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A B S T R A C T   

A new cheirolepidiaceous conifer microsporangiate cone Classostrobus archangelskyi is described from the Car
regueira opencast clay pit complex near the village of Juncal, in the Lusitanian Basin of central-western mainland 
Portugal. The plant-bearing horizon belongs to the Famalicão Member of the Figueira da Foz Formation, 
considered to be of Lower Cretaceous (upper Aptian–lower Albian) age. The new microsporangiate cone is 
characterised by the presence of distinctive and unusual pollen assigned to the genus Classopollis. The micro
sporangiate cone is ovoid and small, comprising only a few microsporophylls, each with a stalk and deltoid head 
bearing 4–5 pollen sacs. The new Portuguese species is compared to other microsporangiate cones attributed to 
the genus Classostrobus. The Classopollis pollen grains found in situ are characterised by a microechinate sculpture 
and typical ultrastructure. The pollen grains were studied using SEM, TEM and transmitted light microscopy. The 
studied pollen shares strong similarities with Classopollis martinotii, Classopollis torosus, but particularly with 
Classopollis noelii. The new microsporangiate cone Classostrobus archangelskyi co-occurs with frenelopsid leafy 
shoots of Frenelopsis antunesii, and their common association is suggested.   

1. Introduction 

Conifers of the Cheirolepidiaceae family were dominant in Mesozoic 
vegetation and have traditionally been characterised by the presence of 
distinctive pollen grains of Classopollis Pflug in their microsporangiate 
cones (Doludenko, 1978; Watson, 1988). The group was geographically 
widespread, and according to palynological evidence, first appeared in 
the latest Triassic (Vakhrameev, 1970; Srivastava, 1976; Alvin, 1982; 
Kürschner et al., 2013). However, even earlier in the fossil record there 
are conifers showing similarities to Cheirolepidiaceae. The most prom
inent among them is the genus Patokaea Pacyna, Barbacka et Zdebska 
with Brachyphyllum-Pagiophyllum-type leaves, reported from the Late 
Triassic of southern Poland, and assigned to the family Potokaeaceae 
Pacyna, Barbacka et Zdebska (Pacyna et al., 2017). The oldest macro 
remains of Cheirolepidiaceae were described from the basal-most 

Jurassic (Clement-Westerhof and van Konijnenburg-van Cittert, 1991). 
The group attained its highest diversity and abundance during the Late 
Jurassic and Early Cretaceous (Vakhrameev, 1970, 1978; Barnard, 
1973; Alvin, 1982; Escapa and Leslie, 2017), declined in the Late 
Cretaceous (Kvaček, 2000; van der Ham et al., 2003) and became extinct 
in perhaps the Early Tertiary (Alvin, 1982; Barreda et al., 2012). The 
Early Cretaceous was a time of diversification of the frenelopsids group, 
particularly in the area of Tethys (Romariz, 1946; Alvin and Pais, 1978; 
Mendes et al., 2010, 2014, 2018; Mendes and Friis, 2018; Mendes and 
Kvaček, 2022; Kvaček and Mendes, 2022; Mendes et al., 2023). 

Several cheirolepidiaceous microsporangiate cones with Classopollis- 
type pollen have been described attached to twigs of Hirmeriella 
Hörhammer (= Cheirolepidium Takhtajan) (Clement-Westerhof and van 
Konijnenburg-van Cittert, 1991), or associated with foliage of Frenelopsis 
Schenk (Hluštík and Konzalová, 1976; Hluštík and Kozlovas, 1976; Pons 
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and Broutin, 1978; Pons, 1979) and Pseudofrenelopsis Nathorst (Zhou, 
1983; Axsmith et al., 2004). 

The genus Classostrobus Alvin, R.A.Spicer et J.Watson was estab
lished to encompass microsporangiate cones containing in situ Class
opollis grains (Alvin et al., 1978). The cones have a typically coniferous 
structure with a rounded to oval morphology, with microsporophylls 
bearing pollen sacs on hyposporangiate microsporangiophores (Alvin, 
1982; Watson, 1988). The species Classostrobus comptonensis Alvin, R.A. 
Spicer et J.Watson was described from the Barremian of the Isle of Wight 
southern England, associated with the cheirolepidiaceous conifer Pseu
dofrenelopsis parceramosa (Fontaine) J.Watson (Alvin et al., 1978). 

Remains of conifers assigned to the extinct family Cheirolepidiaceae 
have been reported from several Early Cretaceous floras of the Estre
madura and Beira Litoral regions in western Portugal, but only few were 
actually described using careful examination of their cuticle micro
structures under light and scanning electron microscopes (Alvin, 1977; 
Lauverjat and Pons, 1978; Alvin and Pais, 1978; Mendes et al., 2010, 
2014, 2018; Mendes and Kvaček, 2022; Kvaček and Mendes, 2022; 
Mendes et al., 2023). 

In the present paper, a new conifer microsporangiate cone Class
ostrobus archangelskyi with in situ Classopollis pollen grains is formally 
named and described in detail. It was recovered from the Lower Creta
ceous of Figueira da Foz Formation, in the Carregueira clay pit complex, 
near the small village of Juncal, in the Lusitanian Basin, western 
Portugal. It provides additional details about the anatomy and histology 
of this extinct family’s microsporangiate cones family contributing to 
our understanding of Mesozoic conifer diversity. 

2. Material and methods 

The fossil material described here is based on a single specimen 
extracted from a rock sample (Carregueira sample 414), collected in the 
Carregueira opencast clay pit complex, near the small village of Juncal, 
in the Lusitanian Basin of central-western mainland Portugal (39◦ 35′ 
24.9″ N; 08◦ 55′ 33.1″ W) (Fig. 1). 

The fossil specimen was isolated from dark-grey mudstone deposits 
previously assigned to the “Complexos Gresosos da Nazaré e Cós-Juncal” 
(Carta Geológica de Portugal, Folha 26-B Alcobaça, França and 

Zbyszewski, 1963), and it was subsequently included in the Figueira da 
Foz Formation (Dinis, 1999, 2001; Rey, 2006). The plant-bearing sedi
ments from the Carregueira site belong to the Famalicão Member of the 
Figueira da Foz Formation (Dinis, 1999, 2001; Rey, 2006). A late Aptian 
- early Albian age was suggested by Dinis et al. (2002) for the Figueira da 
Foz lower boundary, using mainly sedimentological and lithofacies 
correlations, as well as plant macrofossils and published palynological 
data (Teixeira, 1950; Friis et al., 1999). This suggestion was further 
supported by the stratigraphic studies of Rey (2006), who suggested a 
late Aptian to early Albian age for the Famalicão Member of the Figueira 
da Foz Formation (for a more detailed account of the geology and 
context, see Heimhofer et al., 2005 and Mendes et al., 2022). 

The rock samples collected in Carregueira were dried in the labora
tory, disaggregated in water, and sieved using a hand-shower though a 
125 μm mesh net. The fossil cone documented here was cleaned in hy
drofluoric (40% HF) and hydrochloric (10% HCl) acids, thoroughly 
rinsed in water and dried in the air following standard techniques pre
viously described by Friis et al. (1988). The specimen was first observed 
under a Nikon SMZ 800 stereomicroscope, then mounted on an 
aluminium stub for scanning electron microscopy (SEM), coated with 
gold for 60 s in a sputter coater, and examined with a Hitachi S-3700 N 
Environmental Scanning Electron Microscope at 2 kV, at the National 
Museum Prague, Czech Republic. 

A small part of one microsporophyll was detached from the holotype 
by scalpel knife. A two-step process was used to remove the opaque coal 
matter from the fossil material (following Kerp and Krings, 1999; Howell 
et al., 2022, Mendes et al., 2023). It was macerated for 10 min in Schulze 
solution, then washed in distilled water and treated with potassium 
hydroxid (20% KOH). 

A microsporophyll of the microsporangiate cone and several small 
fragments were carefully removed and used for LM, SEM and TEM ob
servations of the pollen. Glycerin slides of individual pollen grains were 
prepared, and these grains were photographed with a Carl Zeiss Axio
plan 2 light microscope equipped with a × 100 oil immersion objective 
and an AxioCam 105 digital camera. Individual pollen grains and pollen 
clumps were washed in ethanol and transferred to a piece of photo
graphic film for SEM studies. The film was glued to an aluminium stub 
with nail polish and sputter-coated with gold for 8 min. The pollen 
grains were observed and photographed with a Tescan Vega3 XMU SEM 
with an accelerating voltage of 10 at the A. A. Borissiak Paleontological 
Institute, Russian Academy of Sciences (PIN RAS). For transmission 
electron microscopy (TEM) analyses, pollen mass and individual pollen 
grains were removed from the SEM stub and embedded in epoxy resin in 
the proportions described by Zavialova et al. (2018). The pollen grains 
were sectioned with a Leica EM UC6 ultramicrotome equipped with a 
diamond knife. The sections were examined with a Jeol 1011 TEM with 
an accelerating voltage of 80 kV at the Laboratory of Electronic Micro
scopy, Faculty of Biology, Lomonosov Moscow State University. The 
Jeol 1011 TEM was equipped with a side-mounted Orius SC1000W 
digital camera (11 megapixels, effective 8.5 megapixels); Digital- 
Micrograph version 2.0 (Gatan) software was used for image processing. 

Remnants of polymerised resins with embedded fossil pollen grains, 
grids with ultrathin sections, and digital photos are kept at the Labo
ratory of Paleobotany, PIN RAS, in Moscow. 

For X-ray microtomography, isolated cone was mounted on an 
aluminium pin stub and investigated with a Skyscan 1172 Bruker, using 
an aluminium filter (Al 0.5 mm), voltage 80 kV and current 123 μA. For 
reconstructions the program NRecon v.16.9.8 was used. Images were 
obtained, analysed and manipulated using Avizo v. 2020.3 software. 

The new names of Classostrobus species are registered with unique 
PFN numbers in the Plant Fossil Names Registry, hosted and operated by 
the National Museum Prague, Czech Republic, for the International 
Organisation of Palaeobotany (IOP). 

The specimen and preparations used in this work are housed in the 
palaeobotanical collections of the Geological Museum of Lisbon, 
Portugal (P numbers). 

Fig. 1. (A) Geographical location of Lusitanian Basin in the westernmost sector 
of the Iberian Peninsula. (B) Detailed map showing approximate location of 
Carregueira opencast clay pit complex, near the small village of Juncal, where 
the fossil specimens were collected indicated by red star. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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3. Results 

Systematic palaeontology 
Unranked clade: CONIFERAE de Jussie, 1789 (sensu Doyle et al. in de 

Queiroz et al., 2020). 
Family: CHEIROLEPIDIACEAE Turutanova-Ketova, 1963 
For detailed discussion on the nomenclature of the Cheirolepidiaceae 

family name see Doweld (2020) and Mendes et al. (2023). 
Genus: Classostrobus Alvin, R.A.Spicer et J.Watson 1978. 
Type: Masculostrobus rishraBarnard, 1968, p. 168. 
The genus Classostrobus serves for accommodation of all microspo

rangiate cones possessing Classopollis pollen in situ. Some consider 
Classostrobus suitable only for detached material (van Konijnenburg-van 
Cittert, 1987); others tend to use the name even when the cones is borne 
on a sterile twig (Axsmith et al., 2004). 

Remarks on nomenclature: The protologue of Classostrobus Alvin, R.A. 
Spicer et J.Watson was published in 1978. Its type was not designed only 
indicated by indirect citation as “Classostrobus rishra (Barnard) comb. 
nov.”. The name itself was not validly published. However, there was 
clear intention of the authors to publish the type, although with an error. 
Art. 40.1 does not require designation of a type (Turland et al., 2018), 
but even indirect citation of the type (its epithet rishra and the author – 
Barnard) is considered satisfactory for its valid publication (Art. 10.2 of 
the Shenzhen Code, Turland et al., 2018). 

Classostrobus rishra (P.D.W.Barnard) Alvin, R.A.Spicer et J.Watson 
was not validly published by Alvin et al. (1978), because the authors 
omitted citation of its basionym, and therefore failed to publish the new 
combination validly. This is corrected here in: 

Basionym: Masculostrobus rishra P.D.W. Barnard, 1968 (in J. Lin. Soc. 
Bot., 61: 168); New combination – Classostrobus rishra (P.D.W.Barnard) 
Alvin, R.A.Spicer et J.Watson comb. nov. - designated herein. Plant 
Fossil Names Registry Number: PFN003140 (for new combination). 

The same authors later published Classostrobus comptonensis as a type 
for Classostrobus (Alvin et al., 1994). This later designation is considered 
ineffective because it does not include the type. (Art. 10.3 and Art 10.3 
of the Shenshen Code Turland et al., 2018). 

Species:Classostrobus archangelskyi J.Kvaček, M.M.Mendes et 
Tekleva sp. nov. 

Holotype: P1124 (Juncal sample 414; illustrated here in Plates I–VII). 
Repository: Geological Museum of Lisbon, Portugal. 
Plant Fossil Names Registry Number: PFN003078. 
Etymology: In honour of Sergio Archangelsky for his important con

tributions to our understanding of Mesozoic fossil floras. 
Type locality: Carregueira opencast clay pit complex, close to the 

small village of Juncal, Lusitanian Basin, western-central mainland 
Portugal (39◦ 35′ 24.9″ N; 08◦ 55′ 33.1″ W). 

Type horizon: Famalicão Member of the Figueira da Foz Formation. 
Age: Early Cretaceous (late Aptian–early Albian). 
Diagnosis: Microsporangiate cone ovoid in shape, consisting of about 

12 peltate, imbricated microsporophylls of deltoid shape; each sporo
phyll consisting of stalk and microsporophyll head with obtuse apex, 
margin bearing long unicellular trichomes; each bearing abaxially 4–5 
ovoid pollen sacs. Pollen sacs bearing Classopollis type pollen. Abaxial 
cuticle of microsporophyll bear rows of stomatal apparati, surrounded 
by (3)–4 subsidiary cells, sometimes with small papillae. Pollen of 
Classopollis type spheroidal, with equatorial girdle, subequatorial 
rimula, proximal trilete scar, and distal cryptopore. 

Description: The holotype is a microscporangiate cone 2.1 × 1.8 mm 
in size (Plate I, 1). It is ovoid in shape, consisting of about 12 deltoid 
microsporophylls helically arranged on slender main axis. Each micro
sporophyll consists of a stalk and deltoid head (Plate I, 2, 5). Each 
sporophyll shows a head 0.5–1.0 × 0.5–1.0 mm; it is quite smooth (Plate 
I, 7). Marginal parts of sporophylls bear long unicellular trichomes 
(Plate I, 3–6). Abaxial cuticle has stomatal apparati arranged in short 
rows (Plate II, 3, 4). Ordinary cells are polygonal, rather elongated 
(5–20 × 20–55 μm), with straight anticlinal walls (3–5 μm). Stomatal 

apparati are formed by 3–4 subsidiary cells (15–20 × 20–35 μm), 
sometimes bearing internally small papillae (Plate II, 1). 

Each head bears 4–5 ovoid pollen sacs, 100–150 × 180–200 μm in 
size (Plate III, 1). Their position and number are derived from SEM 
(Plate II, 1) and microCT images (Plate IV, 1, 2). Pollen is found in and 
near the pollen sacs (Plate III, 2–4), but also scattered over the micro
sporophylls (Plate I, 6, Plate II, 2). 

Pollen grains are preserved as monads (Plate II, 2, Plate V, 1–8). They 
are spheroidal, with an equatorial girdle, subequatorial rimula, prox
imal trilete scar, and a distal cryptopore (Plate V, 1–11, Plate VI, 1–7). 
The pollen size is 26.1 (22.4–31.6) μm in LM and 25.7 (22–31) μm in 
SEM; the equatorial girdle is about 5.4 (3.1–6.9) μm wide, with six to ten 
striae. The proximal scar is opened, represented by a triangle with a side 
of 6.5 to 8.3 μm long (as measured in SEM, in LM it is often unclear) 
(Plate VI, 1, 5, 7). The rimula is narrow (Plate V, 1, 2, Plate VI, 2–4, 6). 
The distal cryptopore is rounded, about 5–9 μm in diameter (as 
measured in SEM, in LM it is not always clearly seen due to the pollen 
folding) (Plate V, 1, 4, Plate VI, 2–4, 6). The sculpture is microechinate, 
with microechini 0.3–0.6 μm high and 0.1–0.4 μm wide at the base, 
regularly and densely situated (Plate VI, 7–12). Orbicules of 2–2.9 μm in 
diameter with a hollow core occur on pollen grains (Plate VI, 1, 9, Plate 
II, 5, Plate VII, 4). In TEM, the exine consists of a tegillum, tectum, 
infratectum, and a poorly preserved endexine (Plate VII, 6–9). The 
tegillum is less electron dense than the underlying ectexine layers, about 
0.23–0.44 μm thick. The elements constituting the tegillum appear as 
conical baculae and granules when observed in ultrathin sections under 
TEM, and as microechini of the exine surface under SEM. The tectum is 
homogeneous, roughly uniform in thickness, about 0.1–0.2 μm, except 
for the areas of the rimula, proximal scar, and a cryptopore (Plate III, 6), 
where it becomes slightly thinner and/or of non-uniform thickness. The 
infratectum is mostly 0.5–0.75 μm throughout the pollen, except for the 
equatorial area where it thickens up to 1.5 μm (Plate VII, 1–3, 9), and 
areas of the rimula, proximal scar, and a cryptopore, where it is lacking 
(Plate VII, 1–3, 8, 9). The infratectum is constituted of columella-like 
elements, about 0.4–0.6 μm high (up to 1.5 μm high in the equatorial 
area) and 0.2–0.4 μm wide. The infratectal elements are often branched 
in the equatorial area (Plate VII, 6, 8, 9). The foot layer is absent. The 
endexine is less electron dense than the ectexine in the majority of pollen 
studied with TEM, similar or less electron dense than the tegillum (Plate 
VII, 1, 5–9), although in two pollen grains the endexine is more electron 
dense (Plate VII, 2, 3). It is fragmentary and unstructured, about 0.1–0.2 
μm thick, becoming up to 0.5 μm under the cryptopore and up to 0.4 μm 
under the proximal scar. At some sections, the endexine appears 
unclearly lamellated (Plate VII, 7). 

4. Discussion 

4.1. Comparison with other microsporangiate cones 

The new cheirolepidiaceous microsporangiate cone Classostrobus 
archangelskyi differs from C. rishra (P.D.W.Barnard) Alvin, R.A.Spicer et 
J.Watson comb. nov. from the Middle Jurassic of Iran (Barnard, 1968) in 
having a microsporophyll margin fringed with unicellular hairs, instead 
of frilled margin and lower number of sporangia per microsporophyll. C. 
rishra has 6–8 sporangia per microsporophyll (Table 1). C. archangelskyi 
shows a quite obtuse apex of each sporophyll, as opposed to the acute 
microsporophyll apices of C. rishra. 

Classostrobus comptonensis Alvin, J.Watson et R.A.Spicer from the 
English Wealden (Alvin et al., 1994) differs from C. archangelskyi in a 
lower number of pollen sacs (probably three) and higher number of 
microsporophylls (about 50) per cone. 

Classostrobus ugnaensis B.Gomez from the Barremian of Spain and 
C. turolensis B.Gomez from the Albian of Spain (Gomez et al., 2002) show 
similar morphology to C. archangelskyi. They differ in having the abaxial 
side of the microsporophylls covered by numerous papillae, while 
C. archangelskyi shows a quite smooth abaxial surface. The number of 
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pollen sacs of both C. ugnaensis and C. turolenisis is not known. Both 
species are similar in having Classopollis in situ, but compared to the 
pollen under study, these pollen grains have a wider equatorial girdle 
and poorly marked infratectal striae. The exine sculpture on illustrations 
appears similar to that of our pollen but described as having smaller 
sculpture elements. Gomez et al. (2002) compared the observed pollen 
with Classopollis noelii Reyre, C. mirabilis Reyre, C. obidosensis J.J.Groot 
et C.R.Groot, and in situ Classopollis described by Taylor and Alvin 
(1984). 

The microsporangiate cone Classostrobus arkansensis Axsmith, M. 
Krings et Waselkov described from the Lower Cretaceous (Aptian- 
Albian) of the Holly Creek Formation in Arkansas (Axsmith et al., 2004) 
is associated (or in connection) with twigs described as Pseudofrenelopsis 
parceramosa. However, the microsporangiate cone differs remarkably 
from C. comptonensis associated with P. parceramosa in the English 
Wealden (Axsmith et al., 2004). Microsporangiate cones of 
C. arkansensis differ from C. archangelskyi in having a much higher 
number of microsporophylls per cone (about 70), and probably only two 
pollen sacs per microsporophyll. Pollen grains from C. arkansensis have a 
narrower equatorial girdle, smaller cryptopore and proximal scar in 

comparison with our pollen; the pollen size on average is smaller, while 
showing a wider range (12.5–37.5 μm); the microechini are also smaller. 

Classostrobus cathayanus Z.-Y.Zhou associated with Pseudofrenelopsis 
intermedia (T.-Y.Chow et C.-Y.Tsao) J.Watson from the Lower Creta
ceous of Zhoujiawan, Qiya town, in the eastern outskirts of Nanjing 
(Nanking) city, Jiangsu Province, China (Zhou, 1983) differs from 
C. archangelskyi in much higher number of microsporophylls per cone 
and in their shape, having the microsporophylls lanceolate in shape with 
acute apex. It shows pollen of Classopollis type with a similar or some
what larger pollen size, slightly wider equatorial girdle, smaller number 
or striae, and “grumous-verrucuse or occasionally echinulate” exine 
sculpture; Zhou (1983) did not indicate the size of the sculpture ele
ments and illustrations do not help much, but on the whole the sculpture 
pattern appears different from that of the pollen under study. 

Classostrobus dalatzensis X.-J.Yang recovered in close association 
with Pseudofrenelopsis dalatzensis (T.-Y.Chow et C.-Y.Tsao) Z.-Y.Cao ex 
Z.-Y.Zhou from the Lower Cretaceous (Aptian–Albian), Dalazi Forma
tion of Yanji Basin, eastern Jilin, China (Yang, 2008) differs from 
C. archangelskyi in having each cell of abaxial cuticle of microsporo
phylls by a large papilla. Number and position of its pollen sacs is not 

Plate I. SEM images of Classostrobus archangelskyi sp. nov. (Holotype No. P1124, sample Carregueira 414) from Lower Cretaceous of Figueira da Foz Formation, 
Lusitanian Basin, central-western Portugal. 1. Complete microsporangiate cone 2. Detail of microsporophylls helically arranged on slender main axis. 3. Detail of 
long unicellular trichomes in marginal parts of sporophyll. 4, 5. Detail of microsporophyll margin. 6. Detail of long unicellular trichomes in marginal parts of 
sporophyll and Classopollis pollen (arrow). 7. Surface of microsporophyll showing stomatal apparatus apertures (arrow). Scale bars: 1 mm (1), 500 μm (2, 5), 200 μm 
(3, 4, 6), 50 μm (7). 

Plate II. Transmitted light photomicrographs of Classostrobus archangelskyi sp. nov. (Holotype No. P1124, sample Carregueira 414) from Lower Cretaceous of 
Figueira da Foz Formation, Lusitanian Basin, central-western Portugal. 1. Microsporophyll abaxial cuticle showing stomatal apparati surrounded by 4 subsidiary 
cells, arrows indicating small papillae. 2. Classopollis pollen grain sticking on cuticle (arrow). 3, 4. Abaxial cuticle showing short rows of stomatal apparati. Scale 
bars: 200 μm (3), 100 μm (4), 50 μm (1, 2). 
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known. 
The microsporangiate cone Classostrobus crossii Rothwell, Mapes, J. 

Hilton et Hollingworth from the upper Middle Jurassic (Callovian) of 
Freeth Wood Gravel pit in Ashton Keynes, near Cirencester, Glouces
tershire, United Kingdom (Rothwell et al., 2007) differs from 

C. archangelskyi in having a higher number of pollen sacs per micro
sporophyll and a higher number of microsporophylls per cone. It also 
differs in having an elongate shape of microsporophylls. 

Classostrobus elliotii Hieger, Serbet, C.L.Harper, T.N.Taylor, Ed.L. 
Taylor et Gulbranson from the Lower Jurassic of Antarctica (Hieger 

Plate III. SEM images of Classostrobus archangelskyi sp. nov. (Holotype No. P1124, sample Carregueira 414) from Lower Cretaceous of Figueira da Foz Formation, 
Lusitanian Basin, central-western Portugal. 1. Detached microsporophyll showing its proximal site, stalk and three pollen sacs (arrows). 2. Detail of ovoid drop- 
shaped pollen sacs. 3, 4. Classopollis grains on the surface of the pollen sac. 5. Detail of in situ Classopollis pollen grain and orbicules (O) attached to tapetal 
membrane. 6. Detail of in situ Classopollis pollen grain in distal polar view showing cryptopore (C) and rimula (R). Scale bars: 200 μm (1), 100 μm (2, 3, 4), 20 μm (5), 
10 μm (6). 

Plate IV. MicroCT images of Classostrobus archangelskyi sp. nov. (Holotype No. P1124, sample Carregueira 414) from Lower Cretaceous of Figueira da Foz Formation, 
Lusitanian Basin, central-western Portugal. 1, 2. Vertical (yz) and horizontal (xy) sections of 3D microCT of the microsporangiate cone showing stalk and three pollen 
sacs (arrows). Scale bars: 1 mm (1), 0.8 mm (2). 
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et al., 2015) differs from the studied microsporangiate cone in having 
higher number of pollen sacs and higher number of microsporophylls 
per cone. 

Classostrobus cloughtonensis van Konijnenb. from the Jurassic of 
Yorkshire (van Konijnenburg-van Cittert, 1987) differs from 
C. archangelskyi in having a lower number of pollen sacs (probably 3) 
and higher number of microsporophylls per cone. The abaxial cuticle of 
microsporophylls of C. cloughtonensis differs from abaxial cuticle of 
C. archangelskyi in possessing Florin rings surrounding stomatal pits. 
Comparison of all the species of Classosotrobus is summarised in Table 1. 

Barale et al. (1988) studied isolated microsporangiate cones that 

were associated with Frenelopsis sp. from the Upper Cenomanian of 
Torrelaguna (Madrid, Spain). These cones consist of 11–20 microspo
rophylls. Size of the Classopollis pollen from the cone is on average 
smaller (20–30 μm), cryptopore size larger, scar smaller. The sculpture is 
verrucate-echinulate, and the sizes of the sculpture elements were not 
described; they compared their pollen with Classopollis classoides 
Fensome. 

Microsporangiate cones associated with or attached to Frenelopsis 
alata (K. Feistm.) Erw.Knobloch from the Cenomanian of the Czech 
Republic (Hluštík and Konzalová, 1976; Hluštík and Kozlovas, 1976; 
Kvaček, 2000) consist of 13–22 microsporophylls. The number of pollen 

Plate V. Classostrobus archangelskyi sp. nov. (Holotype No. P1124, sample Carregueira 414) from Lower Cretaceous of Figueira da Foz Formation, Lusitanian Basin, 
central-western Portugal. In situ Classopollis pollen grains in transmitted light microscopy (LM). 1, 2. Distal view, cryptopore and rimula are seen. Pollen mass figured 
in 1 is also figured in pollen Plate VI, 1. 3. Equatorial view, equatorial girdle with striation is seen. 4. Distal view, cryptopore and striate equatorial girdle are visible. 
5, 6. Same pollen, different focus, proximal view. Scar and layered pollen wall are seen. 7, 8. Folded pollen, equatorial girdle is seen. Pollen figured in 7 is also 
figured in pollen plate VI, 7. Pollen figured in 8 is also figured in Pollen Plate VI, 3. 9–11. Pollen mass. One of the pollen grains figured in 9 is also figured in pollen 
Plate VI, 6. Scale bars: 10 μm for all specimens. 
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Plate VI. Classostrobus archangelskyi sp. nov. (Holotype No. P1124, sample Carregueira 414) from Lower Cretaceous of Figueira da Foz Formation, Lusitanian Basin, 
central-western Portugal. In situ Classopollis pollen in scanning electron microscopy (SEM). 1, 2. Pollen mass, scar, cryptopore and striae of the broken equatorial 
girdle are seen. 3, 4. Distal view, cryptopore, rimula, and equatorial girdle are seen. 5, 7. Proximal view, scar is visible. 6. Distal view of the folded in half pollen, 
cryptopore, rimula, and equatorial girdle are seen. 7, 8. Close-ups of the pollen figured in 3. 10. Close-up of a distal surface, rimula is seen. 11. Close-up of the pollen 
figured in 6. 12. Close-up of the pollen figured in 7. Scale bars: 10 μm (1, 2), 5 μm (3–7), 2 μm (8–12). 
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sacs is not known, therefore it hampers comparison with presently 
described material. Their pollen grains differ from the studied material 
in the microgranulate sculpture, having proximal pole with tenuitas, 
larger pollen size, cryptopore diameter, and equatorial girdle. 

Microsporangiate cones of Frenelopsis oligostomata Romariz from the 
Maastrichtian of Esgueira, Portugal (Pons and Broutin, 1978) show 
about 20–22 microsporophylls per cone. Their number of pollen sacs is 
not known, so it is difficult to compare it closely with C. archangelskyi. 

The microsporangiate cones of Classostrobus archangelskyi resemble 
Potokaea Pacyna, Barbacka et Zdebska from the Triassic of Poland 
(Pacyna et al., 2017) in shape and morphology. However, they differ in 
having different in situ pollen and arrangement of the pollen sacs on the 
abaxial side, while Potokaea has a whorl of microsporangia on the 
microsporophyll corresponding more closely with early diverging co
nifers of Permian and Triassic Voltziales. 

4.2. Comparison of in situ pollen 

Pollen grains of Classopollis are among most popular fossil palyno
logical objects studied with LM, SEM, and TEM. Their unique 
morphology and ultrastructure (distal cryptopore, proximal scar often 
with filaments, striate equatorial girdle, subequatorial rimula, tegillum 
(outer tectum of a lesser electron density), and columella-like infratectal 
elements), along with wide distribution made them an attractive object 
for any palynologist. Numerous studies included descriptions of the 
pollen characters of mature grains, pollen ontogeny, and even pollen 
germination (Kürschner et al., 2013). Differences between Classopollis 
species include pollen size, prominence of the equatorial girdle and 
rimula, girdle width and number of the inner striae, size of the crypto
pore and scar area, and differences in tegillum and infratectum 
ultrastructure. 

Reviews of pollen studies of the Circumpolles group (where Class
opollis belongs along with several more genera) show a rather uniform 

morphology and ultrastructure of Classopollis species, but a trend of 
transformation of the infratectum structure from granular in earlier 
members to columella-like and branched columella-like infratectal ele
ments in older members of the genus (Srivastava, 1976; Pocock et al., 
1990; Zavialova et al., 2010 and papers cited there). These authors also 
discussed in detail each pollen character, characterising the unique 
Classopollis pollen, their functional load, possible pollination biology of 
their parent plans, palaeoecology, and different opinions on their 
taxonomy. 

In pollen micromorphology, Cheirolepidiaceae are superficially 
similar to Araucariaceae and Gnetales (Srivastava, 1976). Pollen grains 
of those two quite distinct groups of gymnosperms share some peculiar 
characters. Some gnetophytalean pollen grains (e.g., Tekleva and Kras
silov, 2009) share with Classopollis pollen columellate-like infratectum, 
but without any thickening throughout the pollen. Araucariaceae pollen 
show similarity in possessing characters unusual for gymnosperm pol
len: microechinate sculpture and outer part of the ectexine (Araucar
iacites, Callialasporites; e.g., Tekleva et al., 2022), and equatorial 
thickenings and pore or polar exine thinnings (Balmeiopsis, Cyclusphaera, 
Callialasporites, e.g., Archangelsky, 1994; Del Fueyo et al., 2012). 
However, each of these plant groups (gnetaleans, araucarians, and 
cheirolepidialeans) shows its own unique combination of pollen char
acters of general morphology and sporoderm ultrastructure. 

4.3. Comparison with Classopollis pollen studied with TEM 

Three Cretaceous members of Circumpolles were studied using TEM: 
two in situ Classopollis sp., (Raetic-Liassic, England, Pettitt and Chaloner, 
1964 and Barremian, England; Taylor and Alvin, 1984) and two 
dispersed species, Classopollis martinotii Reyre (Albian-?Cenomanian, 
Lebanon, Zavialova et al., 2010), Classoidites glandis Amerom (Turonian, 
France; Médus, 1977; Upper Cretaceous, Portugal; Kedves, 1994). 

Pettitt and Chaloner (1964) studied pollen grains extracted from the 

Plate VII. Classostrobus archangelskyi sp. nov. (Holotype No. P1124, sample Carregueira 414) from Lower Cretaceous of Figueira da Foz Formation, Lusitanian Basin, 
central-western Portugal. In situ Classopollis pollen in transmission electron microscopy (TEM). 1. Section through a pollen mass. 2, 3. Sections of the same pollen at 
different levels, reduced ectexine in cryptopore, rimula, and scar regions is seen in 3, the section in 2 is closer to the periphery and shows reduced ectexine in rimula 
and scar only. 4. Oblique section of the whole pollen showing thicker ectexine in the equatorial region and striae of merged infratectal elements. 5. Close-up of 4, 
showing in detail striae of the equatorial girdle. 6–8. Close-ups of the pollen grains figured in 1, cut at different levels. 6. Equatorial region showing thickened 
ectexine and branched infratectal elements. 7. Exine in the distal region of the pollen grain. 8. Part of the pollen, showing reduced ectexine in scar (right), rimula 
(upper part), and cryptopore (upper left). 9. Part of the pollen in the equatorial region. Arrowheads indicate rimula regions, t1 – tegillum, t2 – tectum, c – infratectal 
columella-like elements, end – endexine, p – cryptopore region, Sc – trilete scar region. Scale bars: 2 μm (1, 2, 4), 1 μm (3), 0.5 μm (5, 6, 8, 9), 0.2 μm (7). 

Table 1 
Morphological characters among described species assigned to the genus Classostrobus.  

Species Number of 
pollen sacs 

Number of 
microsporophylls 

Microsporophyll margin Shape of apex Abaxial 
papillae 

Age Reference 

Classostrobus rishra 6–8 More than 60 Frilled Acute Absent Middle 
Jurassic 

Barnard, 1968 

Classostrobus 
cloughtonensis 

Probably 3 Unknown Unknown Broadly acute Absent Middle 
Jurassic 

van Konijnenburg- 
van Cittert, 1987 

Classostrobus crossii More than 6 More than 50 Unknown Attenuate Unknown Callovian- 
Middle 
Jurassic 

Rothwell et al., 2007 

Classostrobus elliotii 4–7 About 30 Unknown Unknown Obtuse Lower Jurassic Hieger et al., 2015 
Classostrobus 

comptonensis 
About 3 About 50 With unicellular trichomes Acute Present Barremian Alvin et al., 1978 

Classostrobusugnaensis Unknown About 30 With unicellular trichomes Obtuse Present Barremian Gomez et al., 2002 
Classostrobusturolensis Unknown About 40 With small papillae Rounded Present Albian Gomez et al., 2002 
Classostrobus 

arkansensis 
Probably 2 About 60 Entire, scarious, often with 

patches of prominent unicellular 
tri- chomes 

Acute to 
slightly 
rounded 

Present Aptian/Albian Axsmith et al., 2004 

Classostrobus 
cathayanus 

Unknown About 50 Unknown Acuminate Present Lower 
Cretaceous 

Zhou, 1983 

Classostrobus 
dalatzensis 

Unknown About 50 Unknown Acute to 
acuminate 

Present Aptian/Albian Yang, 2008 

Classostrobus 
archangelskyi 

4–5 About 12 With long unicellular trichomes Obtuse Absent Aptian/Albian Present paper  
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pollen sacs of Cheirolepidium muensteri (Schenk) Takht. (Raetic-Liassic, 
England) with LM, SEM and TEM. They identified those grains as 
Classopollis torosus type, occurring in monads and tetrads. Judging from 
their description of the tegillum, the exine sculpture is microechinate, 
similarly to the pollen under study, and is also characterised by a similar 
exine ultrastructure and thickness of the ectexine layers, although Pettitt 
and Chaloner (1964) reported a possible thin foot layer, which is absent 
in our material. 

In situ Classopollis sp. was described from the microsporangiate cone 
Classostrobus comptonensis from the Barremian of England (Taylor and 
Alvin, 1984). The authors did not specify to what species it belongs. In 
general, pollen grains from Classostrobus comptonensis show much sim
ilarity to the studied pollen, having infratectal elements, tectum, tegil
lum of comparable thickness/width, and orbicules that are similar in 
size and structure. The differences are in the larger size of the pollen 
grains of Classostrobus comptonensis (31–35 μm as measured from illus
trations, the authors did not specify the sizes in their paper), in a better 
preserved lamellate endexine, larger number of the girdle striae 
(11–13), although they counted them on TEM sections and did not 
indicate the width of the girdle. The tectum is reported to be discon
tinuous in the areas of the rimula, cryptopore, and scar; in our material 
the tectum appears to be thinner, but continuous. 

Dispersed pollen grains referred to as Classopollis martinotii (Albian-? 
Cenomanian, Lebanon, Zavialova et al., 2010, but probably of an older, 
Barremian-Aptian, age, see Zavialova, 2015, p. 54) were studied by LM, 
SEM, and TEM, and showed close similarity to the pollen under study, 
especially considering the exine sculpture and ultrastructure. The pollen 
size of C. martinottii (Zavialova et al., 2010) appears to be slightly larger, 
as well as the cryptopore diameter, the trilete scar area and the thickness 
of the equatorial girdle. The number of equatorial striae is higher in the 
pollen under study. Another possible difference is that the Lebanon 
material contained dyads and tetrads, rarely tryads along with monads, 
while we observed monads only. 

Dispersed pollen Classoidites glandis was studied with TEM by Médus 
(1977; Turonian, France) and Kedves (1994; Upper Cretaceous, 
Portugal). Unfortunately, their descriptions are quite short and concern 
mostly the ultrastructure, impeding an adequate comparison with our 
material. The main difference from other Circumpolles members they 
indicated is branched infratectal elements, which were not observed in 
older members of the group. Médus (1977) described those branched 
columella-like elements in the distal region, although judging from his 
illustration, they might be equatorial, and they appear somewhat similar 
to what we observed in our pollen (Plate VI, 6, 8, 9). 

Another in situ Classopollis from the microsporangiate cone Class
ostrobus dalatzensis was not studied with TEM, but numerous broken 
pollen grains viewed in SEM allowed Yang (2008) to describe the 
sporoderm ultrastructure. The pollen grains were considered immature, 
and they are smaller than any known Classopollis pollen, including our 
material; the cryptopore, trilete scar, and equatorial girdle also show 
smaller sizes. The ultrastructural details fit a normal Classopollis pattern, 
being similar with our pollen as well. The exine sculpture differs from 
the studied pollen in having smaller baculae. Numerous illustrations of 
the striae of the equatorial girdle are what make this species specific. 

Hieger et al. (2015) described microsporangiate cones Classostrobus 
elliotii with in situ Classopollis pollen from the Lower Jurassic of 
Antarctica. The pollen grains were studied only with SEM, and the exine 
ultrastructure was observed as well. In general morphology and exine 
sculpture, the pollen grains of Classostrobus elliotii are similar to the 
pollen grains under study, but differ in larger pollen size, smaller 
cryptopore, similar or larger trilete scar, and smaller orbicules. Addi
tionally, inner striations are vaguely seen under LM in pollen grains of 
Classostrobus elliotii. The exine ultrastructure of pollen from Classostrobus 
elliotii also appears similar to pollen from our C. archangelskyi cones, 
although the figures for C. elliotii tectum, infratectum, and nexine are 
slightly larger than those for our pollen. 

Two detailed and important studies on Classopollis pollen with SEM 

should be mentioned to make a comparison of the pollen under study 
with a particular Classopollis species. 

Villar de Seoane (2014) observed a number of dispersed Classopollis 
species from the Cretaceous of Argentina using a SEM, and published 
three new species from those observations. The illustrations of the exine 
sculpture show that our Classopollis is similar to C. chateaunovi Reyre, 
C. rarus Reyre, and C. noelii Reyre; the comparison with these species 
based on their descriptions shows that C. rarus differs from our pollen by 
a smaller scar, C. noelii by a verrucate sculpture with smaller sculpture 
elements, and C. chateaunovi by smaller verrucae (not microechini). 
Reyre (1970) provided the most details for both his species, which made 
the differences between them and our pollen clearest. In particular, 
C. rarus has a larger girdle, a wider size range of sculpture elements 
(0.3–1 μm compared to 0.5 (0.3–0.6) μm in our pollen), and SEM shows 
the cryptopore is not well-shaped. C. chateaunovi is characterised by 
vague “pseudostriations” and a larger girdle; the exine sculpture is also 
different from that of the pollen under study. C. noelii has a slightly 
larger girdle and smaller sculpture elements (verrucae) compared with 
higher microechini in our pollen. C. martinottii (as described by Reyre, 
1970) shows similarity to the pollen under study in terms of the exine 
sculpture, but the diagnosis states that the rimula is often hard to 
discern, the cryptopore outline is unclear, and striae are usually less 
numerous. 

Among older Circumpolles members, studied with TEM, there are 
Duplicisporites granulatus (Leschik) Scheuring, D. verrucosus (Leschik) 
Scheuring (Carnian, Italy, Zavialova and Roghi, 2005), Circulina sp. 
forms 1–3 (Upper Triassic, France; Médus, 1977), Classopollis meyeriana 
(Klaus) Venkatachala et Góczán, Geopollis zwolinskae (J.J.Lund) Bren
ner, C. torosus (Reissingger) Couper (Rhaetian, England; Zavialova et al., 
2010), C. torosus (Rhaetian-Liassic, England; Pettitt and Chaloner, 
1964), C. harrissii Muir et van Konijnenburg-van Cittert (Rhaetian- 
Liassic, France; Médus, 1977), C. classoides Pflug, C. minor Pocock et 
Jansonius (Liassic, Hungary, Egypt; Kedves, 1994), Classopollis sp. 
(Callovian, western Siberia; Zavialova, 2003), C. classoides (Oxfordian, 
England; Rowley and Srivastava, 1986), and Classopollis sp. (Upper 
Jurassic, Kazakhstan; Krassilov et al., 1997; Zavialova and Tekleva, 
2005; Tekleva and Krassilov, 2009). Most of these species differ from our 
pollen both in exine sculpture and ultrastructure; only Classopollis sp. 
(Zavialova, 2003), C. torosus and C. classoides show some similarity to 
our pollen. However, C. classoides is characterised by a somewhat 
smaller pollen size, larger cryptopore and girdle (Rowley and Srivastava, 
1986; Kedves, 1994). Classopollis sp. (Zavialova, 2003) shows some 
similarity in the exine, but the general morphology and exine sculpture 
were not described, so it is impossible to make an adequate comparison 
with our material. 

4.4. Remarks on palaeoecology 

The microsporangiate cone Classostrobus archangelskyi is found in the 
same taphocoenose as sterile axes of Frenelopsis attunesii M.M.Mendes et 
J.Kvaček. It is the only cheirolepidiaceous conifer in sample 414. 
Therefore, we propose the microsporangiate cones could be associated 
with the latter sterile foliage. It shows further similarities - similar 
number of subsidiary cells (4), and quite similar stomatal apparati that 
externally do not show any large papillae (Mendes and Kvaček, 2022). 
However, besides sample 414, other members of Cheirolepidiaceae 
occur in the locality, namely Pseudofrenelopsis zlatkoi J.Kvaček et M.M. 
Mendes (Kvaček and Mendes, 2022) and Watsoniocladus cunhae J.Kva
ček et M.M.Mendes (Kvaček and Mendes, 2021). Further studies focused 
on this problem are planned for future research. 

Pollination of Cheirolepidiaceae is one of the intriguing questions. 
The high amount of pollen produced by all taxa of the family, including 
the newly studied taxon would argue for wind pollination, however, 
finds of Classopollis pollen in and around bodies of fossil insects 
(Zavialova and Tekleva, 2005; Labandeira et al., 2007), in their guts 
(Krassilov et al., 1997), the pollen characters and the complicatedly 
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elaborated surfaces of Cheirolepidiaceae ovuliferous structures with 
trichomes and papillae (Kvaček, 2000) argue for entomophily (Lab
andeira et al., 2007). 

5. Conclusions 

The new cheirolepidiaceous microsporangiate cone Classostrobus 
archangelskyi described here shows an ovoid shape, consisting of about 
twelve spirally arranged microsporophylls, and each microsporophyll 
possessessing a stalk and deltoid head, bearing 4–5 pollen sacs. The 
microsporangiate cone C. archangelskyi was found associated in tapho
coenose with Frenelopsis antunesii shoots. This suggests that the micro
sporangiate cone C. archangelskyi may have been produced by 
F. antunesii. 

The in situ pollen grains display a distinctive morphology and ul
trastructure characteristic for the genus Classopollis. The Classopollis 
pollen documented here shares strong similarities with other species 
previously described, namely C. martinotii, and C. torosus, but particu
larly with C. noelii. 
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