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Abstract
The first biostratigraphical study on the complete Pedreira da Engenharia quarry section (Middle Devonian, SW Portugal) 
is presented. A total of 32 samples were collected from the three subsections (PE-A, quarry floor; PE-B and PE-C). This 
led to the identification of 15 species belonging to the genera Icriodus, Polygnathus and Tortodus. Four index species were 
identified: P. costatus; T. australis; T. kockelianus; and P. ensensis. The age for the Pedreira da Engenharia section was 
updated from the costatus zone (Boogaard, 1972) to the costatus-ensensis zones (lower to uppermost Eifelian). There is a 
thin part of the succession representing the kockelianus and, possibly, eiflius zones, together being represented by 1,5 m. A 
CAI value of 5-5.5 for the conodont elements indicates a maximum temperature of over 300 ºC. The Pedreira da Engenharia 
Limestone, together with the Odivelas Limestone, are evidence of the development of calciturbidite sedimentation associ-
ated with atoll-like structures (only preserved in Odivelas) along the SW boundary of Ossa-Morena Zone, being probably 
associated with the beginning of the subduction of the Rheic Ocean during Early to Middle Devonian times.
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Resumen
Se presenta el primer estudio bioestratigráfico completo de la sección de la cantera de Pedreira da Engenharia (Devónico 
Medio, SO de Portugal). Un total de 32 muestras fueran collectadas de las trés secciones (PE-A, la base de la cantera; PE-B 
y PE-C). Esto llevó a la identificación de 15 especies pertenecientes a los géneros Icriodus, Polygnathus y Tortodus. Se 
identificaron cuatro especies índice: P. costatus; T. australis; T. kockelianus; y P. ensensis. La edad de la sección Pedreira da 
Engenharia se actualizó desde la zona costatus (Boogaard, 1972) a las zonas costatus-ensensis (Eifeliense inferior a supe-
rior). La biozona kockelianus, y posiblemente la biozona eiflius, se encuentra representada en la sucessión por un reduzido 
espesor de 1,5 m. Un valor CAI de 5-5,5 para los elementos conodontales indica una temperatura máxima superior a 300 ºC. 
Las Calizas de Pedreira da Engenharia, junto con las Calizas de Odivelas, son evidencia del desarrollo de sedimentación 
calciturbidítica asociada a estructuras tipo atol (sólo preservadas en Odivelas) a lo largo del límite SO de la Zona de Ossa-
Morena, probablemente asociadas con el inicio de la subducción del Océano Rheic durante el Devónico Inferior a Medio.
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1  Introduction

Conodont studies on the Portuguese domain of the Ossa-
Morena Zone (OMZ) are rare, mostly lack biostratigraphical 
detail and mainly focus on determining the age of particu-
lar limestone outcrops (e.g.: Boogaard, 1972, 1983; Piçarra 
& Sarmiento, 2006; Sarmiento et al., 2000, 2008, 2011). 
These studies evidenced a Devonian age of some limestone 
outcrops along the southwest boundary of the OMZ, but 
a detailed conodont-based biostratigraphical analysis is 
missing.

Recent studies on the Odivelas Limestone (Fig.  1a; 
Machado et al., 2009, 2010, 2020a) have provided a detailed, 
conodont-based, biostratigraphy, recognizing the existence 
of carbonate sedimentation during the Early to Middle 
Devonian in the OMZ. However, other important Devonian 

limestone units, such as the Pedreira da Engenharia (PE) and 
Atalaia limestones, outcropping in the westernmost part of 
the OMZ, have not been studied in detail.

Boogaard (1972) carried out the first study of cono-
donts in the PE section, focusing his work on the base of 
the quarry, which was active at the time. The samples he 
analyzed yielded conodont elements attributed to the costa-
tus zone, which indicated a Couvinian age (a term formerly 
referring to the latest Emsian to earliest Givetian; Bultynck, 
2006).

Since that work, the Eifelian conodont biostratigraphy 
has been greatly improved (e.g., Belka et al., 1997). The 
aim of this study is to expand the sampling record of the PE 
section into the quarry face, as well as to review the results 
of Boogaard (1972) for the base of the quarry.

Fig. 1   Geographic and geological setting of the Pedreira da Engen-
haria Limestone. a Geologic map of the southwestern margin of the 
Ossa-Morena Zone, emphasizing the location of the main limestone 
occurrences (Pedreira da Engenharia, Estação de Cabrela, Caeirinha, 
Pena, Atalaia, Cortes and Covas Ruivas) (adapted from Andrade 

et al., 1976; Machado et al., 2020b; Oliveira et al., 2019; Santos et al., 
1990). b Geographic setting within the Iberian Peninsula. c Geologic 
map of the Cabrela Basin, with main roads and railroad. Geological 
basemap adapted from Carvalhosa and Zbyszewski (1994)
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2 � Geological setting

The PE quarry is located near the village of Silveiras (Mon-
temor-o-Novo, Portugal; Fig. 1), within the Carboniferous 
Cabrela Basin, situated in a NW–SE oriented syncline close 
to the western limit of the OMZ, where it contacts with the 
South Portuguese Terrain (SPT) along the Porto-Tomar-Fer-
reira do Alentejo dextral shear zone (Fig. 1a; Carvalhosa & 
Zbyszewski, 1994; Moreira et al., 2014; Oliveira et al., 2013; 
Ribeiro et al., 2007).

2.1 � Context within the Cabrela Basin

The PE Limestone and the Cabrela Formation (a Missis-
sippian volcano-sedimentary unit composed of a silici-
clastic turbiditic sequence with sparse carbonate lenses) 
constitute the Cabrela Basin succession (Oliveira et al., 
1991, 2013, 2019), overlying the Carvalhal Formation, a 
volcano-sedimentary sequence of probable early to middle 
Cambrian age (Carvalhosa & Zbyszewski, 1994; Chichorro, 
2006; Chichorro et al., 2008). The Carvalhal Formation 
is highly deformed and metamorphosed to phyllite and 
greenschist mafic rock facies (Carvalhosa & Zbyszewski, 
1994; Chichorro et al., 2008; Ribeiro, 1983). The boundary 
between the Carvalhal and Cabrela formations is an uncon-
formity and the two units differ in their tectono-metamor-
phic conditions (Oliveira et al., 2013, 2019; Pereira et al., 
2006; Ribeiro, 1983). This unconformity is outlined by a 
polygenic conglomerate, containing boulders of greenschist 
facies lithotypes from the Carvalhal Formation, among 
other lithologies traceable to older OMZ units (Carvalhosa 
& Zbyszewski, 1994; Oliveira et al., 1991; Ribeiro, 1983). 
According to Ribeiro (1983), this polygenic conglomerate 
also overlies the PE Limestone, while the boundary between 
this limestone and the underlying Carvalhal Formation is 
marked by another polygenic conglomerate with lenticular 
shape, demarking an older unconformity (Oliveira et al., 
1991; Ribeiro, 1983). The PE Limestone is Middle Devonian 
in age (Boogaard, 1972), being interpreted as distal deposits 
of turbidity currents composed of material derived from a 
local reef area, which is now eroded, or not outcropping 
(Jorge et al., 2018; Machado et al., 2020b; Moreira et al., 
2021; Oliveira et al., 2019; Ribeiro, 1983).

Other limestone occurrences, similar to those reported in 
the PE quarry, including reefal, peri-reefal deposits and cal-
citurbidites, have been described along the western bound-
ary of OMZ (Machado et al., 2020b; Oliveira et al., 2019). 
These limestones date from the patulus (uppermost Emsian, 
Lower Devonian) to hemiansatus (lowermost Givetian, Mid-
dle Devonian) conodont zones (Machado & Hladil, 2010; 
Machado et al., 2009, 2010, 2020a; Oliveira et al., 2019) and 
suggest an alignment of atoll-like reef structures developed 

along the southern border of the OMZ, during the Emsian 
to Givetian (Machado et al., 2020b; Moreira et al., 2021; 
Oliveira et al., 2019). Within the Cabrela Basin, limestones 
containing conodonts attributed to the lower gigas zone (cur-
rently lower rhenana) (upper Frasnian, Upper Devonian; 
Boogaard, 1983) have also been reported. However, their 
stratigraphical relation with other Devonian limestones and 
with the Cabrela Formation is not clear, preventing clear 
interpretations of their paleogeographic and geodynamic 
significance (Machado et al., 2020b).

2.2 � The Pedreira da Engenharia Limestone: 
stratigraphy and structural features

The PE Limestone comprise a succession of dark-grey 
calciturbidites, with occasional dolostones, from the sec-
ondary dolomitization of the primary limestones (Moreira 
et al., 2019), interbedded with black shales (Jorge et al., 
2018; Ribeiro, 1983). The grain size of the centimetric to 
decametric turbidite beds varies from fine sand, at the base, 
to clay, at the top (Jorge et al., 2018). This calciturbidite 
sequence has an approximate exposed thickness of 50 m. 
The first 20 m are mostly covered by debris from the quarry 
face and frequently submerged under the quarry pond, being 
only accessible during periods of severe drought (Fig. 2). 
Consequently, the assessment of the base of the PE sequence 
and the recognition of its relation with the bottom unit is 
often difficult.

The deformation in the PE Limestone differs from the 
one recognized in the Cabrela Formation, both in intensity 
and geometry of the folds (Theias et al., 2018). While the 
succession of the Cabrela Formation shows gentle to open 
symmetrical folds, with NW–SE vertical axial planes and 
slightly dipping hinge lines, the PE Limestone has cylin-
drical and closed, asymmetrical folds, locally with short, 
inverted limbs and axial planes dipping 80 ºNE, although 
most of the succession has a monoclinal structure dipping 
50 ºNE (Fig. 2, Theias et al., 2018). This suggests a different 
tectonic history for the PE limestones and is in accordance 
with the described unconformity between the PE limestones 
and the Cabrela Formation (Oliveira et al., 1991; Ribeiro, 
1983).

3 � Material and methods

The ephemeral outcropping of the quarry floor (usually 
covered by water), together with the difficulty in accessing 
its northern face, led to a division of the section into three 
sequences, named PE-A, PE-B and PE-C (Fig. 2).

PE-A comprises the sequence between the first and 
last recognizable layers at the quarry floor. Sampling was 
restricted due to pond sediments and vegetation (Fig. 2). 
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Fig. 2   Stratigraphic column of the Pedreira da Engenharia section. 
a Panoramic view of the quarry, with sampled areas marked in yel-
low and numbered according to their respective section. b Satellite 
image of the PE quarry showing the sampled sections. Satellite image 
is courtesy of Google Earthtm. c Detailed view of the PE-A section 

facing the orientation of the strata. d Stratigraphy of the PE section, 
indicating the sample levels and biostratigraphical data of the index 
conodont species and respective conodont zones marked in different 
colors



Journal of Iberian Geology	

PE-B constitutes the middle part of the section, and is 
located on the NE face of the quarry, while PE-C corre-
sponds to the third part of the section, located on the north-
ern quarry face.

Due to the steepness and height of the quarry face (close 
to 20 m), sections PE-B and PE-C were sampled while 
abseiling. In these sections, samples were taken every 1 to 
2 m, from the base of the calciturbidite beds, where the grain 
size is the coarsest, and close to the average size of cono-
donts. A total of 32 samples were collected in the quarry, 7 
from PE-A, 13 from PE-B and 12 from PE-C (Fig. 2), each 
weighing 3 to 5 kg.

The samples were processed using formic acid (≈ 8%) in 
10 L solutions, suspended within the solution with the use 
of nets, allowing the smaller grains to fall to the bottom and 
the larger ones to maintain a large contact surface with the 
solution to improve the efficiency of the reaction. Once the 
reaction was complete, the samples were sieved at 1,5 mm 
mesh size, returning the larger particles to the acid solution 
for further reaction, and retaining the smaller particles in a 
separate bucket. The residue was then sorted through decan-
tation, by adding water to the bucket, letting the water settle, 
and then eliminating unwanted particles in suspension, while 
maintaining the larger and/or heavier grains at the bottom.

The final residue was dried at a temperature no higher 
than 40 ºC, in order to maintain the original coloration of 
the fossils. It was then sorted manually (under the micro-
scope) or with the use of heavy liquids; bromoform, at an 
initial stage, and sodium polytungstate (SPT) at a later stage. 
Selected specimens were photographed using a scanning 
electron microscope (Hitachi S4800) at the University of 
Valencia (Spain).

4 � Micropaleontology

4.1 � General results

The fossils recovered from the residues are either phosphatic 
(conodonts), originally siliceous (sponge spicules) or silici-
fied after deposition (dacryoconarids, bryozoans, ostracods 
and crinoids). All present a high level of fracturing and rece-
mentation (see Fig. 3p), especially the conodonts.

There is a significant difference between the paleontologi-
cal content of samples from the PE-A section and those of 
the other two sections. With the exception of sample PE-A/4, 
all PE-A samples are barren of conodonts and dacryocon-
arids, but contain a significant amount of millimetric frag-
ments of crinoids, visible with the naked eye, common fos-
sils of uncertain origin (Fig. 3a–c), foraminifera and possible 
crustaceans (Fig. 3d). Samples from sections PE-B and 
PE-C, on the other hand, are dominated by dacryoconarids 
and conodonts.

In sections PE-B and PE-C, conodonts are present in a 
mean proportion of 25 elements/kg of sample. Most are frac-
tured S elements, not suitable for specific identification. All 
elements present a black color, with a CAI index of 5–5,5. In 
the case of sponge spicules and bryozoans, the proportions 
are close to 100 specimens/kg of sample. Ostracods and cri-
noids are rare, 1–2 specimens/kg of sample. In contrast, the 
dacryoconarid proportion in every sample is of several hun-
dred per kilogram. Only the pectiniform conodont elements 
(P elements) were studied in detail in this work.

4.2 � Conodonts

Sample PE-A/4 was the only productive sample from the 
PE-A section, yielding a single identifiable P element attrib-
uted to Polygnathus aff. partitus (Fig. 4a). Most samples 
from the PE-B section were productive, leading to the iden-
tification of nine species, from two genera (Polygnathus and 
Tortodus) (Table 1). P. costatus appears throughout the sec-
tion, with the exception of the uppermost sample (PE-B/13). 
P. angustipennatus is also widely distributed, from samples 
PE-B/4 to PE-B/10. All other species occur occasionally 
(Table 1). In section PE-B, Polygnathus species diversity 
(eight species) dominates over Tortodus (one species), and 
below sample PE-B/12, the assemblage is constituted solely 
by Polygnathus species. Assemblages from the PE-B sec-
tion are poorly diversified throughout the section, reaching a 
maximum of three species in samples PE-B/4 and PE-B/12.

Section PE-C has the highest diversity in respect to both 
species (11) and genera (3) (Table 2). Five of the species 
occurring in section PE-B are also present in this section: 
Polygnathus costatus, P. angusticostatus, P. angustipen-
natus, P. oblongus and Tortodus australis (Table 2). Three 
other species of Polygnathus are present in this section, 
one with a broad distribution, P. pseudofoliatus (samples 
PE-C/5 to PE-C/9), and P. trigonicus and P. ensensis in 
sample PE-C/9 (Table 2). A second species of Tortodus, T. 
kockelianus, has its first occurrence in sample PE-C/8 and 
occurs continuously until the uppermost sample (PE-C/12). 
Two species of Icriodus (I. rectirostratus and I. regularicre-
scens) were identified, both in sample PE-C/6. The diversity 
throughout the section is mostly low (0–3 species), being 
higher in samples PE-C/6 (three genera, seven species), 
PE-C/9 (two genera, four species) and PE-C/9 (two genera, 
seven species).

5 � Conodont systematic paleontology

Class Conodonta Pander, 1856
Icriodus Branson & Mehl, 1933
Icriodus rectirostratus Bultynck, 1970
Figure 4ao-ap.
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1970 Icriodus nodosus rectirostratus n. subsp. – Bul-
tynck, pl. III, Fig. 1, pl. XXX, figs. 7–8.

1977 Icriodus corniger rectirostratus – Weddige, pl. 1, 
figs. 7–9.

Material – 1 specimen, from sample PE-C/6.
Description – Element with a wide, hook shape (in upper 

view), even height throughout and horizontally straight. The 
spurn is smooth, its anterior margin meets the platform at a 
right angle, and it is much smaller than the outer expansion 
of the basal cavity, which is wider than the main body and 

convex. The posterior extension of the middle row is straight 
and slightly deflected outwards. The lateral rows are straight, 
parallel and symmetrical relative to the middle row in the 
four posterior denticles, with the ones from the middle row 
being taller than those of the lateral rows. In this section of 
the four posterior denticles, the denticles of the lateral rows 
are almost aligned with the ones on the middle row. The 
lateral denticles in the transverse rows are separated by deep 
grooves and connected with the middle row by thin and short 
transverse ribs. The following two denticles of each lateral 

Fig. 3   Examples of microfossils, other than conodonts, found in the 
Pedreira da Engenharia section. a–c: fossils of uncertain group; a–b 
from sample PE-A/2; c from sample PE-A/5. d: crustacean plate (?), 
from sample PE-A/2. e–f: foraminifers, from sample PE-A/5. g–k: 
sponge spicules; g from sample PE-A/2; h, i from sample PE-B/9; 

j, k from sample PE-C/6. l–p: dacryoconarids; l and p from sam-
ple PE-B/5; m from sample PE-C/6; n from sample PE-B/7; o from 
sample PE-B/1. q: bryozoan, from sample PE-B/11. r–t: ostracods; r 
from sample PE-C/6; s, t from sample PE-C/2
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row are much larger than the previous ones, taller and wider 
than the ones on the middle row, and deflected inwards. The 
inner row ends with these denticles, while the middle and 
outer rows continue anteriorly and fuse together, following 
the same deflected pattern from the previous set.

Discussion – Although the lower side of the single found 
specimen was not photographed under the SEM microscope, 
the right angle of the inner process, the straight posterior 
extension of the middle row, the deflected blade and the 
increased dimension of the first two denticles in the anterior 
end of the lateral rows lead us to attribute this specimen to 
I. rectirostratus.

Biostratigraphic range – partitus to costatus zones.
Icriodus regularicrescens Bultynck, 1970
Figure 4ab
1970 Icriodus regularicrescens n. sp. – Bultynck, pl. VII, 

figs.1–7, pl. VIII, figs. 2, 4, 7–8.
1987 Icriodus regularicrescens Bultynck, 1970 – Bul-

tynck, pl. 4, figs. 1–3, 11.
Material – 1 specimen, from sample PE-C/6.
Description – Narrow, elongated element, with a somewhat 

lenticular shape. The anterior third of the middle row is com-
posed of isolated high denticles, directed upwards. There is 
a tiny spurn and a larger and convex expansion on the outer 
side. The transverse rows are straight and parallel, with denti-
cles slightly increasing in size anteriorly. The lateral rows are 
symmetrical relative to the middle row. Lateral denticles are 
almost aligned with the middle ones, separated from succes-
sive rows by deep grooves and connected with the middle row 
by thin and short transverse ridges. Posterior extension of 
the middle row consists of three straightly disposed denticles.

Discussion – The symmetrical disposition of the rows, 
the narrow body and the straight posterior extension of the 
middle row in this specimen resemble the ones illustrated 
by Bultynck (1970), however, ours presents a prominent, 
upwardly directed, free blade.

Biostratigraphic range – costatus (Belka et al., 1997) to 
varcus (Liao & Valenzuela-Ríos, 2008) zones.

Polygnathus Hinde, 1879
Polygnathus angusticostatus Wittekindt, 1965.
Figure 4t-w and ad-af.
1965 Polygnathus angusticostata n. sp. – Wittekindt, pl. 

1, figs. 15–18.
1971 Polygnathus angusticostatus Wittekindt, 1966 

– Klapper, pl. 3, figs. 21–25.
1972 Polygnathus angusticostatus Wittekindt, 1965 

– Boogaard, pl. 1, fig. b.
2011 Polygnathus angusticostatus Wittekindt, 1966 

– Walliser & Bultynck, pl. 2, figs. 3–4.
2013 Polygnathus angusticostatus Wittekindt, 1966 

– Liao & Valenzuela-Ríos, Fig. 7B.
Material – 8 specimens, from samples PE-B/6 (1), 

PE-C/5 (3), PE-C/6 (1), PE-C/8 (1) and PE-C/9 (2).

Description – Free blade long, close to 1/2 of the total 
length. The platform is rectangular to drop-shaped. The 
posterior end of the carina is usually free, possessing 2 to 
3 denticles. In some cases, the platform margins develop 
acutely into the posterior tip (specimens ad and ae). Plat-
form is generally wide, symmetrical, with the posterior 
third slightly twisted interiorly and the anterior outer mar-
gin being elevated, generating a recurved shape of the outer 
margin. Shallow adcarinal grooves are present anteriorly and 
gradually disappear posteriorly. The margins are ornamented 
with nodes, which can combine to form short ridges, ending 
midway to the carina.

Discussion – The free posterior end are shared charac-
teristics of P. angusticostatus and P. angustipennatus. The 
wide, unconstricted and curved shape of the platform dis-
tinguish P. angusticostatus from P. angustipennatus. Speci-
mens v and ad do not have symmetrical platforms, however, 
they have a free posterior end and a wide unconstricted plat-
form, similar to the remaining figured specimens. Specimen 
af has an atypically long free blade for the species, but its 
wide unconstricted platform and the free posterior end are 
characteristic of P. angusticostatus.

Biostratigraphic range – costatus to hemiansatus zones 
(Walliser & Bultynck, 2011).

Polygnathus angustipennatus Bischoff & Ziegler, 1957
Figure 4n-s
1957 Polygnathus angustipennata n. sp. – Bischoff & 

Ziegler, pl. 3, figs. 1–3.
1971 Polygnathus angustipennatus Bischoff & Ziegler, 

1957 – Klapper, pl. 3, Fig. 27.
1987 Polygnathus angustipennatus Bischoff & Ziegler, 

1957 – Bultynck, pl. 9, Fig. 15.
2011 Polygnathus angustipennatus Bischoff & Ziegler, 

1957 – Walliser & Bultynck, pl. 2, figs. 5a-5b.
2013 Polygnathus angustipennatus Bischoff & Ziegler, 

1957 – Liao & Valenzuela-Ríos, Fig. 7A.
Material – 14 specimens, from samples PE-B/4 (1), 

PE-B/10 (1), PE-C/5 (2), PE-C/6 (6), PE-C/8 (1), PE-C/9 
(2) and PE-C/12 (1).

Description – Free blade long and tall (best seen in speci-
mens n, q and s), generally over 1/2 of the total length. The 
shape of the platform is rectangular to triangular. The pos-
terior end of the carina is free, possessing 2 to 3 denticles. 
Platform is generally constricted, symmetrical, with straight 
and parallel margins in the anterior half, and with the poste-
rior third slightly twisted interiorly, ending acutely with the 
carina. Shallow adcarinal grooves are present throughout 
the platform. The margins are ornamented with small nodes, 
which can combine to form short ridges, restricted to the 
margins.

Discussion – The slender, constricted shape of the plat-
form and the long and tall free blade distinguish it from P. 
angusticostatus.
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Biostratigraphic range – costatus (Belka et al., 1997) to 
hemiansatus (Bultynck, 1987) zones.

Polygnathus benderi Weddige, 1977
Figure 4z-aa.
1977 Polygnathus benderi n. sp. – Weddige, pl. 3, 

Fig. 59–61.
2011 Polygnathus benderi Weddige, 1977 – Vodrážková 

et al., Fig. 11E, F, H, J-L.
Material – 1 specimen, from sample PE-B/12.
Description – Free blade short (however, the tip is frac-

tured in the figured specimen, so it can be longer), tall, and 
slightly curved inwards. Its denticles are conical, free on 
the tips and of elliptic section. The main body has a fal-
cate shape, almost symmetrical, slightly curving inwards 
and then outwards in the posterior end. The inner margin is 
straight in the anterior 2/3 of the body and convex in the last 
1/3. The outer margin is smoothly convex throughout all its 
length. In the anterior end the inner margin meets the carina 
at a right angle and in a slightly more anterior position than 
the outer margin, while the latter meets the carina smoothly. 
The denticles of the anterior half of the main body are low, 
conical and partially fused, while the ones of the posterior 
half are much smaller and rounded, maintaining their size 
towards the posterior end, meeting the tip. The upper side 
of the platform is poorly ornamented. The outer half of the 
platform has small nodes throughout its length, while the 
inner one has the same kind of nodes on the posterior half, 
but fine ridges on the anterior one. The ridges are perpen-
dicular to the carina and separated from it by a very smooth 
adcarinal groove, which is present only in association with 

the ridges. The basal pit was damaged during preparation, 
but it is possible to say that it is located in the anterior end of 
the main body. It continues, posteriorly, as a low and sulcate 
thick keel that extends until the posterior tip.

Discussion – The poor ornamentation, composed almost 
entirely by nodules, the lack of well-marked adcarinal 
grooves and the smooth curvature of the outer and inner 
margins distinguish it from the similar P. eiflius.

Biostratigraphic range – costatus to australis zone (Bar-
dashev, 1992).

Polygnathus costatus Klapper, 1971
Figure 4b-i
1971 Polygnathus costatus costatus subsp. nov. – Klap-

per, pl. 1, Fig. 30–36; pl. 2, fig. 1–7.
2009 Polygnathus costatus costatus Klapper, 1971 

– Berkyová, Fig. 6 I-L.
Material – 19 specimens, from samples PE-B/1 (1), 

PE-B/2 (1), PE-B/5 (1), PE-B/12 (1), PE-C/2 (4), PE-C/6 
(11).

Description – Free blade short, tall, straight, oriented 
slightly inwards and representing about 1/3 of the whole 
length. Its denticles are conical, free on the tips, of elliptic 
section and identical size. The main body is constricted in 
the anterior end, expanding at the anterior third and then 
shortening again into a tip on the posterior end. It is almost 
symmetrical in respect to the carina and curves slightly 
inwards. Both inner and outer margins are straight and par-
allel in the anterior 1/3 and convex in the rest of the body, 
with the outer margin being slightly more expanded at 
mid-length. In the anterior end, the margins bend upwards 
in an angle that slightly exceeds 90º and meet the carina 
in a right angle. The denticles of the anterior half of the 
main body are short, rounded and almost completely fused 
together, while the ones in the posterior half are also short 
and rounded, but are isolated and their size diminishes 
towards the posterior end, reaching the tip. The upper 
side of the platform has thin transversal ridges that reach 
the carina, being separated from it by very well-marked 
adcarinal grooves, which are very deep in the anterior end 
and shallow in the posterior one. The ridges are separated 
by smooth grooves and oriented perpendicularly to the 
carina in the anterior half of the main body, while being 
radial in the posterior half. In lateral view, the element has 
a shape similar to that of an axe-head, with the free blade 
being of triangular shape and the main body short and 
bent in the posterior end (≈ 40º). The basal pit is small, 
almost circular, symmetrical and located at the anterior 1/4 
of the main body. It continues, anteriorly and posteriorly, 
as keels, with the posterior one being always of the same 
height, while the anterior one increases its height towards 
the anterior end.

Discussion – The slender shape of the platform, convex 
margins and the constricted anterior margin of the main 

Fig. 4   Pectiniform elements from the PE section. P. = Polygnathus; 
T. = Tortodus; I. = Icriodus. a–b: P. partitus; a P. aff. partitus, from 
sample PE-A/4; b from sample PE-B/4;. c–i: P. costatus; c, d lower 
and upper view, respectively, of specimen from sample PE-B/1; 
e, f upper and lower view, respectively, of specimen from sample 
PE-B/12; g–i from sample PE-C/6. j, k: P. cf. karapetovi, lower and 
upper view, respectively, of specimen from sample PE-B/10. l, m: 
P. oblongus; l from sample PE-B/4; m from sample PE-C/6. n–s P. 
angustipennatus; n, o upper and lower view, respectively, of speci-
men from sample PE-B/10; p from sample PE-C/9; q from sample 
PE-C/6; r from sample PE-C/5; s from sample PE-C/8. t–w and ad–
af: P. angusticostatus; t from sample PE-B/6; u from sample PE-C/6; 
v, w from sample PE-C/5; ad–ae from sample PE-C/9; af from sam-
ple PE-C/8. x–y: P. cf. pseudoeiflius, lower and upper view, respec-
tively, of specimen from sample PE-B/13. z-aa: P. benderi, lower 
and upper view, respectively, of specimen from sample PE-B/12. 
ab: I. regularicrescens, from sample PE-C/6. ac: P. ensensis, from 
sample PE-C/9. ag–aj: P. pseudofoliatus: ag from sample PE-C/8; 
ah from sample PE-C/9; ai, aj upper and lateral view, respectively, 
of specimen from sample PE-C/5. ak–an: T. australis; ak from sam-
ple PE-C/9; al, am upper and lower view, respectively, of specimen 
from sample PE-B/12; an from sample PE-C/6. ao, ap: I. rectirostra-
tus, lateral and upper view, respectively, of specimen from sample 
PE-C/6. aq–as: T. kockelianus; aq from sample PE-C/9; ar, as from 
sample PE-C/8. at–aw: P. trigonicus, from sample PE-C/9. Scale 
bar = 0.5 mm
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body distinguish P. costatus from the similar P. patulus and 
P. partitus.

Biostratigraphic range – costatus (Bardashev, 1992) to 
australis (Berkyová, 2009) zones.

Polygnathus ensensis Ziegler & Klapper, in Ziegler et al., 
1976

Figure 4ac
1976 Polygnathus xylus ensensis n. subsp. – Ziegler & 

Klapper, pl. 3, figs. 4–9.
1987 Polygnathus ensensis Ziegler & Klapper, 1976 

– Bultynck, pl. 7, figs. 1–6.
2011 Polygnathus ensensis Ziegler & Klapper, 1976 

– Walliser & Bultynck, pl. 1, figs. 21–22.
Material – 1 specimen, from sample PE-C/9.
Description – Free blade long, about 1/2 of the total 

length, straight and high. The platform is constricted in the 
anterior third, developing strong troughs with four denticles 
on each margin. The margins on the anterior end are parallel. 
In both margins, the first three denticles are more developed 
than the fourth and are aligned. The fourth denticle is flexed 
outwards relative to the alignment of the remaining denti-
cles. Deep adcarinal grooves are present in the anterior third 
of the platform, disappearing at midlength. The platform 
greatly expands at midlength, with the outer margin being 
more expanded, ornamented by small nodes on the surface, 
close to the margins, and curved downwards posteriorly. The 
carina is composed of thick, fused denticles in the anterior 
half, while the posterior half has isolated, small and widely 
spaced nodes that reach the posterior end.

Discussion – Although similar to P. eiflius and P. timor-
ensis, this specimen can be attributed to P. ensensis due to 
its characteristic troughs on both sides of the constricted 
anterior third of the platform, with straight margins, discrete 
denticles on each margin, and the downwards curve of the 
platform posteriorly.

Biostratigraphic range – ensensis (Walliser & Bultynck, 
2011) to ansatus (Bultynck, 1987) zones.

Polygnathus cf. karapetovi Bardashev, 1991
Figure 4j-k
1985 Polygnathus costatus subsp. nov. b (P. c. karapetovi) 

– Bardashev & Ziegler, pl. 1, figs. 8–9.
1992 Polygnathus costatus karapetovi – Bardashev, pl. 

1, Fig. 32.
Material – 1 specimen, from sample PE-B/10.
Description – The free blade of the specimen is incom-

plete, but is tall, straight, slightly oriented externally and 
representing at least 2/5 of the whole length. Its denticles are 
conical, free on the tips, of elliptic cross section and identi-
cal size. The main body is slightly constricted in the ante-
rior end and expands abruptly at the remainder of its length, 
reducing its width only at the posterior tip. It is symmetrical 
in respect to the carina, curves abruptly to the inner side (≈ 
80º) at 3/5 from the posterior end of the main body and then 

recurves at 1/5 from the same end, in a 20º angle. The ante-
rior ends of both inner and outer margins are straight and 
parallel to the carina, however, the inner margin ends more 
anteriorly than the outer one. The posterior 6/7 of the outer 
margin is strongly convex (almost circular), recurving only 
at the posterior tip. The inner margin is straight in the ante-
rior 1/7, makes a small but abrupt curve towards the carina, 
then becomes straight until the anterior 4/7 of the body, ori-
ented away from the carina at an angle of around 20º. The 
posterior 3/7 of the inner margin is strongly convex. In the 
anterior end the margins bend upwards in an angle that does 
not exceed 50º and meet the carina smoothly. The denticles 
of the anterior half of the main body are short, conical and 
completely fused, while the ones in the posterior half are 
short, rounded, isolated and of the same size until reaching 
the posterior tip. The upper side of the platform has thin 
transversal ridges that almost reach the carina, being sepa-
rated from it by very well-marked adcarinal grooves, which 
are deep in the anterior end and shallow in the posterior one. 
The ridges are separated by smooth grooves and are oriented 
radially. The basal cavity is relatively large, elliptical, sym-
metrical and located at the anterior end of the main body. It 
continues, anteriorly and posteriorly, as well-marked keels 
that reach both ends.

Discussion – The high angle of curvature of the platform, 
the even size of the denticles in the carina, the connection 
of the inner and outer margins with the carina at different 
distances from the anterior end, the locally strong convex-
ity of the margins, the smaller angle of the anterior bent of 
the platform and the more anterior location of the basal pit 
distinguish this specimen from P. costatus and P. partitus.

Biostratigraphic range – costatus to australis zones (Bar-
dashev, 1992).

Polygnathus partitus Klapper et al., 1978
Figure 4a-b
1978 Polygnathus costatus partitus subsp. nov. – Klapper 

et al., pl. 2, figs. 1–5, 13.
2009 Polygnathus costatus partitus Klapper et al., 1978 

– Berkyová, fig. 5D-I.
Material – 2 specimens, from samples PE-A/4, and 

PE-B/4.
Description – Free blade tall, straight and representing 

about 2/5 of the whole length. Its denticles are conical, free 
on the tips and of elliptic cross section. The main body is 
slightly constricted on the anterior end, expanding at mid 
length of the platform and ending sharply in the posterior 
end. It is almost symmetrical in respect to the carina and 
curves slightly inwards. Both margins are straight and par-
allel in the anterior 1/3 and the outer margin is convex in 
the rest of the body, with the expansion being the largest at 
mid length of the main body (slightly more posteriorly in 
specimen a). The denticles of the anterior half of the main 
body are tall, conical and completely fused, while the ones 
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in the posterior half are rounded and isolated, with their 
size diminishing towards the posterior end, reaching the tip 
(specimen a, visible; specimen b, unclear). The upper side 
of the platform has thin transversal ridges that reach the 
carina, being separated from it by well-developed adcarinal 
grooves, which are very deep in the anterior end and dimin-
ish at about 1/4 to the posterior one.

Discussion – The slightly less constricted anterior mar-
gins of the platform, the absence of adcarinal grooves in the 
posterior end and the less developed ridges differentiate it 
from P. costatus. The extension of the carina to the poste-
rior end distinguishes it from P. patulus. Because specimen 
a is largest past mid-length of the platform posteriorly it is 
considered as P. aff. partitus.

Biostratigraphic range – partitus (Bardashev, 1992) to 
costatus (Berkyová, 2009) zones.

Polygnathus oblongus Weddige, 1977
Figure 4l-m
1977 Polygnathus costatus oblongus n. ssp. – Weddige, 

pl. 4, Fig. 71, 72.
2013 Polygnathus oblongus Weddige, 1977 – Liao & 

Valenzuela-Ríos, Fig. 7F, G.
Material – 3 specimens, from samples PE-B/4 (1) and 

PE-C/6 (2).
Description – The free blade is short, less than 1/3 of 

the length, straight and slightly tilted inwards. The main 
body is slightly constricted in the anterior end (more inter-
nally than externally), having a smooth expansion until 
the posterior third, where it starts narrowing into a tip. It 
is almost symmetrical and strongly curved inwards. Both 
inner and outer margins are straight in the anterior 1/3 
and convex in the rest of the body, with the outer margin 
being slightly more expanded at the posterior 1/3 of the 
length. The denticles in the anterior half of the carina are 
slender and fused, while the ones in the posterior half are 
rounded and isolated, with their size diminishing towards 
the posterior end, reaching the tip. The upper side of the 
platform has thin transversal ridges that almost reach the 
carina, being separated from it by very well-developed 
adcarinal grooves, which are deep in the anterior end and 
shallow in the posterior one. The ridges are separated by 
smooth grooves and oriented perpendicularly to the carina 
throughout the main body.

Discussion – The outwards projection of the anterior 
end of the outer margin of the platform distinguishes this 
specimen from any other taxon of the P. costatus group. 
The smooth curvature of both the inner and outer margins is 
similar to that of P. costatus and P. patulus, but the platform 
has a lesser expansion in those species.

Biostratigraphic range – costatus (Bardashev, 1992) to 
kockelianus (Weddige, 1977) zones.

Polygnathus cf. pseudoeiflius Walliser & Bultynck, 2011
Figure 4x-y

2011 Polygnathus pseudoeiflius n. sp. – Walliser & Bul-
tynck, pl. 1, figs. 3–5.

Material – 1 specimen, from sample PE-B/13.
Description – The free blade is fractured but some coni-

cal denticles, free on the tips and of elliptic cross section, 
are visible. The main body is constricted in the anterior end, 
expanding at the anterior 1/3 and then shortening again pos-
teriorly. Posterior end is broken. It is asymmetrical, with 
the outer platform being more expanded, and bends inwards 
(≈ 40º) in the posterior 1/4. Both the inner and outer mar-
gins are straight and parallel on the anterior 1/3, forming a 
rostrum, and convex in the rest of the body, with the inner 
margin presenting a very small curvature, while the outer 
margin curves outwards at mid length and inwards in the 
posterior end. In the anterior end the margins bend upwards 
in an angle that does not exceed 90º and meet the free blade 
smoothly. The denticles of the anterior half of the carina are 
short, conical and almost completely fused, while the ones 
in the posterior half are also short, but rounded and isolated, 
with their size diminishing towards the posterior end. The 
upper side of the platform has thin and short ridges and 
small rounded nodules, disposed randomly and abundantly 
throughout the platform. It exhibits very thin and deep 
adcarinal grooves, which are deeper in the anterior end and 
virtually absent in the posterior 1/3. The basal pit is small, 
elliptical, symmetrical and located at the anterior 1/4 of the 
main body. It continues, posteriorly, as a low keel, possibly 
reaching the posterior end (not preserved).

Discussion – The ornamentation composed by nodules 
and the high proportion in which they appear distinguish it 
from the P. costatus group. A strait rostrum at the anterior 
third, instead of a diagonal one, distinguishes P. pseudoeif-
lius from P. eiflius. Although this specimen has a strait ros-
trum, its platform is more slender than the type specimens 
figured in Walliser and Bultynck (2011).

Biostratigraphic range – kockelianus to timorensis zones 
(Walliser & Bultynck, 2011).

Polygnathus pseudofoliatus Wittekindt, 1965.
Figure 4ag-aj.
1965 Polygnathus pseudofoliata n. sp. – Wittekindt, pl. 

2, figs. 19–23.
1971 Polygnathus pseudofoliatus Wittekindt, 1966 

– Klapper, pl. 2, figs. 8–13.
1987 Polygnathus pseudofoliatus Wittekindt, 1965 – Bul-

tynck, pl. 8, figs. 19–20.
2009 Polygnathus pseudofoliatus Wittekindt, 1966 

– Berkyová, Fig. 8 A-G.
2011 Polygnathus pseudofoliatus Wittekindt, 1966 – Wal-

liser & Bultynck, pl. 1, figs. 1–2.
Material – 3 specimens, from samples PE-C/5 (1), 

PE-C/8 (1) and PE-C/9 (1).
Description – Free blade short, around a third of the total 

length. The platform is asymmetrical, with straight and 
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parallel margins in the anterior third, expanding posteriorly 
with a maximum at the posterior third. The inner margin 
is convex and one specimen (ah) presents a protrusion at 
its mid length. The outer margin is straight in the anterior 
part and then convex posteriorly. The margins are mostly 
elevated at 1/3 of the anterior end of the platform, widen-
ing both anteriorly and posteriorly. The anterior end of the 
margins dips down and opens on the outer side. There are 
deep adcarinal grooves in the anterior third of the platform, 
becoming shallower and narrower towards the posterior tip. 
The carina is composed of fused denticles throughout the 
platform, decreasing in height posteriorly and ending at the 
posterior end. Strong and unevenly spaced transverse ribs 
are present in both margins of the platform, almost reaching 
the carina.

Discussion – The unevenly spaced transverse ribs, the 
relatively unconstricted anterior end and the strong asym-
metry of the platform distinguish these specimens from P. 
costatus.

Biostratigraphic range – costatus (Belka et al., 1997) to 
rhenanus (Bultynck, 1987) zones.

Polygnathus trigonicus Bischoff & Ziegler, 1957
Figure 4at-aw.
1957 Polygnathus trigonica n. sp. – Bischoff & Ziegler, 

pl. 5, figs. 1–6.
1965 Polygnathus trigonica Bischoff & Ziegler, 1957 

– Wittekindt, pl. 3, Fig. 1.
1985 Polygnathus trigonicus Bischoff & Ziegler, 1957 

– Bardashev & Ziegler, pl. 1, Fig. 20.
2009 Polygnathus trigonicus Bischoff & Ziegler, 1957 

– Berkyová, Fig. 6D.
2011 Polygnathus trigonicus Bischoff & Ziegler, 1957 

– Walliser & Bultynck, pl. 2, Fig. 6.
Material – 4 specimens, from sample PE-C/9.
Description – Free blade short, less than a third of the 

total length. The platform is mostly symmetrical, triangu-
larly shaped, widest at the anterior end and gradually shrinks 
until reaching the posterior end in a tip. It bends down ante-
riorly, meeting the carina at a right angle. The carina is 
composed of rounded and isolated denticles that reach the 
posterior end. The surface of the platform is ornamented by 
large nodes, disposed symmetrically relative to the carina 
and fused together to form ridges in larger specimens. A 
symmetrical set of nodes in the anterior end of the platform 
make a triangular shape, opened anteriorly, which marks 
the end of the ornamentation of the platform anteriorly. The 
surface between the nodes and ridges is flat. The platform 
is curved downwards, posteriorly. The basal pit is small, 
elliptic, symmetric, located almost at the anterior end of 
the platform and develops into a keel that extends to the 
posterior end.

Discussion – The well-developed platform, reaching 
the posterior end distinguishes these specimens from P. 

angusticostatus. The large diagonal nodes and ridges, the 
triangular shape of both the platform and the area without 
ornamentation and the location of the basal pit close to the 
anterior margin distinguish these specimens from other 
Polygnathus species.

Biostratigraphic range – australis (Belka et al., 1997) to 
ensensis (Walliser & Bultynck, 2011) zones.

Tortodus Weddige, 1977
Tortodus australis (Jackson in Pedder et al., 1970).
Figure 4ak-an.
1970 Polygnathus kockelianus australis subsp. nov. 

– Jackson, in Pedder et al., 1970, pl. B, Fig. 22, 25.
1985 Tortodus kockelianus australis Jackson, 1970 – Bar-

dashev & Ziegler, pl. 2, Fig. 23.
2009 Tortodus kockelianus australis (Jackson, 1970) 

– Berkyová, Fig. 6 H.
2010 Tortodus kockelianus australis (Jackson, 1970) 

– Machado et al., pl. 2, figs. N-P.
Material – 3 specimens, from samples PE-B/12 (1), 

PE-C/6 (1) and PE-C/9 (1).
Description – Free blade long, high, straight and repre-

senting about 1/2 of the whole length. Its denticles are coni-
cal, completely free, of elliptic cross section and of identical 
size. The main body is very thin, elongated, ending in a tip 
and curved inwards and twisted down at an angle ranging 
from 35º to 70º. Both inner and outer margins are paral-
lel to the carina throughout the whole length. The denticles 
are similar to those of the free blade, although their size 
changes in a seemingly random way throughout the carina, 
until reaching the posterior end. The platform is restricted 
to a short expansion of the element at the base of the carina, 
with no ornamentation. The basal cavity is large, elliptical, 
asymmetrical, with the outer side being more developed, and 
located at the anterior end of the main body. It continues as 
a narrow and deep groove, on both sides, reaching the pos-
terior end, but turning into a keel in the anterior one.

Discussion – The high denticles throughout the carina, 
the bent posterior end and the large basal cavity assign it 
to genus Tortodus, rather than to Polygnathus. The poorly 
developed platform distinguishes it from other Tortodus 
species.

Biostratigraphic range – australis to kockelianus zones 
(Bardashev & Ziegler, 1985).

Tortodus kockelianus (Bischoff & Ziegler, 1957).
Figure 4aq-as.
1957 Polygnathus kockeliana n. sp. – Bischoff & Ziegler, 

pl. 2, figs. 1–8.
1985 Tortodus kockelianus kockelianus (Bischoff & Zie-

gler, 1957) – Bardashev & Ziegler, pl. 2, Fig. 22.
1987 Tortodus kockelianus kockelianus (Bischoff & Zie-

gler, 1957) – Bultynck, pl. 9, Fig. 17.
2009 Tortodus kockelianus kockelianus (Bischoff & Zie-

gler, 1957) – Berkyová, Fig. 6 A-C, E–G.
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Material – 11 specimens, from samples PE-C/8 (2), 
PE-C/9 (3), PE-C/10 (1), PE-C/11 (1) and PE-C/12 (4).

Description – Free blade long, representing about 1/2 of 
the whole length, tall and with conical denticles of elliptic 
cross section. The main body is wide, anteriorly, elongated 
and reaching the posterior end, which is curved inwards and 
twisted down in an angle ranging from 40º to over 90º. Both 
inner and outer margins are parallel to the carina throughout 
the whole length. The denticles of the carina are conical and 
of circular section in the anterior half, gradually becoming 
elliptic posteriorly. The platform is wide, with no ornamen-
tation and margins slightly elevated.

Discussion – The well-developed, symmetrical, platform, 
with no ornamentation, that reaches the posterior end distin-
guishes it from other Tortodus species.

Biostratigraphic range – kockelianus to ensensis zones 
(Bardashev & Ziegler, 1985).

6 � Discussion

6.1 � Conodont biostratigraphy

The new data obtained in this study adds to the work of 
Boogaard (1972), who processed samples collected only at 
the quarry floor. However, the results we obtained from the 
current quarry floor (PE-A section), now inactive, strongly 
contrast with the ones obtained by Boogaard. In his work, 
Boogaard identified three species of Polygnathus (P. angus-
ticostatus, P. costatus and P. linguiformis) and two undeter-
mined species of Icriodus, which place this section in the 
costatus zone. In our study, only a single specimen of P. aff. 
partitus was identified in the PE-A section. Although P. par-
titus is the index species of the partitus zone (first zone of 
the Eifelian), its range extends into the costatus zone, thus, a 
single identifiable specimen could belong to either zone. It is 
possible that the current quarry floor is at a lower level than 
the one at the time of Boogaard’s work, and, since the lay-
ers generally dip 50 ºNE (Theias et al., 2018), the sampled 
layers may be stratigraphically below the ones processed by 
Boogaard. We consider that the PE-A section either belongs 
to the partitus or to the costatus zones, in the lower part of 
the Eifelian (Fig. 5).

The results from the PE-B section are much more in line 
with what Boogaard found in his work. There is a clear pre-
dominance of P. costatus, the index species of the costatus 
zone, from the lowermost sample (PE-B/1) upwards. This 
limits the base of the sequence to the costatus zone. The 
index species for the following zone is Tortodus austra-
lis, found in sample PE-B/12, which places the boundary 
between the two zones at the base of the corresponding bed. 
The boundary may be stratigraphically lower, since no iden-
tifiable element was found in sample PE-B/11. In this case, 

P. partitus, in sample PE-B/4, marks the boundary between 
the two zones, since this species is only found in the costatus 
zone. A similar situation is evidenced by the presence of P. 
cf. pseudoeiflius (Fig. 4x, y) in sample PE-B/13, which, if 
its identification is confirmed, marks the boundary between 
the australis and kockelianus zones, since the first appear-
ance datum of P. pseudoeiflius is within the kockelianus 
zone. That would mean that the australis zone is represented 
in the PE-B section by a maximum of one meter (thick-
ness between samples PE-B/11 and PE-B/13). However, 
such assumption would be poorly based, since there is only 
one identifiable specimen in sample PE-B/13 and does not 
correspond to the index species of the kockelianus zone. 
Given the overall results, we find it best to place the bound-
ary between the costatus and australis zones at the base of 
the level of sample PE-B/12 and consider these to be the 
only two biozones present in the sequence, as illustrated in 
Fig. 2d.

In section PE-C, almost the entire Eifelian seems to be 
represented, apart from the partitus zone (first zone of the 
Eifelian). The assemblages are in accordance with the costa-
tus zone from samples PE-C/2 to PE-C/5. Because this zone 
spans over 13 m in section PE-B, it is safe to assume that 
sample PE-C/1 can be assigned to the costatus zone, despite 
its lack of identifiable elements. This gives an approximate 
5 m thickness to the costatus zone in section PE-C. Simi-
lar to section PE-B, the boundary between the costatus and 
australis zones is marked by the appearance of Tortodus 
australis, in sample PE-C/6. The presence of one specimen 
of I. rectirostratus (a species which does not reach the aus-
tralis zone) in sample PE-C/6 may be due to this being a 
reworked specimen, or because the sample contained the 
boundary between the two zones, resulting in the mixing of 
species from both zones. The appearance of T. kockelianus 
in sample PE-C/8 marks the base of the kockelianus zone. 
Less than a meter higher, the appearance of P. ensensis in 
sample PE-C/9 marks the beginning of the ensensis zone. 
Since the upper part of the Eifelian is subdivided into four 
successive zones (australis, kockelianus, eiflius and ensen-
sis), the eiflius zone should also be present in the section, 
between the beds of samples PE-C/8 and PE-C/9, assum-
ing the absence of a hiatus. The maximum thickness for 
both the kockelianus and eiflius zones in section PE-C is 
approximately 1.5 m (distance between samples PE-C/7 and 
PE-C/9; Fig. 2d). Either the eiflius zone is not present in the 
section, or it is condensed in this part of the sequence. No 
novel species appear after sample PE-C/9, although both P. 
angustipennatus and T. kockelianus range beyond the ensen-
sis-hemiansatus boundary (Eifelian-Givetian boundary). In 
the present work, we limit the PE-C section to the ensensis 
zone, not reaching hemiansatus.

We could not determine biozones for the PE-A sec-
tion, since most of the section is covered by sediment and 
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vegetation, but assume stratigraphic and structural continu-
ity between this and the remaining sections. For the PE-B 
section, much of its thickness is attributed to the costatus 
zone (> 13 m), coinciding with the folded part of the section 
(see S0 pattern illustrated in Fig. 2a). The deformation was 
taken into account during the elaboration of the stratigraphic 
column for this section, however, some layers may be dupli-
cated, given the difficulty in assessing the precise orientation 
of each stratum in the quarry face from a distance. Section 
PE-C shows no sign of deformation in the field, and there is 
no evidence of biozone duplication or tectonic overthicken-
ing of the succession.

The changes in conodont species diversity of section 
PE-C appear to be linked to the biozone boundaries. The 
results show the diversity increasing each time there is a 
biozone change. This is especially evident in the costatus 
to australis and kockelianus to ensensis transitions. These 
increases in diversity may be linked to speciation events, 
although, it is also plausible that these are artifacts from the 
sampling. A large number of specimens, preferably hundreds 

per sample, would confer statistical value to such assump-
tions. For layers with low concentration of conodonts such 
as these calciturbidites, each sample (to be considered in the 
future) should be over 10 kg.

The relatively small thickness of the kockelianus and eif-
lius (if present) zones in the PE-C section suggest a lower 
carbonate sedimentation rate for this particular interval of 
approximately a million years, given the latest estimates for 
the Eifelian age (Fig. 5).

6.2 � Paleoenvironment and geodynamic 
considerations

In the Odivelas Limestone (SW boundary of OMZ, located 
to the south of PE quarry; Fig. 1a), there are two calcitur-
bidite sequences, which were previously sampled for cono-
donts: Covas Ruivas section, which yielded conodonts from 
the patulus (uppermost Emsian) to australis zones (low-
ermost zone of the upper part of the Eifelian) (Machado 
et al., 2010); and Cortes section, yielding conodonts from 

Fig. 5   Schematic stratigraphic 
profiles of SW Ossa Morena 
Zone Devonian limestones 
sections (adapted from Moreira 
et al., 2021). Numerical ages 
are as indicated by Cohen et al. 
(2023). Age of Choteč Event 
in accordance with Becker and 
Aboussalam (2013), Koptíková 
(2011) and Vodrážková et al. 
(2012)
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the hemiansatus zone (lowermost Givetian) (Machado 
et al., 2020a) (Fig. 5). In the Cortes section, crinoids, tabu-
late and rugose corals, and stromatoporoids indicate a reef 
structure ranging between late Eifelian to early Givetian age 
(Fig. 5; Machado et al., 2009). The Odivelas Limestone sec-
tions show the relation between the reefal and calciturbid-
ite facies, which are interpreted as belonging to a series of 
atoll-like reef structures developed along the SW boundary 
of the OMZ (Machado et al., 2020b; Moreira et al., 2021; 
Oliveira et al., 2019), here associated with volcanic activity 
(Moreira et al., 2010; Oliveira et al., 2019). The dominance 
of fine-grained calciturbidites in the PE Limestone seems to 
record a distal depositional environment (possibly the base 
of a slope) of low-density carbonate turbidites deriving from 
a reef area, suggesting a possible relation between the depo-
sitional environment of Pedreira de Engenharia calciturbid-
ites and those described for the Odivelas Limestone. The 
presence of crinoid fragments, mainly in the basal part of 
the succession, together with significant amounts of dacryo-
conarids in the upper part of the succession, also indicate 
a more distal depositional environment. In the case of the 
PE Limestone, evidence of synchronous volcanic activ-
ity is absent, indicating that reef-like structures developed 
over previously deformed basement highs of OMZ lower 
Paleozoic successions (in accordance with the proposal of 
Oliveira et al., 2019). Consequently, the Devonian carbonate 
sedimentation along the SW border of the OMZ (composed 
of Odivelas, Atalaia, Pena, Caeirinha and Pedreira de Engen-
haria limestones; see Fig. 1) can be interpreted as peri-reefal 
calciturbidites, associated to a reefal system, which is only 
preserved in the Cortes section (Fig. 5).

The atoll-like structures developed at shallow depth for 
the colonization and development of reef building taxa to 
occur. These environmental conditions allowed the erosion/
dismantlement of reef systems, developed on the flanks of 
the volcanic edifices (case of Odivelas Limestone) or on/over 
basement highs (case of Pedreira de Engenharia Limestone), 
generating coeval peri-reefal sedimentation represented by 
the calciturbidite successions, which extend at least to the 
base of the slope, similar to those described in other places 
in the north Gondwana realm (e.g. Denayer, 2023; Galle 
et al., 1995; Jakubowicz et al., 2018; Suttner et al., 2021).

Concerning the diagenetic and tectonic history of the 
PE Limestone, the following facts should be taken into 
consideration:

–	 CAI value of the conodont elements (5 to 5.5) is indica-
tive of a high peak temperature, likely exceeding the 
300 ºC (Epstein et al., 1977);

–	 The metamorphism and deformation of the PE Limestone 
contrasts with those affecting the Cabrela (very low grade 
and only affected by slaty cleavage) and Carvalhal forma-
tions (greenschist to amphibolite facies) (Chichorro et al., 

2008; Oliveira et al., 1991, 2019; Pereira et al., 2006; 
Theias et al., 2018);

–	 Although not recognized during the recent fieldwork, 
a conglomerate layer has been described at the base of 
the PE Limestone, overlying the Carvalhal Formation, 
and another conglomerate layer (this one observed in 
the field) is found at the lowermost levels of the Cabrela 
Formation (Oliveira et al., 1991; Ribeiro, 1983).

Considering the above, the relation between the PE Lime-
stone with both the Cabrela and Carvalhal formations comes 
down to two hypotheses:

–	 Hypothesis 1 (discussed by Oliveira et al., 2019): The 
Cabrela Formation overlies the PE Limestone. The Cam-
brian Carvalhal Formation was probably deformed dur-
ing the early stages of the Devonian subduction process 
of the South Portuguese Terrain underneath the Gond-
wana continent (OMZ in this case; Oliveira et al., 2019). 
After the deposition of the PE Limestone, in the Middle 
Devonian, both the PE Limestone and Carvalhal Forma-
tion experienced an identical burial history, being heated 
and deformed during the subduction process to tem-
peratures exceeding 300ºC. After this, during the early 
Carboniferous, the exhumation of autochthonous units 
(including Carvalhal Formation and PE Limestone) was 
followed by deposition of the Cabrela Formation, and 
both contributed to the sedimentation of the siliciclas-
tic turbidites of this unit. This is in accordance with the 
presence of phyllites and greenschists in the basal con-
glomerate of the Cabrela Formation and some limestone 
boulders within the southern edges of the Cabrela Basin 
(Machado et al., 2022; Oliveira et al., 1991; Pereira et al., 
2006). The discrepant geometric features of deformation 
between Cabrela Formation and the PE limestones also 
indicate distinct tectonometamorphic evolution of the 
two units.

–	 Hypothesis 2 (suggested by Pereira & Oliveira, 2003): 
The PE Limestone is an olistolith within the Mississip-
pian Cabrela Basin. In this hypothesis, the conglomerate 
layer at its base is the result of the sliding motion of the 
limestone body on the ocean floor, at the beginning of the 
filling of the Cabrela Basin, partially eroding the underly-
ing Carvalhal Formation. If the transport of the PE lime-
stone occurred sometime during an advanced stage of 
filling of the basin, then it would likely be overlying the 
Cabrela Formation. For the olistolith hypothesis to be 
plausible, the transport should have occurred at an early 
stage of basin filling, assuming there is a conglomerate 
layer at the base of the PE Limestone and that it overlies 
the Carvalhal Formation—as mentioned, neither obser-
vation could be confirmed during field work. Further-
more, the general geometry of the PE Limestone is in 
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accordance with the regional model of deformation, and 
not inverted, rotated or chaotic. To validate this hypoth-
esis, the limestone boulder must have slid down the slope 
while maintaining its attitude. The conglomerate at the 
base of the limestone body may also be the product of 
early sedimentation under slope conditions, with higher 
energy and coarser sediment. Both hypotheses can also 
explain the presence of the younger Frasnian limestone 
boulders within the Cabrela Formation (Boogaard, 1983; 
Oliveira et al., 2019).

Regardless of the hypothesis, the carbonate sedimentation 
during Early to Middle Devonian (uppermost Emsian until 
lowermost Givetian) in the SW branch of OMZ agrees with 
the general geodynamic model of the Iberian Variscides. 
Indeed, several authors point to the beginning of the subduc-
tion of the Variscan Ocean(s) along the northern margin of 
Gondwana (including the OMZ) during the Early Devonian 
(e.g., Dias et al., 2016; Moreira et al., 2014; Oliveira et al., 
2019; Pereira et al., 2012; Ribeiro et al., 2007). The pale-
ogeographic context of the northern realm of Gondwana, 
during this geological period, is characterized by extensive 
epicontinental seas, developed in low to mid latitudes and 
associated with paleoclimatic conditions (e.g., Bábek et al., 
2018; Becker et al., 2020) that enhanced the biological pro-
ductivity and carbonate sedimentation. In the SW branch 
of the Iberian Massif, namely in the SW of the OMZ, the 
subduction processes generated a volcanic arc and seafloor 
elevations (basement highs) during the early deformation 
episodes. Thus, this local paleogeographic setting and the 
paleoclimatic conditions may have favored the development 
of reef fauna, with generation of atoll-like structures, and 
associated calciturbidite successions. The crustal uplift of 
the southernmost Iberian Massif during the Middle Devo-
nian (Moreira et al., 2014; Oliveira et al., 2019) explains 
the general absence of sedimentation in most of the OMZ 
(e.g., Robardet & Gutiérrez-Marco, 2004). Exceptions are 
found in the SW branch of the OMZ, where the Odivelas and 
Pedreira de Engenharia limestones were deposited, probably 
representing isolated reef-like structures, not larger than a 
few km across, and so explaining their scarce and isolated 
nature.

7 � Conclusions

Fifteen conodont species, belonging to Icriodus, Polygna-
thus and Tortodus, were identified, ranging from the costatus 
(lower Eifelian) to the ensensis zones (uppermost Eifelian). 
The Pedreira da Engenharia Limestone quarry section was 
subdivided into three subsections, all around 14 m thick: 
PE-A, dating from the lower Eifelian (no specified bio-
zones); PE-B, dating from the costatus to the australis 

zones; and PE-C, ranging from the costatus to the ensensis 
zones. The CAI value of 5 to 5,5 of the conodont elements 
indicates a maximum temperature of over 300 ºC. The kock-
elianus and eiflius zones appear to be condensed to 1,5 m 
of succession, indicating a lower carbonate sedimentation 
rate during this time. The PE Limestone is quite similar to 
the Odivelas Limestone (further south) in age, lithology and 
depositional setting, which indicates a possible connection 
between the two units. Both the Odivelas and PE Limestone 
evidence the development of calciturbidite sedimentation 
associated with atoll-like structures (only preserved in Odi-
velas) along the SW margin of the OMZ, being probably 
associated with the beginning of the subduction process of 
the Rheic Ocean during Early to Middle Devonian times.
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