overlying, very dark and organic-rich interval of beds 49-50c. This resembles 
the conodont biofacies of the styliolinitic event beds of southern Morocco, which, therefore, were first wrongly 
placed in the norrisi Zone. Our second and more extensive pulse of the global Frasnes Crisis (beds 49-60) 
is interrupted by the conodont-rich, dark marl of Bed 50d, which yielded various index ancyrodellids, such 
as Ad. rotundiloba soluta, A. rotundiloba rotundiloba, and A. recta, together with the first (locally delayed) 
I. subterminus and I. expansus, as well as a species of Zieglerina. Therefore, the subsequent thickest black 
shale (Bed 53) and overlying concretionary black limestones (beds 54-58) fall in the upper part of MN Zone 
2, which is also the age of the Lower Styliolinite of the Tafilalt and of the main pulse of the Frasnes Crisis 
(Events). Early ancyrodellids re-appear in Bed 64 but they are absent from a last limestone collected above 
the main section (Bed 67). This yielded another xylus-varcus assemblage, but with some other elements, such 
as Elsonella rhenana, I. difficilis, I. brevis brevis, “Oz.” semialternans, Po. ovatinodosus, and L. linguiformis 
(7.5 %). Without single records of Po. webbi and Po. paradecorosus, this fauna could be mistaken as from 
the Upper Taghanic Crisis Interval (semialternans Zone). It indicates a renewed input from a middle Givetian 
sediment source since beds 16-64 produced only single reworked linguipolygnathids in two much richer 
faunas.

CONCLUSIONS

Our new section at Giebringhausen enables the recognition of all upper Givetian to basal Frasnian 
conodont zones and subzones, including the dengleri sagitta Subzone. On a global scale, Giebringhausen 
yielded the so far most diverse and richest top Givetian conodont faunas. There are several new and poorly 
known taxa of polygnathids, Schmidtognathus, and Tortodus. Ranges of many forms are influenced by the 
two pulses of the global Frasnes Crisis (Events) in the higher norrisi and higher MN 2 zones. There is evidence 
for reworking and faunal admixture due to the turbiditic deposition in beds at the base and top but this 
mostly affected common middle Givetian species, notably of Linguipolygnathus. 
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INTRODUCTION/ BACKGROUND 

Conodonts were wide-spread in various Palaeozoic marine palaeoenvironments but it is common 
knowledge that samples variably have very small to large faunas, which are accordingly easy or diffi cult 
to interpret and compare with respect to stratigraphic age, palaeoecology (conodont biofacies, autecology, 
community structure), or palaeodiversity. Very inhomogenous local (alpha) diversity data build up regional 
(beta) or global (gamma) diversity, which fl uctuations refl ect important extinction and diversifi cation trends. 
Therefore, it is rather surprising that there are so far no specifi c statistical studies that deal with the impact of 
sample size and re-sampling on conodont stratigraphy, biofacies, and palaeodiversity.

GEOLOGICAL CONTEXT

In the frame of the B.Sc. Thesis of the fi rst author, we used two ten kg samples from conodont-rich, 
oxic, and micritic pelagic limestone facies of the middle/upper Famennian of Franconia (Germany) as case 
studies. The microfacies suggests calm deposition without re-sedimentation and internal stratifi cation by 
turbulence but with bioturbation, which homogenized the samples. The fi rst was a loose block of the famous 
Köstenhof (= Schübelhammer) section (e.g. Tragelehn & Hartenfels 2002, 2011). It falls in the interval of 
the Palmatolepis gracilis sigmoidalis Subzone (higher Pseudopolygnathus granulosus = Upper trachytera 
Zone) below the global Lower Annulata Event. From local biofacies reasons, Scaphignathus velifer velifer, Pa. 
rugosa trachytera, and Pa. minuta minuta, which are normally common at this level, are absent. The second 
sample is from an unpublished section along a forest track NE of Losau, but in the vicinity of the former 
Rugendorf Quarry (Tragelehn 2016). It falls in the higher part of the (local) Bispathodus stabilis stabilis Zone 
(= Lower expansa Zone), from the interval below the global Dasberg Crisis, and includes both zonal markers, 
Polygnathus styriacus M1, the last Po. nodocostatus nodocostatus, and Branmehla bohlenana bohlenana, 
and the fi rst Br. fi ssilis. 
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MATERIAL AND METHODS

Both samples were split randomly into ten even subsamples before processing and picking. These can 
be statistically treated as if the beds were repeatedly sampled ten times. The weight differences between the 
(sub)samples was less than 0.5 %, which determines the maximum statistical error. Residues were picked 
completely but only all Pa elements were identified and counted. Our analysis addressed the following aspects:

1. The variability of absolute conodont abundance in all subsets; 2. The variability of alpha diversity and 
its correlation with absolute abundance (rarefaction aspects); 3. How much re-sampling is required to retrieve 
the complete local fauna, using ten random runs for each locality and cumulative counts; 4. An abundance 
ranking of all taxa (assignment to dominance classes) and its variability between subsets; 5. How reliably 
encountered are stratigraphical marker taxa (in how many subsets do they occur), leading to a stratigraphic 
reliability ranking; 6. Variability of conodont biofacies assignments; 7. Analysis of the assemblage structure 
based on the Shannon-Weaver Index and Evenness values sensu Washington (1982). 

RESULTS

The Köstenhof (sub)samples produced together ca. 1.950 Pa elements that fall in 25 taxa, Losau almost 
2.250 Pa elements that fall in 31 taxa. At Köstenhof, the absolute yield varied between 157 and 282 
specimens/kg, which gives a 37.4 % maximum negative to 45.1 % maximum positive difference to the 
average of 194.4 specimens (with 34 specimens = 17.4 % standard deviation). The equivalent values for 
Losau are even more variable, with between 172 to 410 specimens/kg and a 23.5 % maximum negative 
and 82.5 % maximum positive difference to the average of 224.7 specimens (66 specimens = 29.4 % 
standard deviation). This shows that there are large inhomogenities even in non-graded micrites, probably 
due to very variable bioturbation. The total abundance of conodonts has to be used very cautiously for 
environmental interpretations and differences up to 60 % between samples from the same bed may be 
meaningless (random). 

The alpha diversity at Köstenhof differs between 14 and 17 taxa (average 14.9), which gives a rather 
low standard deviation. However, since different rare taxa are variably represented in (sub)samples, the 
encountered palaeodiversity fluctuates between only 56 and 68 % of the total amount of taxa; none of 
the samples represents the true alpha diversity to a satisfactory (90 %) extent. A similar picture emerges 
at Losau, with between 14 and 21 taxa/(sub)sample (average 17.8), but with a somewhat higher standard 
deviation. Individual (sub)samples record only between 45 and 68 % of the true alpha diversity. In other 
words, researchers have to realize that rare taxa could easily double the local palaeodiversity if sampling is 
continued. This high amount, however, applies probably only to species-rich (ca. > 20 taxa) assemblages. 
The random sequencing of (sub)samples, including extremes with the least and most diverse (sub)sample 
as the starting point for cumulative counts, showed that between five and ten (Köstenhof) and four and 
ten (Losau) (sub)samples were required to retrieve all encountered taxa (on average 7-8 runs). This is bad 
but realistic news: even if you take ten kg samples of conodont-rich strata you cannot be sure to get the 
complete faunal spectrum. We do not know how many more taxa would have to be added in 20 kg samples. 
However, with respect to the restricted standard deviation, significant changes of the observed number of 
taxa will probably reflect a true trend. In addition, there is only a weak positive correlation between conodont 
abundance and observed alpha diversity. At Köstenhof, (sub)samples with more or less identical numbers of 
specimens (ca. 200) included the minimum and maximum of observed species. At Losau, some (sub)samples 
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with ca. 200 specimens yielded more taxa (20-21) than samples that were double as rich (only 16 taxa). These 
rather variable courses of cumulative diversity rejects the idea of simple or linear factors that can be used in 
rarefaction calculations. A major change of the cumulative diversity curve slope occurs after the first sample, 
which, therefore, should not be smaller than a kg. 

The encountered taxa can be ranked within assemblages as eudominant (> 32 % of specimens), 
dominant (10-31.9 %:), subdominant (3.2-9.9 %), recedent (1-3.1 %), subrecedent (0.32-0.99 %), and 
sporadic (< 0.32 %). Between (sub)samples dominance can fluctuate, which may be relevant for biofacies 
terminology. For example, variably Pa. gracilis gracilis (five subsamples) or Br. ampla (four subsamples) are the 
most common (partly eudominant) taxa at Köstenhof and only one other form, Bi. stabilis vulgaris, becomes 
dominant in a single (sub)sample. Nine species are subdominant to recedent in total, with two more taxa that 
are recedent at least in one (sub)sample. This list includes all forms that are commonly used in stratigraphic 
analyses. Despite strong differences between the data subsets, it came out as a rule that only taxa that 
amount to at least ca. 1.5 % of the total fauna are found in all (sub)samples. Two further (sub)recedent 
taxa have to be judged as stratigraphically more unreliable; randomly they may not be encountered. Seven 
sporadic taxa occur in less than 50 % of the (sub)samples, five in even only one of them.

The situation is similar at Losau. Only Pa. gracilis gracilis is eudominant, reaching partly more than 50 
% of the assemblages. Bispathodus stabilis vulgaris is consistently dominant, Bi. stabilis stabilis fluctuates 
strongly between recedent and weakly dominant. There are eleven recedent to subdominant taxa and four 
more are recedent in one or two (sub)samples. Here, only taxa with an abundance > 1.7 % of the total 
fauna are found in all 10 (sub)samples. Palmatolepis gracilis expansa is locally a sporadic taxon found in 
only three (sub)samples, which questions it as a zonal marker in the region. Six taxa occur only in one (sub)
sample, which gives a rate of ca. 20 % extremely sporadic taxa at both localities. Among these, there are the 
upper ranges of stratigraphically significant forms, such as Pa. gracilis manca, Pa. perlobata maxima, and Po. 
nodocostatus nodocostatus.

The biofacies analysis leads to good news. All Köstenhof (subsamples) belong consistently to a Pa. 
gracilis-Branmehla Biofacies (with both groups together reaching 66-77 % of the total fauna), all Losau (sub)
samples to a Pa. gracilis-Bi. stabilis Biofacies (reaching 64-80 %) with common (> 11 %) Branmehla. More 
disturbing is the partly widely fluctuating amount of subdominant genera, with up to 10 % difference (of total 
amount) between (sub)samples in Bi. stabilis (Köstenhof) and 6-8 % in Alternognathus, Pseudopolygnathus, 
Neopolygnathus, and the Pa. perlobata Group. This shows that conodont subfacies types should not be 
defined too strictly and only taxa that are at least subdominant should be considered for definition. There are 
no unusual spikes of rare groups in any of the (sub)samples. 

The Shannon-Weaver Index fluctuates at Köstenhof between ca. 2 and 3.2, at Losau similarly, between 
1.9 and 3.4. The resulting Evenness values of 0.62 and 0.56 reflect the similar assemblage structures 
characterized by strongly unequal frequencies of species. It underlines the significant amount of rare taxa, 
which are only episodically encountered and which point to a rather complex community structure, which 
synecology was certainly controlled by many factors, not only by palaeobathymetry. 

CONCLUSIONS

Our large data sets from two middle/upper Famennian localities of Franconia (Germany) show that there 
can be large fluctuations of conodont abundance, alpha diversity, and details of the assemblage structure 
between repeated samples of the same pelagic micrite. The high amount of rare (sporadic) taxa, manifested 
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in low evenness values, shows that in species- and specimen-rich facies even ten kg samples are not sufficient 
to obtain the complete fauna. This, however, does not affect the recognition of local palaeodiversity trends 
and conodont biofacies assignments.
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