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Abstract. The Eocene-Oligocene Transition is one of the major stages of the Cenozoic
reshaping of the world oceans with associated changes in climate, of ocean coastlines and
circulation patterns. This altogether created challenging environments for fossilization and
preservation of native biota. Consequently, well preserved Oligocene fossils are infrequent
worldwide and just as rare in the Central Paratethys. The well-preserved Rupelian (Early
Oligocene) diatomites from the Skole Nappe, the external unit of the Outer Carpathians in
southeastern Poland were deposited in the Central Paratethys. In some samples, in addition
to diatoms, sediments also contain a great diversity of other silicified micro- and nanno-
fossils. Here we report our findings of silicoflagellates (fifteen taxa from five genera), two
rotosphaeridians, and several morphotypes of fossil scales, some of uncertain taxonomic
affinity. Among silicoflagellates, the most common are species from genera Corbisema
(C. triacantha, C. hastata, and C. apiculata) and Dictyocha (D. clinata and D. fibula). We
also recovered scales of rotosphaeridians (Pinaciophora and possibly Rabdiophrys) and
remains of organisms of uncertain affinity (Clathropyxidella and Macrora) often reported
together with silicoflagellates. All of these taxa are the first reports for the Central Parate-
thys. Silicoflagellate species composition is consistent with the datums derived from other
fossils. Silicoflagellates, marine diatoms and archaecomonads suggest a neritic depositional
environment.

Key words: Central Paratethys, Clathropyxidella, dictyochophyceans, Early Oligocene,
Macrora, rotosphaeridians, siliceous nanoscales

Introduction

Extant dictyochophyceans (commonly called silicoflagel-
lates) are a relatively small group of cosmopolitan marine
planktonic microeukaryotes encompassing both silicified
and non-silicified members, although in several genera cell
walls may contain non-mineralized scales (Graham et al.
2008; Derelle et al. 2016). Their extracellular siliceous
skeletons are structurally simple, generally in the form
of a shallow basket in which the core of the protoplast
resides. Silicoflagellate taxonomy is based on the structure
of these skeletons. This allows common systematics for
fossil remains and extant species. Genetic and cellular
evidence places silicoflagellates as a sister to pelagophytes,
both within the heterokonts (Burki 2014; Strassert et al.
2019). Their cells are equipped with a flagellum bearing
mastigonemes, have ER chloroplasts and typically brown
photosynthetic pigments (chlorophyll a and ¢ together with
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accessory pigments fucoxanthin, diadinoxanthin, diatox-
anthin, lutein, and -carotene; Van den Hoek et al. 1995).
Recently, molecular clock analyses indicated that the
dictyophytes/pelagophytes clade shared the last common
ancestor with their sister clade (bacillariophytes/parma-
phytes) in the mid-Neoproterozoic (Strassert et al. 2021).
These four well-known stramenopile lineages belong to
a very diverse clade, TSAR (Zelonemia-Stramenopila-
Alveolata-Rhizaria; Tikhonenkov et al. 2022).

The extracellular silicified skeletal remains of silico-
flagellates are known since at least the early Cretaceous
(Haq 1998; McCartney et al. 2010). These remains were
preserved even though most are constructed of intercon-
nected thin, hollow tubular rods that are relatively sus-
ceptible to mechanical damage. As a group, they reached
greatest species diversity in the Miocene with over one
hundred species, but have since declined to one or a few
extant genera. Altogether, approximately 24 fossil silico-
flagellate genera are recognized in Desikachary & Prema
(1996), but the exact number depends on taxonomic treat-
ment. Silicoflagellates are used in biostratigraphy due
to their presence in sediments where other microfossils
are scarce and to their fidelity to relatively cool waters
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(McCartney 1993; Desikachary & Prema 1996; Graham
et al. 2008). In sediments containing fossilized silicoflag-
ellates, other siliceous remains are often present as well.
Some of them are of uncertain taxonomic identity, either
because they have not yet been found associated with
an entire organism or differ from known taxa in some
way. Macrora and Clathropyxidella are examples of such
microfossils. They are widely distributed and reported
from many silica-rich sediments together with diatoms
and/or silicoflagellates. Other enigmatic fossilized remains
include various siliceous scales. For example, Hyalolithus,
originally found in fossilized form, was recently tied to an
unusual, silicified haptophyte (Abe et al. 2016, 2022). It
is therefore possible that other, yet undetermined protists
might have also produced silicified micro- and/or nanno-
fossils left behind in ancient sediments (Bessudova et al.
2022; Siver & Lott 2023).

Here, for the first time we report on Rupelian silico-
flagellates, Macrora, Clathropyxidella-like fossils, and
scales reminiscent of various other microeukaryotes. All
were found in samples together with well-preserved dia-
toms, parmaleans, ebridians, archacomonads and sponge
spicules in diatomites or diatom-rich sediments deposited
in the Central Paratethys, now in southeastern Poland.
When justifiable, we place these fossils in their paleoen-
vironmental context.

Materials and methods
Sedimentary and stratigraphic setting

Diatom-rich sediments and diatomites from the Skole
Nappe, the external unit of the Outer Carpathians in
southeastern Poland, occur mostly in early Oligocene and
early Miocene strata (Kaczmarska 1982; Kotlarczyk 1982;
Kotlarczyk & Kaczmarska 1987; Kotlarczyk & Lesniak
1990). The lithostratigraphy and composition of the other
associated siliceous microfossils in examined samples
from the Futoma Horizon, the lower part of the Meni-
lite Formation of this Nappe is radiometrically dated as
Rupelian (28.9 + 1.2 Ma) within a calcareous nanno-
plankton zone NP23/24-NP24 (Kotlarczyk et al. 2006;
Kotlarczyk & Uchman 2012). Regional paleogeography
of the Paratethyan realm during the Oligocene may be
found in Picha & Stranik (1999), Kotlarczyk & Uchman
(2012), and Sachsenhofer et al. (2017). The evolution,
paleogeography, and paleoceanography of the entire
Paratethys is reviewed in Palcu & Krijgsman (2023).
All recent paleoceanographic reconstructions converge
on a relatively isolated sea with at times reduced salin-
ity and anoxic deeper waters. The Central Paratethys
had only limited and temporary connection and water
exchange with the North Sea, the Western Paratethys,
and the Eastern Paratethys.

The Lower Oligocene diatomites and diatom-rich
shales are widely distributed in southeastern Poland
(Kotlarczyk 1982; Kotlarczyk & Lesniak 1990). Early
investigations identified only the most common diatom
species in the Futoma Horizon (Kaczmarska 1982; Kot-
larczyk & Kaczmarska 1987). More current additions to
the diatom and parmalean species composition may be

found in Kaczmarska & Ehrman (2008, 2023). Native
silicoflagellates are associated with a diverse assemblage
of mostly shelf-sea diatoms such as Rhizosolenia, Chae-
toceros (frustules, spines, and spores), Paralia, Hyalo-
discus, Actinocyclus, and several genera from the orders
Cymatosirales and Hemiaulales. In addition, some heavily
silicified non-raphid (fragillarioid) and raphid (achnanthid,
cocconeid, amphorid) taxa are also well represented. In
some samples there is also a considerable diversity and
quantity of archacomonads. Such fossil species compo-
sition suggests a marine, but not an open ocean, environ-
ment (Kotlarczyk & Kaczmarska 1987; Kotlarczyk et al.
2006; Kotlarczyk & Uchman 2012) with a detectable
periodic contribution of less saline waters.

Field work and laboratory processing

Samples for this study were collected from outcrops near
the villages of Futoma (49.860°N, 22.132°E), Hermanowa
(49.941°N, 22.020°E), Borek Nowy (49.932°N, 22.085°E),
and Lubno (49.820°N, 22.167°E) in southeastern Poland.
Their locations are shown in Kotlarczyk & Kaczmarska
(1987). The state of preservation of the fossilized remains
differed from sample to sample. Therefore, in this report
only the best preserved and most diverse samples from
various sites were chosen for in-depth examination. These
included: Futoma (samples 4, 13, 14, 16, 17, 18), Her-
manowa (samples 23, 27), Borek Nowy (samples from
Dom 5, 6, 12, and Kawalec), and Lubno (samples 3, 4).

Sediments were processed for microscopy as described
in detail in Kaczmarska & Ehrman (2023). Briefly, sedi-
ments were soaked in distilled water to loosen aggregates
and then treated with 3—10% HCL to remove calcareous
components, rinsed with distilled water, boiled in 5%
sodium carbonate and 30% H,0,, cooled, then rinsed
repeatedly with distilled water to remove most of the
clay particles. Lithified samples were disaggregated with
boiling 10% KOH or NaOH. For light microscopy (LM)
cleaned fossils in distilled water were deposited onto glass
coverslips, air dried and mounted in Zrax (refractive index
1.7+, Prof. W. Dailey formula) and examined using a Zeiss
upright microscope (VEB Carl Zeiss Jena, East Germany).
Camera lucida sketches or outlines made from tracing
LM images were created when sediments or other debris
made details difficult to discern in photographs. Prepara-
tion for scanning electron microscopy (SEM) involved
depositing cleaned fossils in distilled water onto 1 pm
pore size PTFE filters in a Millipore vacuum filtration
apparatus. Dried filters were mounted on aluminum sup-
port stubs, sputter coated with gold and examined using
a Hitachi SU3500 SEM (Hitachi High-Technologies
Canada, Inc., Etobicoke, Ontario, Canada) operating at
10 kV and 5 mm working distance. The entire SEM stub
surface was transected using at least 1000x magnifica-
tion for less species-rich samples while one half of the
stub was examined for samples where microfossils were
abundant. Skeletal terminology used for silicoflagellates
follows Bukry (1976¢), Onodera & Takahashi (2009), and
McCartney & Witkowski (2016). Named skeletal elements
of representative silicoflagellate genera are illustrated in
Abe et al. (2015) and McCartney et al. (2022).
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Results

Fifteen taxa from five genera of silicoflagellates, two roto-
sphaeridians, and several other morphotypes of siliceous
micro- and nannofossils, some of uncertain taxonomic
affinity were found in 14 samples from 5 sites (Figs 1-4).
Measurement ranges including a value in parentheses indi-
cate an outlier. In some species more than one incomplete
specimen was used for measurements of characters, thus
some characters are reported with a single measurement.
Occurrence ranges for the silicoflagellate species pre-
sented below are given in Table 1.

Bachmannocena quadrangula (Ehrenberg ex Haeckel)
Bukry (Fig. 1A)

Description. Basal ring thomboidal with spines at each
corner. Major axis 33.7 um, minor axis 28.4 um long.
Basal spines 11.3—17.3 um long, longer spines aligned
with major axis of basal ring. No apical apparatus.

Notes. Our specimens align with the description and size
given for the species described by Desikachary & Prema
(1996). Other workers also illustrate rhomboidal basal
rings and spines of unequal length (as Mesocena quad-
rangula Haeckel; Bukry 1980, 1983; Bukry & Monechi
1985; Martini 1990) attesting to variability of metrics
among the skeletons of this species. M. elliptica (Ehren-
berg) Ehrenberg shown in Desikachary & Prema (1996)
demonstrate a few rhomboidal specimens, but their apical
spines are significantly shorter relative to the basal ring
when compared to those in our specimens.

Occurrence. Borek Nowy Dom 12.

Corbisema apiculata (Lemmermann) Hanna
(Fig. 1B-C)

Description. Basal ring sides nearly equilateral. Majority
of struts are as wide as the basal ring sides and divide it
into three sections. Basal sides 17-40 um long. Basal spines

Table 1. Occurrence ranges of silicoflagellate species found in this study.

short, 0.4-3.5 um long. Pikes present, inwardly curved and
emerging slightly off the center of the struts base.

Notes. Tsutsui et al. (2018) conducted an extensive mor-
phometric analysis of the specimens from the Eocene
C. apiculata-C. triacantha (Ehrenberg) Frenguelli spe-
cies complex. They proposed metric characters that could
be most helpful in separating these two species. They
concluded that C. apiculata sensu stricto (s.str.) has rel-
atively short basal spines compared to C. triacantha.
Their Corbisema apiculata was comprised of two sub-
groups, Bl and B2. Only B1 possesses pikes, as do our
early Oligocene specimens. The metrics found in their
specimens were 28—78 pm for the basal ring sides and
3—18 um for spines, thus overlapping with our specimens.
Skeletons illustrated in Tsutsui et al. (2018) are the most
similar to our specimens in overall basal ring outline and
side-to-spine proportions. Corbisema apiculata f. minor
(P. Schulz) Harwood is overall smaller with the basal sides
15-20 pm long and very short basal spines (Glezer 1970),
thus smaller than all but a few of our specimens.

Larger specimens are shown by Desikachary & Prema
(1996) with 50-130(30) um long basal ring sides and
basal spines up to 15 um long, thus larger than our speci-
mens. Similarly, Loeblich et al. (1968) and Glezer (1970,
as Dictyocha triacantha var. apiculata Lemmermann) also
report larger skeletons with basal sides 51-130 pm, and
spines from barely visible to 15 pm long.

Occurrence. Futoma 4, 17, 18, Borek Nowy Dom 12,
Borek Nowy Kawalec.

Corbisema cf. geometrica Hanna (Fig. 3A)

Description. One complete specimen found with widely
rounded, triangular outline, convex sides, 19-23 pum long
and 27 pm wide. Partially damaged specimens added
to metrics of the basal ring sides which varied from
24-38 um long. Three struts join basal ring in slight
indentations, as thick as ring sides. Minute apical spines

Species Occurrence range Sources
Bachmannocena quadrangula Cretaceous — Recent 3,5
Corbisema apiculata Late Cretaceous — Recent 3,4
C. geometrica Late Cretaceous — Early Oligocene 3

C. hastata Early Paleocene — Pliocene 3,4
C. hastata subsp. minor Late Paleocene — Oligocene 3

C. triacantha Early Cretaceous — Quaternary 3

C. triacantha var. nuda Middle Miocene 3
Dictyocha clinata Middle Eocene — Pliocene 3

D. deflandrei Early Eocene — Late Oligocene 1,2,3
D. fibula Late Cretaceous — Recent 3

D. fibula subsp. angusta Late Eocene/Early Oligocene — Late Pliocene 3
Distephanopsis crux Late Cretaceous — Recent 3
Neonaviculopsis eobiapiculata Paleocene — Late Oligocene 2,3

Sources: 1 — Bukry (1976b); 2 — Bukry (1991); 3 — Desikachary & Prema (1996); 4 — Lozar & Mussa (2003); 5 — McCartney et al. (1995).
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Figure 1. SEM images of silicoflagellate skeletons. A — incomplete skeleton of Bachmannocena quadrangula; B — partially obscured skeleton

of Corbisema apiculata, note short apical spines and pikes at junction of struts with basal sides, tips of two pikes broken off; C — incomplete
skeleton of Corbisema apiculata, note shape of struts; D — slightly tilted specimen of Corbisema hastata; E — apical view of Corbisema hastata
subsp. minor; F — Corbisema triacantha with apical spines of average length, the most common morphotype in our material; G — Corbisema
triacantha illustrating domed struts; H — Corbisema triacantha with long apical spines, a less common morphotype in our material. Scales: A, H =

25 pm; B-G = 10 pm.

present on some specimens. Neither apical plate nor pikes
were seen.

Notes. Our specimen is most similar to those shown
by Shaw & Ciesielski (1983), which contrary to many
illustrated by other authors (e.g., Desikachary & Prema
1996) carry minute apical spines, but not an apical plate.

Occurrence. Futoma 14.

Corbisema hastata (Lemmermann) Frenguelli
(Fig. 1D)

Description. Basal rings isosceles with relatively straight
minor side and scalloped major sides. Major basal sides
3045 um long, minor sides 22-35 pum long. Longest
preserved basal spines 3.0—4.3 um long and two aligned
with major axis of skeleton. Small pikes found on some
skeletons.

Notes. Similar to our specimens, Desikachary & Prema
(1996) show skeletons with major basal ring sides
25-52 um long, minor side 24-30(40) um long, and
spines of varied length, from minute up to 14 um long.
Glezer (1970) presented this taxon as one of several
varieties of Dictyocha triacantha Ehrenberg and shows
similar range of sizes, with basal ring major sides
27-52 pm and the minor side 15.3—40 um long. Onod-
era & Takahashi (2009) also illustrate nominal and other

varieties with a considerable range of skeleton sizes and
ring shapes.

Occurrence. Lubno 4, Borek Nowy Dom 5, Borek Nowy
Kawalec.

Corbisema hastata subsp. minor (P. Schulz) Bukry
(Figs 1E, 3B)

Description. Basal rings isosceles with straight minor
side (17.3 um long) and convex, rounded major sides
(17.8-19.1 um long). Longest preserved basal spines up
to 2.5 um long, at least some aligned with major axis
of skeleton.

Notes. Our specimens meet the criteria for the size of this
subspecies and are most similar to those shown by Glezer
(1970), Bukry (1975a), and Onodera & Takahashi (2009).

Occurrence. Borek Nowy Dom 12.

Corbisema aff. hastata subsp. globulata Bukry
(Fig. 30)

Description. Single specimen found has isosceles out-
line, deeply lobated sides, and short basal spines (longest
4.9 um), major basal side 41.3 pm, maximal extent of
short axis 37.3 um, located above minor basal side. Minor
basal side approximately 22 pm long. Struts delicate,
thickness equal to basal ring.
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Notes. The isosceles outline of the basal ring aligns
with the diagnosis of Corbisema hastata subsp. globu-
lata. However, the scalloping of the basal ring is more
pronounced in our specimen than typically shown for this
subspecies (Bukry 1976a; Shaw & Ciesielski 1983; Onod-
era & Takahashi 2009). The basal ring of our specimen
gives the impression of three separate ellipsoidal com-
ponents sharing part of their internal sides. Nonetheless,
the original description emphasizes lobated sides of the
basal ring as an important diagnostic character. In this
specific character our specimen is also reminiscent of
C. archangelskianum (P. Schulz) Frenguelli, C. geomet-
rica, C. inermis subsp. ballantina Bukry, C. katharinae
Bukry, C. ovalis K. Perch-Nielsen, and C. toxeuma Bukry.
However, in all but one of these species the basal ring is
equilateral and/or they lack apical spines.

Occurrence. Futoma 13.

Corbisema triacantha (Ehrenberg) Frenguelli
(Figs 1F-H, 2A)

Description. Equilateral basal rings with well developed
apical spines. Basal ring sides vary from slightly concave
to slightly convex, 19.5-27.0 um long. Spines 9.6—14 pm
long. Three struts arch up and join above basal ring plane,
attaching at about mid-distance between ring corners. No
pikes found.

Notes. Tsutsui et al. (2018) conducted a morphomet-
ric analysis of the Eocene specimens of the C. apicu-
lata-C. triacantha species complex and found that the
basal ring side to spine ratio is a character helpful in
distinguishing the two species. The basal spines are rel-
atively longer with respect to ring sides in C. triacantha
than in C. apiculata, as can be seen in our specimens. Best
preserved specimens in our material fall near the lower
range of species-specific sizes. Similarly, Desikachary
& Prema (1996) report skeletons with 23—56(18) um long
basal ring sides and spines 10-22(3) um long while Glezer
(1970) found specimens with 18-56 um long basal sides
and 3-22 um long basal spines.

Under the name C. triacantha var. fexuosa Stradner
from the Chattian Stage of Oligocene deposits from Aus-
tria, Loeblich et al. (1968) illustrated specimens with an
apical plate and a range of spine-to-ring base ratios. The
variety was later elevated to species status (Perch-Nielsen
1975) emphasizing diagnostic significance of the concav-
ity of the basal ring sides and asymmetric orientation of
the struts. None of our specimens carry an apical plate.
Most of our specimens do not show concavity of the ring
sides as strong as indicated in the original description,
but some do show asymmetric positioning of the apical
apparatus.

Occurrence. This is the most common species in our
samples. It was found in Futoma 4, 14, 17, Borek Nowy
Dom 5, 6, 12, Borek Nowy Kawalec, Lubno 4, Her-
manowa 27.

Corbisema triacantha var. nuda Bukry (Fig. 2B)

Description. Skeletons with triangular, equilateral basal
ring, 20-22 um long sides. Spines located at corners of
basal ring and perpendicular to opposing side, approxi-
mately half the length of the side, 10-11 um long when
undamaged. Vestigial struts not discernible.

Notes. Our specimens show immediate affinity to C. tria-
cantha in skeleton morphology and size, as already noted
by Bukry (1982). In the original material, vestigial struts
vary in size and number, and include specimens where
vestigial struts are absent.

Occurrence. Borek Nowy Dom 12.

Figure 2. SEM images of silicoflagellate skeletons. A — Corbisema
triacantha, basal side showing the absence of pikes; B — Corbisema
triacantha var. nuda; C — partial skeleton of Neonaviculopsis cf. eo-
biapiculata preserving only one of two portals; D — slightly damaged
specimen of Neonaviculopsis sp. aff. N. neonautica var. cocosensis,
note minute apical spines and broken off pike (arrowhead). Scales:
A-D =10 pm.

Dictyocha clinata (Bukry) McCartney, Churchill, and
Woestendiek (Fig. 3D)

Description. Basal rings with rounded rhomboid outline,
32.0-46.3 um in long, 28.3-36.3 um in minor axis with
basal sides 19-26 um long. Two long and two shorter
apical spines, 17-26 pm and 10.0-14.6 pm long, respec-
tively. Apical bar elevated above basal ring and inclined
respective to its minor axis.

Notes. Morphology of our skeletons display characters
diagnostic for this species (rounded rhomboid outline,
spines of different length, and elevated and inclined apical
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Figure 3. LM images, tracings of LM images, and camera lucida line drawings of silicoflagellate skeletons. Dashed lines indicate uncertainty
due to features obscured by sediments or debris. A — Corbisema cf. geometrica; B — basal view of Corbisema hastata subsp. minor, with minute
pikes; C — Corbisema aff. hastata subsp. globulata, note nearly elliptical portals and equally delicate struts and sides of basal ring; D — Dictyocha
clinata, note inclined apical bar; E — slightly broken skeleton of Dictyocha deflandrei; ¥ — Dictyocha fibula incomplete skeleton; G — Dictyocha
fibula subsp. angusta, two images show the same skeleton at different focal planes; H — Distephanopsis crux s.lat. Scales: A-B, E = 10 pm;

C-D, F-H = 25 pm.

bar) that separate it from D. aspera (Lemmermann). How-
ever, their sizes are near to or slightly below the minimum
skeleton size range given by Bukry (1975b).

A species with a similarly canted apical bridge,
D. byronalis Bukry, differs from our specimens by hav-
ing “bowed-out” sides at the asymmetric struts-junction,
which can produce a nearly eight-sided basal ring outline,
and the absence of distinct pikes (Barron et al. 1984).
Another somewhat similar species, Dictyocha subclinata
Bukry, was disregarded based on the difference in length
between the major and minor axial spines. The minor
spines should be 3—12 times shorter than the major spines
in these and other documented specimens of D. subcli-
nata (Locker & Martini 1986; McCartney et al. 1995).
In contrast, minor spines on our specimens are always
less than 3 times shorter than the major ones. As well,
our specimens are overall somewhat smaller, with the
basal rings 32—46 pm long, versus 45-56 pm in D. sub-
clinata. Finally, Dictyocha concavata Dumitrica differs
in its basal ring shape which is expected to be “squarish
or rhombic” with slightly concave sides, thus different
from our specimens which are not concave. No skeletal
dimensions were given by Dumitrica (1978).

Occurrence. Futoma 14, 16, 17, 18, Borek Nowy Dom 12,
Hermanowa 23.

Dictyocha deflandrei Frenguelli ex Glezer  (Fig. 3E)

Description. Only one specimen was found. Basal ring
nearly square, straight to slightly concave sides, 2022 pm
long. Four basal spines of nearly equal length, 8-13 um
long. Struts perpendicular to ring sides, joining a large
and square apical bar. Portals equal in size.

Notes. Glezer (1970) describes and illustrates this taxon
and its varieties. The nominal variety has basal ring
sides 18-25 um long and spines 6—15 pm long, thus in
agreement with our specimen. Also, the specimens from
Onodera & Takahashi (2009) are very similar to ours in
skeletal proportions, but somewhat larger (25-50 pm for
basal ring diameter).

Occurrence. Futoma 4.

Dictyocha fibula Ehrenberg (Fig. 3F)

Description. Basal rings quadrangular with slightly con-
vex sides, four relatively short basal spines, 10-19 um
long. Basal ring sides nearly equal in length (24-29 um
long). Portals unequal in size and pair of smaller and
larger within the basal rings. Pikes not discernible in our
material due to obscuring debris.

Notes. Glezer (1970) describes several forms and vari-
eties and illustrates a great number of specimens, some
with very small pikes. Desikachary & Prema (1996) show
specimens with an even greater range of morphological
variability, particularly the range of variation in portals.
Ichikawa et al. (1967) illustrate skeletons with a more
rectangular outline of basal rings and more variable length
of spines and pikes. All of these authors comment on the
plasticity of this taxon as the long list of synonyms and/
or varieties attest (Ichikawa et al. 1967; Glezer 1970;
Desikachary & Prema 1996). All may also represent
a complex of morphologically similar species in need of
taxonomic reappraisal.

Occurrence. Futoma 14.
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Dictyocha fibula subsp. angusta Bukry (Fig. 3G)
Description. Basal ring in the form of an elongated rhom-
bus with portals almost equal in size. Two basal spines
(aligned with skeleton major axis) longer than the two
others, 16-26 pm and 9-15 pm long, respectively. Apical
bar aligns with major axis and long basal spines. Long
basal spines about half the length of internal diameter of
the basal ring. Basal ring 3745 um long and 2442 um
wide. Pikes not discernible.

Notes. Similar specimens were also described as Dic-
tyocha fallacia K .E. Busen and S.W. Wise although with
lesser differences in length of basal spines, but similar in
basal ring dimensions. However, Desikachary & Prema
(1996) consider D. fallacia a conspecific with D. fibula
subsp. angusta, even though the basal ring of their spec-
imens are not rhombic and apical spines are nearly equal
in length. Dictyocha perlaevis Frenguelli differs from our
specimens by having bowed out ring sides and short apical
spines while Dictyocha messanensis Haeckel illustrated
in Martini (1982) differs by having a spine on the bridge
of the apical apparatus.

Occurrence. Futoma 14, Lubno 4.

Distephanopsis crux s.lat. (Ehrenberg) Dumitrica
(Fig. 3H)

Description. Rhombic basal ring with portals nearly sim-
ilar in size and small apical ring. Basal spines unequal in
length, two major spines significantly longer than other
two. Basal ring 37-40 um in major and 31-36 pum in
minor axis, basal sides approximately 28 pm long. Apical
ring 7-9.0 um in largest linear dimension.

Notes. Recently, the genus Distephanus, where D. crux
had been originally placed, was found to be invalid, and
some species were transferred to Stephanocha (Jordan
& McCartney 2015) and/or Octactis (Chang et al. 2017).
This does not pertain to D. crux, which had been previ-
ously transferred to the then new genus Distephanopsis by
Dumitrica (1978). Our specimens differ from the majority
of specimens illustrated as Distephanus crux s.str. in less
rounded outline of the basal ring and spines of slightly
shorter length (Ichikawa et al. 1967; Glezer 1970; Locker
& Martini 1986; McCartney & Wise 1987; Schellpeper
& Watkins 1998). Many of these specimens seem to be
smaller overall, although sizes are infrequently reported.
In cases when they are given, they were close to or within
the ranges we recovered (Glezer 1970; McCartney & Wise
1987; Desikachary & Prema 1996). D. crux is regarded as
a polymorphic species, encompassing numerous varieties
and forms, perhaps representing a complex of morpho-
logically related species. Overall, with long and short
apical spines and small apical ring, our specimens are
most similar to Distephanus longispinus (Schultz) Bukry
ex Foster (Bukry & Foster 1973, and other sources listed
in Bukry 1978a) as D. crux var. longispina (P. Schulz)
Schulz ex A. Bachmann.

Occurrence. Futoma 14, 16, 17, 18, Lubno 3.

Neonaviculopsis cf. eobiapiculata (Bukry) Desikachary
& Prema (Fig. 2C)

Description. Single partial skeleton found has round-rect-
angular basal ring (at least 25.5 um long in major axis)
and at least one sharp apical spine (at least 8.3 um long).
Ring at least 13—15 um wide in minor axis with basal
sides slightly concave at point of arch attachment.

Notes. Basal ring length-to-width ratio (~2—-3x) meets
characteristics of N. eobiapiculata, especially the spec-
imen shown by Bukry (1978b). As well, the preserved
length of apical spine is close to half of the length of
the basal ring. Three other similar species, N. biapicu-
lata (Lemmermann) Frenguelli (in Desikachary & Prema
1996), N. robusta (Deflandre) Desikachary and Gowtha-
man (in Glezer 1970) and N. quadrata Ehrenberg show
different proportions of the apical spine, basal ring length
and width. These characters were emphasized as useful
for taxonomic distinctions (Bukry 1978a). A few spe-
cies included in the genus Eunaviculopsis (Desikachary
& Prema 1996) include specimens with naviculoid outline
of the basal ring and two portals, but skeletons are much
larger than our specimen.

Occurrence. Futoma 14.

Neonaviculopsis sp. aff. N. neonautica (Bukry) Locker
& Martini var. cocosensis (Bukry) Prema and Desikachary
(Fig. 2D)

Description. Pear-shaped basal ring, 22-23 um long
in major and 12—-15 pm in minor axis near cross-bridge
attachment. Basal ring divided by central bridge into two
unequal portals. Small apical basal spines and at least one
pike at bridge-basal ring junction.

Notes. Skeletons with two portals are known among
several genera, e.g., Bachmannocena, Dictyocha, and
Naviculopsis. Some of the species in the Bachmanno-
cena diodon (Ehrenberg) S. Locker group have been
illustrated with two uneven portals (McCartney et al.
1995), noting that in some species the bridge may be
positioned anywhere along the length of the basal ring
(McCartney et al. 1995). In addition, not all these forms
are symmetrical with respect to long and/or short axes.
Dictyocha species [D. brevispina subsp. ausomia (Deflan-
dre) Bukry, D. navicula Ehrenberg, D. transenna Bukry],
Corbisema cuspis Busen and Wise, and several speci-
mens designated as Dictyocha sp. naviculopsid-type have
a generally broadly elliptical basal ring, relatively short
basal spines, and symmetrical ring outline, in contrast
to our specimens. Two-portal basal rings are also one of
the diagnostic characters of the genus Naviculopsis and
two other relatives established by Desikachary & Prema
(1996), but in most species their rings are several times
longer than they are wide and the basal spines are typically
also significantly longer than those in the species of Dic-
tyocha/Bachmannocena considered earlier. Our specimens
do not conform well to the delineation of any species
considered above. They differ from them by their smaller
size and basal ring symmetry, being neither fusiform nor
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elliptical. They also possess at least one pike when none
are mentioned in the original descriptions of those other
species. The most shared morphological characters they
have are with asymmetric skeletons of a species erected
by Bukry (1981b) shown in Bukry (1981a) as Dictyocha
neonautica var. cococensis currently included in the genus
Neonaviculopsis established by Locker & Martini (1986).

Occurrence. Lubno 4.

Nucletmycea
Order: Rotosphaerida
Family: Pompholyxophryidae
Genus: Pinaciophora

Pinaciophora sp. (Fig. 4A)

Description. One fragment of a circular or elliptical
structure recovered, at least 7.3 um in diameter. Struc-
ture made of two layers, one with large circular openings
(0.5-0.6 pum in diameter) overlaying a less perforated
layer underneath. Openings concentrated in central part
of structure and surrounded by a less perforated rim.

Notes. The most morphologically similar structures
known to us are siliceous scales of rotosphaeridian het-
erotrophic and prymnesiophycean autotrophic protists.
The rotosphaeridian cell covering elements (e.g., among
members of the genus Pinaciophora) consist of two layers
of siliceous sheeting. One of the layers is perforated by
large, regularly dispersed openings, as seen in our spec-
imen. However, reported scales are somewhat smaller
than our specimen, generally less than 5 pum in diameter
(Esteban et al. 2007; Bessudova et al. 2022).

In contrast, single-layer scales of the haptophyte
Hyalolithus, particularly Mid-Eocene Hyalolithus aff.
tumescens Abe, Tsutsui, and Jordan (Abe et al. 2016)
and the late Eocene-early Oligocene specimens shown
as Pseudorocella barbadensis Deflandre (Perch-Nielsen
1978) are closer in size to our specimen. However, these
scales are elliptical when complete and exhibit a central
elevation/depression undetectable in our admittedly frag-
mented specimen. Nonetheless, if our specimen represents
a portion of an elliptical structure like a haptophyte scale
mentioned above, it would better meet their size-range.
The maximal diameter of our fragment fits well with the
size and distribution of the openings of H. aff. tumescens,
rather than the two other known species of the genus,
Hyalolithus didymus Abe, Pellegrino, Lozar, Tsutsui and
Jordan and H. neolepis Yoshida, Noél, Nakayama, Naga-
numa and Inouye (Abe et al. 2022), had they been single
layered scales.

Occurrence. Lubno 4.

Genus: Rabdiophrys

cf. Rabdiophrys sp. (Fig. 4B)

Description. Circular scale made of two layers appearing
to be joined peripherally. One layer contains a nearly
circular structure with centrally located rimmed opening
leading into chamber formed between the two layers.

Scale diameter 4.5 pm, opening diameter 0.8—0.9 pm,
rim 0.3-0.4 pum thick.

Notes. Plate scales covering the cells of Rabdiophrys
giraffensis Siver and Skogstad, an unnamed member of
the same genus (Siver & Lott 2023) and Rabdiophrys cf.
anulifera Rainer emend. Siemensma (Bessudova et al.
2022) are similar to our specimen in gross morphology.
However, our scale is larger than that of Rabdiophrys cf.
anulifera, has a rimmed opening (unlike Rabdiophrys sp.,
Siver & Lott 2023) and is devoid of microperforations
present in R. giraffensis. Our specimen therefore does not
fit in the delineation of any of the three species. Interest-
ingly, both R. giraffensis and Rabdiophrys sp. have been
recovered from Eocene Arctic sediments and were the first
fossil record of the genus. If related, our fossil would be
only the third record worldwide and the first both from
the Oligocene and outside the Arctic.

Occurrence. Borek Nowy Kawalec.

Eukarya Incertae Sedis

Some siliceous microfossils whose taxonomic affinity
remains uncertain have traditionally been presented
together with silicoflagellates, and so are included here.

Clathropyxidella sp. (Fig. 4C)

Description. Skeleton hemispherical, 4.8 um in diameter,
consisting of a polygonal net with at least 17 circular
openings, 0.6-0.7 pm in diameter. Each opening rimmed
with a shallow shelf.

Notes. Skeletons of Clathropyxidella similis Deflandre
illustrated in Loeblich et al. (1968) and Perch-Nielsen
(1978) are most structurally similar to our specimen.
Those specimens are 7.0-9.0 um in diameter and have
8—14 openings. Deflandre (1938, in Loeblich et al. 1968)
described the species as a truncated sphere with a basal
ring 7.0-8.5 um in diameter, thus slightly less than the
maximum diameter of the skeleton. A network of bars
and openings is attached to the basal ring by 7-9 “pil-
lars”. Owing to the position of our specimen, we cannot
determine the number of pillars or the diameter of the
basal ring.

There are semispherical/spherical silicoflagellate and
ebridian species similar in gross morphology to our speci-
men and to C. similis. However, all are significantly larger
than our specimen and the published documentation of
specimens of Clathropyxidella. The structure of intercon-
necting bars of those skeletons is also different.

There are also several known species of silicoflagel-
lates with a hemispherical apical apparatus over the basal
ring with short basal spines. These are Cannopilus jouse-
ana Bachmann, C. sphericum Geneinhold (50-60 um in
diameter), and C. depressa Locker in Locker & Martini
(1986). Bukry & Monechi (1985) transferred some species
from Cannopilus to Caryocha. Desikachary & Prema
(1996) provide images and measurements of several
of them including C. depressa and C. jouseana, with
3040 um diameter for the former, but no measurements
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Figure 4. SEM images of scales. A — partial scale of Pinaciophora sp., note two layers connected to the marginal rim, single arrowhead points
to top layer while double arrowhead points to bottom layer; B — scale of cf. Rabdiophrys sp., note bottom layer of two-layered scale is visible
through central opening; C — subspherical skeleton of Clathropyxidella sp., note SEM preparation filter substrate visible through pores; D — slightly
broken specimen of Macrora cf. barbadensis; E — small ellipsoidal scale (arrow) from an organism of uncertain affinity; F — group of overlapping
rectangular scales in various degrees of preservation from an unknown organism; G — best-preserved scales from aggregate shown in Fig. 4F
illustrate longitudinal fields of perforation; H — group of another type of scale, also from an unknown organism; I — close-up of one of the scales
shown in Fig. 4H illustrating rippled central area (arrow) and ribs encircling scale center (arrowheads). Scales: A—F, H =5 um; G, [ =2 um.

for the latter (neither magnification nor a scale bar are
given for SEM images for these specimens). As well,
some species in the genus Distephanus evolved an apical
apparatus that renders them somewhat similar to Cary-
ocha. They are Distephanus speculum var. hemispheri-
cum Bukry and D. xenus Bukry. Their windows/portals,

however, are polygonal, and the skeletons are approx-
imately 24-30 um in diameter. Distephanus speculum
var. hemisphericum is a new combination and transfers
specimens from other sources, with polygonal openings
up to 7 per apical structure. All specimens of this taxon
shown in McCartney & Wise (1990) and McCartney et al.
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(1990) are larger and have basal spines, in contrast to
our specimens.

Somewhat similar to our specimen in overall structure
are also some of the small ebridians, such as Pseudommo-
dochium robustum Deflandre, shown in Locker & Martini
(1989), which are hemispherical with numerous openings
(more than seen on our specimen), and diameter measured
from the image is 21-25 pm, thus still much larger than
our specimen. Diameters of Pseudommodochium spheri-
cum Hovasse in Perch-Nielsen (1975) are 27.5-28.8 pm.
All silicoflagellates and ebridians considered in compar-
ison to our fossil are about an order of magnitude larger
than our specimen.

Occurrence. Lubno 4.
Macrora cf. barbadensis (Deflandre) Bukry (Fig. 4D)

Description. Specimen is nearly circular and slightly
domed, 5 pm in maximal linear dimension with slightly
lobate margin and large polygonal openings (0.7—1.2 um
in diameter).

Notes. Our specimen does not fully conform to the delin-
eation of any of three recognized species [M. barbadensis,
M. najae Bukry, and M. stella (Azpeitia) Hanna]. It lacks
a well-defined ring of larger marginal openings and is
not as regularly circular as M. stella and M. barbadensis.
A more irregular outline and distribution of openings
are characteristic of M. najae (particularly that in Bukry
1977), but our specimen is less irregular than the pub-
lished representatives of the species. Although our speci-
men shows some morphological affinity to M. barbadensis
shown by Bukry (1977), it is smaller. Only Loeblich et al.
(1968) and Fenner (1978) illustrate very small specimens
(8.7 um in diameter) with somewhat irregular outline
and only a few openings like ours, yet under the name
Pseudorocella barbadensis Deflandre. Perhaps the entire
size range of M. barbadensis is not yet known.

Occurrence. Lubno 4.

Individual wall elements from organisms
of uncertain affinity

Several morphological types of solitary scales or groups
of scales were found. Owing to the chemical composi-
tion of the sediments (Kotlarczyk 1982) and preparatory
treatment of the samples in which the scales were found
(Kotlarczyk & Kaczmarska 1987), we presume that they
all are siliceous.

Description. Individual scales from unknown organism
rectangular or broadly elliptical, in overlapping aggre-
gations similar to protistan cell coverings when seen in
groups (Fig. 4F-H). Scale size variable, 1.7-5.3 um in
length and 1.0-2.2 pm in width. Most ornamented by
perforation fields running along lateral margins, around
entire margin, or at scale center. Morphotypes encountered
are documented in Fig. 4E-1.

Notes. The overall structure of our scales differs from
siliceous elements of wall coverings of the known extant

chrysophytes (Cronberg 1986; Firsova et al. 2017; Siver
& Lott 2017; Bessudova et al. 2022, 2023a, b) even though
resting stages (stomatocysts) of presumptive chrysophytes
are quite common in many of the samples examined here.
They also differ from the few known siliceous scale bear-
ing haptophytes (Yoshida et al. 2006), although a relatively
small number of extant taxa of either alga has its entire
set of cell covering elements examined in detail.

Scales covering cells are produced by a wide variety
of extant protists, including ciliates, haptophytes, some
rhizarians, testate lobose amoebas, chrysophytes, parma-
phytes and green algae (Margulis et al. 1990), but our
specimens do not conform to any extant scales known to
us. Such scales are rarely preserved in the fossil record,
although some exceptional ones (albeit non-siliceous)
have been successfully recovered from sediments as old
as the Neoproterozoic (Allison & Hilgert 1986; Cohen
& Knoll 2012), yet none since. We document these struc-
tures here to bring attention to the significant diversity
of fossilized micro- and nannofossils, even though their
phylogenetic placement remains uncertain.

Occurrence. Borek Nowy Dom 5, Borek Nowy Kawalec,
Lubno 4.

Discussion

Relatively low species diversity in silicoflagellates and
their delicate skeletons cause them to be preserved infre-
quently in marine sediments, both in past and extant sea-
floors (McCartney 1993; Martinez-Lopez et al. 2016).
The Early Oligocene was a particularly tumultuous time
both globally and in the region of the Central Parate-
thys which contributed to the poor fossil record of the
resident biota. Here, for the first time silicoflagellates
are documented as found in the Central Paratethys. The
specimens we document are those that were recovered in
a state of preservation allowing a degree of confidence
in their identification. In addition, in many other samples
we found a great number of fragments of Corbisema and
Dictyocha-like skeletons that were too small to identify.
This suggests a greater number of specimens and perhaps
species than appear from our presentation.

Compared to reports from sites of similar age from
the Southern Hemisphere, our silicoflagellate assemblage
is relatively species poor. Up to 20-35 taxa were found
in Oligocene cores from Antarctic, subantarctic Atlantic
and Pacific Oceans (Ciesielski 1975; Shaw & Ciesielski
1983; Bukry 1991; McCartney et al. 2023). Recovered
silicoflagellate floras from the Northern Hemisphere are
generally less species-rich and more in line with the num-
ber of taxa we report. Late Eocene — Early Oligocene
flora of the Bering Sea include 18 species while Oligo-
cene sections from the Norwegian and Greenland Seas
yielded a similar number, ~10—14 species (Ling 1985;
Bukry 1976b; Martini & Miiller 1976). The Norwegian
and Greenland Seas were relatively less connected to the
world’s largest, warmer water oceans of that time. Thus,
when compared to Indo-Pacific sites thus far examined,
the northern seas fossil assemblages recovered were not



I. Kaczmarska & J. M. Ehrman: Silicoflagellates and other siliceous micro- and nannofossils from Rupelian diatomites, SE Poland 95

unlike the Early Oligocene region of the central Para-
tethys. Therefore, it should not be surprising that in the
farther southeast located Donbas (Olshtynska 2013) and
Azov regions (Olshtynska & Tsoy 2018) the silicoflagel-
late flora was more diverse. Twenty and twenty-eight taxa
were found in sediments straddling the late Eocene and
early Oligocene of the Eastern Paratethys, respectively,
more in line with those documented from the Southern
Hemisphere.

Because the age of the sediments examined here is
now well established (Kotlarczyk et al. 2006; Kotlarczyk
& Uchman 2012), their biostratigraphy was not the goal of
our investigations. Nonetheless, we observe that some of
the species found in our samples are known to be widely
distributed both temporally and spatially. For example,
Corbisema apiculata, C. triacantha, Dictyocha fibula,
and Distephanopsis crux are distributed widely from the
Cretaceous to Recent. A few others have been known from
more restricted time intervals or geographies. Dictyocha
deflandrei and Neonaviculopsis eobiapiculata are reported
from the Paleocene to Late Oligocene (Ciesielski 1975;
Hajos 1976; possibly Bukry 1976b; Shaw & Ciesielski
1983; Desikachary & Prema 1996; McCartney et al.
2023), although the former more commonly in southern
than northern paleo-oceans. Finally, we also found spe-
cies which had previously been reported from sediments
younger than Rupelian. Corbisema triacantha var. nuda
is thus far known only from the original, Middle Miocene
site in the southern North Atlantic (Bukry 1982). It is
uncertain what prevailing factors were responsible for
low species diversity in our samples. Both geological
(tectonic unrest, terrestrial sediment load; Kotlarczyk et al.
2006) and paleoceanographic (Hutchinson et al. 2021;
Palcu & Krijgsman 2023) factors could have contributed
or were responsible for the low species diversity and/or
state of skeleton preservation.

Although their taxonomic affinity remains uncertain,
the diversity of non-silicoflagellate siliceous micro- and
nannofossils found in our samples is quite high when
compared to many published micropaleontological
reports. To some extent, this may be due to the methods
of sample processing used by some researchers (e.g.,
involving sediment sieving and only light microscopy)
and/or simple underreporting. However, a few of those
recovering fossils in the 10 pm or less size range have
proven particularly informative and helpful (Abe et al.
2016, 2022; Siver 2020; Siver & Skogstad 2021; Siver
& Lott 2023). Hopefully, those reports along with ours
will stimulate interest in continuing such examinations
in the future. We underscore the benefits and significance
for micropaleontological studies of the use of scanning
electron microscopy and methods of preparation that are
conducive to recovery of micro- and nannofossils in sed-
imentary samples.
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