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Abstract: The aim of this study was the qualitative and quantitative analysis of the calcareous nannofossil
assemblages of the Machéw Formation, belonging to the supra-evaporitic complex of the Polish Carpathian
Foredeep Basin (PCFB). The work was concentrated in the eastern part of the PCFB, in the Sieniawa—Rudka area
(Ryszkowa Wola Horst). Samples were collected from the Rudka-13 and Wylewa-1 boreholes. On the basis of
calcareous nannoplankton, these deposits were assigned to the upper part of the NN6 Zone combined with the
NN7 Zone, which corresponds to the Sarmatian s.s. of the Central Paratethys (upper Serravallian of the Mediterra-
nean scale). Conclusive determination of the biozone NN7 was problematic, owing to the absence of the rare zonal
marker species Discoaster kugleri. The typical association of the undivided NN6—NN7 Zone was of low species
diversity and usually dominated by Coccolithus pelagicus, Cyclicargolithus floridanus and Reticulofenestra
pseudoumbilica (> 7 pm). On the basis of the relative abundance of species, a significant amount of redeposition
was deduced. The reworked nannofossils were mostly Eocene in age. The Oligocene, Early Miocene and Late
Cretaceous species occurred much less frequently. The dominance of Eocene forms indicates the Carpathians as
the main supply area. The Late Cretaceous taxa may have originated from the Senonian marly deposits of the
Miechéw Trough in the north. Statistical treatment of the quantitative data was performed using multivariate
cluster analysis and Nonmetrical Multidimensional Scaling (nMDS). The composition of the calcareous nanno-
fossil assemblages, together with the high percentage of allochthonous taxa, indicate a shallow, coastal environ-
ment with a high supply of nutrients.

Key words: Calcareous nannoplankton, biostratigraphy, palacoenvironment, multivariate analysis, Sarmatian,
Polish Carpathian Foredeep.
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INTRODUCTION

doi: http://dx.doi.org/10.14241/asgp.2016.001

The late Badenian and Sarmatian succession in the NE
part of the Polish Carpathian Foredeep Basin (PCFB), more
than a kilometre thick, is predominantly composed of
fine-grained, poorly consolidated, siliciclastic deposits, be-
longing to the Machow Formation. In the Central Parate-
thys, the late Badenian (early Serravallian) was the last pe-
riod of fully marine conditions (Kovac et al., 2007), during
which a short-lived connection between the Central and East-
ern Paratethys was re-established (Studencka and Jasionow-
ski, 2011, and references therein). The late Badenian (Koso-
vian) transgression was related to the last, but very intense
phase of the PCFB subsidence, which ended ca. 10.5 Ma
(Oszczypko et al., 2006). At the Badenian-Sarmatian bound-
ary, the open ocean connections of the Central Paratethys
were severely restricted, which caused a faunal re-orienta-

tion (Piller et al., 2007). During the Sarmatian, the Central
Paratethys become almost completely sealed off from the
Mediterranean, but was well connected to the Eastern Para-
tethys (Rogl, 1998; Piller et al., 2007; Studencka and Jasio-
nowski, 2011). Towards the end of the Middle Miocene, the
eastern Carpathian Foreland changed from the geo- and hy-
drodynamic regime of the Central Paratethys to that of the
Eastern Paratethys (Piller et al., 2007).

The objective of this research was the biostratigraphic
and palaeoecological interpretation of the Machéw Fm in
the north-eastern part of the PCFB (Sieniawa—Rudka area,
Ryszkowa Wola Horst), on the basis of calcareous nanno-
fossil assemblages from the Wylewa-1 (W-1) and Rudka-13
(R-13) boreholes. Recently, the Machow Fm deposits in this
area were intensively studied by Krzywiec ef al. (2005) and
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Fig. 1.

Location maps. A. Position of the Polish Carpathian Foredeep in the Alpine-Carpathian system (after Oszczypko et al., 2006,

modified). B. Locality of wells on 3-D seismic image (investigated in this study bolded). C. Sketch-map of the Polish Carpathians and
their foredeep (after Oszczypko 2006, modified). Abbreviations: Su — Siary, Ru — Raca, Bu — Bystrica, Ku — Krynica subunits of the
Magura Nappe. Boreholes: P-3k (Piskorowice—3k), R—13 (Rudka-13). Main groups of tectonic units of the Outer Western Carpathians:
Marginal Group (external): Borislav-Pokuttya, Stebnyk (Sambir) and Zgtobice Units; Middle Goup (central): Gryboéw, Fore-Magura,
Dukla, Silesian, Subsilesian and Skole units and Magura Group (internal).

Mastalerz et al. (2006). The primary aim of the present
work was the estimation of quantitative relations between
autochthonous and allochthonous assemblages of calcare-
ous nannoplankton. The approximate percentage of the allo-
chthonous group is an important component in the assess-
ment of the intensity of erosion in the supply areas (i.e. the
European Platform and the Carpathian orogen). These areas
strongly differ in geological structure and in the ages of cal-
careous nannoplankton, with Mesozoic associations occurring
on the platform and Palacogene in the Flysch Carpathians.

GEOLOGICAL SETTING

The PCFB (Fig. 1), about 320 km long and up 100 km
wide, is a part of the Alpine foreland basin system. It devel-
oped as a northern peripheral basin, related to the overthrus-
ting Carpathian front (see Oszczypko, 1998, 1999; Osz-
czypko et al., 2006). It is predominantly filled with marine
clastic sediments of Miocene age, up to 3 km thick. The base-
ment of the Carpathian Foredeep represents the epi-Variscan
platform with its Mesozoic cover (Oszczypko, 2006). Ac-
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Fig. 2.

Stratigraphic scheme of the Miocene deposits of the Polish Carpathian Foredeep Basin (after Oszczypko, 1998; Oszczypko et

al., 2006; Oszczypko and Oszczypko-Clowes, 2012, modified). Age of Badenian-Sarmatian boundary after Hohenegger et al. (2014).

cording to geophysics and well data, the platform basement
with a Miocene molasse cover dips southwards beneath the
Outer Carpathian nappes to a distance of at least 50 km (Osz-
czypko and Slaczka, 1985; Oszczypko, 2006).

The PCFB can be subdivided into inner and outer sub-ba-
sins, situated respectively south and north of the Carpathian
frontal thrust. The former, beneath the Carpathian nappes, is
composed of Early to Middle Miocene autochthonous and
allochthonous deposits, the thickness of which is up to 1500 m.
The latter is filled with the Middle Miocene (Badenian and
Sarmatian) autochthonous strata, reaching a thickness of a
few hundred metres in the northern marginal part and up to
3500 m in the south-eastern part (Oszczypko et al., 2006).
The Early Miocene deposits are mostly terrestrial in origin,
whereas the Middle Miocene strata are marine and associ-
ated with the extensive early Badenian transgression, which
flooded both the foredeep and marginal part of the Carpa-
thians (Oszczypko et al., 2006; Oszczypko and Oszczypko-
Clowes, 2012). Figure 2 presents the stratigraphic scheme
of the outer foredeep, the subject matter of the present work,
and to some extent that of the inner part.

BIO- AND CHRONOSTATIGRAPHY
OF THE BADENIAN AND SARMATIAN
DEPOSITS OF THE PCFB

The Badenian strata in the outer part of the PCFB tradi-
tionally were subdivided into 3 lithostratigraphic units: the

lower Badenian sub-evaporitic, the middle-Badenian eva-
poritic and the upper-Badenian supra-evaporitic units (Ney,
1968; Ney et al., 1974). According to the recent Early—Mid-
dle Miocene integrated stratigraphy of the Central Parate-
thys (Piller et al., 2007; Hohenegger et al., 2009, 2011,
2014), the Badenian stage is divided as follows: early Bade-
nian (16.303-15.032 Ma), middle Badenian (Moravian:
15.032-13.82 Ma) and late Badenian (Wielician:13.82—13.65
Ma; Kosovian: 13.65-12.829 Ma). The Badenian-Sarmatian
boundary is dated at 12.829 Ma.

The sub-evaporitic unit in the north-eastern part of the
PCFB is represented by the Pinczéw Formation, which is
the equivalent of the Skawina Formation in the western part
(Jasionowski and Peryt , 2004; Oszczypko et al., 2006). Ac-
cording to determinations of calcareous nannoplankton, the
lower part of this formation belongs to the NN5 Zone, while
its upper (sub-salt) part is referable to the NN6 Zone (Gaz-
dzicka, 1994; Garecka et al., 1996; Andreyeva-Grigorovich
et al., 1997, 2003; Peryt, 1999; Peryt and Gedl, 2010).

The evaporitic unit (Wieliczka and Krzyzanowice for-
mations), the major correlative horizon in the PCFB (Peryt,
2006, and references therein; see also Garecka and Olszew-
ska, 2011), belongs to the lower part of the NN6 Zone, cor-
responding to the late Badenian (Peryt, 1997; Peryt et al.,
1997, 1998; Andreyeva-Grigorovich et al., 2003, 2008; Peryt
and Gedl, 2010).

The evaporites are covered by late Badenian (Koso-
vian) and Sarmatian deposits (Gazdzicka, 1994; Andrey-
eva-Grigorovich et al., 1999; Olszewska, 1999; Andreyeva-
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Grigorovich et al., 2003). In the Krakow—Bochnia area, the
salt deposits are overlain by clays and mudstones of the
Chodenice Beds, which pass upwards into the Grabowiec
Beds (Porgbski and Oszczypko, 1999; see also Andreyeva-
Grigorovich ef al., 2003). To the north, the thickness of the
Chodenice Beds decreases to a few dozen metres, to be re-
placed by marly claystones of the Spirialis/Pecten beds. The
Pecten Beds occur along the northern part of the PCFB and
pass towards the SE into open marine deposits of the Spiria-
lis Beds (Jurkiewicz and Karnkowski, 1961). East of the
Dunajec River, the evaporites are covered by the thick
clayey-sandy deposits of the Machow Formation, reaching
1500 m in thickness in the central part and 2500 m in the
eastern part (Alexandrowicz et al., 1982; Oszczypko et al.,
2000), the so-called Krakovets (Krakowiec) Shale or
Krakovets Beds (Lomnicki, 1897, Ney et al., 1974; Piwocki
et al., 1996). As a facies unit, the Krakovets Shale is subdi-
vided on the basis of fossils into the Syndesmya (Abra) Beds
in the lower part and the Serpula-Ctenophora Beds above
(Pawlowski et al., 1985).

Gazdzicka (1994) assigned the Pecten and overlying
Syndesmya beds to the undivided NN8—NN9 zones. Within
the Pecten Beds, associated with the post-evaporite Koso-
vian transgression and marine deposition, a rhyolite tuffite
layer was dated (Ar/Ar) to give an average age of 13.06 +
0.11 Ma (Nejbert et al., 2010; Sliwinski ef al., 2012). This
indicates that the Pecten Beds were deposited during the
lower part of the NN6 Zone, not during the NN8 Zone or
later, as was formerly suggested (Gazdzicka, 1994), whe-
reas the Badenian—Sarmatian transition in the PCFB took
place soon after 13.06 £ 0.11 Ma (Nejbert et al., 2010;
Sliwinski et al., 2012). Furthermore, in the PCFB the Bade-
nian salinity crisis ended before ca. 13.06 = 0.11 Ma (Nej-
bert et al., 2010; Sliwinski ez al., 2012), which is consistent
with other radiometric results, according to which the crisis
began shortly after 13.81 = 0.08 Ma and the deposition of
evaporites took place ca. 13.60 + 0.07 Ma (De Leuuw et al.,
2010). Thus both the evaporites and the Pecten Beds repre-
sent the lower part of the NN6 Zone.

In 1966, Odrzywolska-Bienkowa identified the Anoma-
linoides dividens and Elphidium hauerinum zones in the
Krakovets Beds (Luczkowska, 1964) and pointed out the
limitations on foraminiferal age assignments for the Late
Miocene, both in the Mediterranean and Paratethys areas
(Odrzywolska-Bienkowa, 1966; see also Olszewska, 1999).

Jurkiewicz (in: Ney, 1969) in turn identified two Sar-
matian foraminiferal zones with Anomalinoides dividens
and Quinqueloculina sp. in the Krakovets Beds. In further
studies of these deposits, Odrzywolska-Bienkowa (1972)
and Luczkowska (1972) described foraminiferal zones, rep-
resenting the early and middle Sarmatian (Volhynian—Be-
ssarabian).

For the Krakovets Beds in the northeastern part of the
PCFB, Gazdzicka (1994) suggested the NN8 Catinaster coa-
lithus Zone or even the NN9 Discoaster hamatus Zone (Sar-
matian, according to Gazdzicka, 1994; Pannonian, according
to Piller et al., 2007, see also Garecka and Olszewska, 2011).

Subsequent studies on the foraminiferal associations
(Czepiec, 1997; Olszewska, 1999) indicated the late Bade-
nian—late Sarmatian age of the Krakovets Beds (the early

Sarmatian Anomalinoides dividens horizon and the lower
part of the late Sarmatian Protelphidium subgranosum hori-
zon). Olszewska (1999) considered the calcareous nanno-
fossil to be more diagnostic for the Late Miocene deposits,
by comparison with the foraminifera.

Garecka and Jugowiec (1999) assigned the Machow
Formation (the Pecten Beds and the Krakovets Shale) to the
NNS5 (Kupno area) and NN6 (Cegielnica and Dgbica areas)
zones (early Badenian).

Paruch-Kulczycka (1999) assigned the upper part of the
Krakovets Beds to the Pannonian (early Late Miocene), on
the basis of thecamoebians and foraminifera.

Extensive studies of the Machéw Formation were car-
ried out in the Sokotéw-Smolarzyny area in the eastern part
of the PCFB, north of Rzeszéw (Krzywiec et al., 2008; see
also Oszczypko-Clowes et al., 2012). Calcareous nanno-
fossil data were evidence of the NN6 Zone in the lower part
of the Machéw Formation and the NN7 Zone in the upper
part (Oszczypko-Clowes in: Krzywiec ef al., 2008).

In 2011, Garecka and Olszewska presented results from
the Middle Miocene deposits in SE Poland and Western
Ukraine, which confirmed the reliability of the foraminife-
ral zones described by Luczkowska (1964) and the high de-
gree of correlation between the Polish and Ukrainian assem-
blages (the Pecten/Spirialis beds and the Kosiv Formation,
respectively). The supra-evaporitic deposits were assigned
to the calcareous nannoplankton NN6, NN6—NN7 and NN7
zones. Calcareous nannofossils assemblages, observed both
in the Polish and Ukrainian part of the Carpathian Foredeep
(the Krakovets Beds and the upper part of the Kosiv and
Dashava formations), were also similar, so that correlation
based on this group also was possible (Garecka and Ol-
szewska, 2011).

MATERIAL AND METHODS

Presented studies of the Machow Formation were con-
centrated in the eastern part of the Polish Carpathian Fore-
deep Basin (PCFB) in the Sieniawa—Rudka area, within the
Miocene Ryszkowa Wola Horst (Fig. 1). A total of 55 sam-
ples were collected from two boreholes at the following
depth intervals (depth in regard to ground level): Rudka-13
(28 samples): 520-538 m, 550-538 m, 558-569 m; Wy-
lewa-1 (27 samples): 660—678 m, 820—838 m.

Slides were prepared using the simple smear-slide tech-
nique (Bown and Young, 1998). The slides were examined
under the light microscope (LM) Nikon Eclipse E600 POL
under cross-polarized and transmitted light at x1000 magni-
fication. The simple smear-slide preparation technique was
used for relative abundance count analyses. Results of these
analyses and further statistical treatment are presented in
Tables 1-6 and Appendix Tables 1 and 2.

In each sample, the relative abundance of individual na-
nnofossil taxa was determined by counting up to 300 speci-
mens per slide. According to Thierstein et al. (1977, vide
Bown and Young, 1998), at the 95% confidence level 300
specimen counts ensure the presence of a taxon, the relative
abundance of which was 1% of the total population. In the
majority of samples, the number of specimens greatly exce-
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eded 300. After reaching the required number of coccoliths, a
further 200 fields of view were checked for biostratigraphi-
cally and palaeoecologically significant, but rarer species.

The individual numbers of specimens of autochthonous
taxa and species found, but not previously counted (marked
as “x”), were listed in Tables 5 and 6 and used as input data
in complex statistical analysis. Following Cori¢ and Svabe-
nicka (2004), these species were grouped into “Miocene s.s.
taxa” and “taxa with their last occurrence mentioned during
the Miocene”. The former expression concerns species with
their first occurrence known from the Miocene. The latter
includes long-ranging taxa, which occur in the Palacogene
and extend into the Miocene; hence the specimens of these
species can be autochthonous or reworked from older strata.
The third group distinguished as clearly “allochthonous
taxa” was excluded from the statistical analysis. This group
includes reworked species of Early Miocene, Palacogene
(mostly Eocene) and Cretaceous age. For the purpose of age
assignment, several biostratigraphic schemes were applied
in this paper, namely zonations proposed by Martini and
Worsley (1970), Bukry and Okada (1980), Theodoridis
(1984), Fornaciari ef al. (1996) and Young (1998). Periodi-
cal palacogeographic changes have reflected the size of co-
ccoliths through the time, thus in the case of some species
the morphometry is also taken as a stratigraphic criterion,
e.g. Coccolithus miopelagicus (> 14 ).

For estimation of the numerical proportion of an indi-
vidual taxon in a sample, the following formula was used:

p==
n
where x is a number of specimens counted and # is a fixed to-
tal number of specimens of all species (in this case 300). As-
suming the random character of the counts, according to
Drooger (1978), the statistical error in p may be considered to
be equal to the theoretical standard deviation, thus the pro-
portion of a taxon in the statistical population can be given as:

p-(1-p)
piwfin

(multiplied by 100 to obtain percentages; Appendix Tabs 1, 2).
For the purpose of the present study, only the quantitative data
for autochthonous assemblages are discussed in detail, al-
though some of the long-ranging taxa may have been re-
worked from older strata. On the basis of relative abun-
dance, the percentages of autochthonous and clearly allo-
chthonous components were estimated, taking into account
the fixed total of 300 specimens with a statistical error cal-
culated according to the formula given above. Sample data
were investigated using multivariate cluster analysis of a
matrix of Euclidean distance measures between species,
performed by Ward’s method (Ward, 1963), with subse-
quent determination of the species, indicative of the clusters
obtained (Dufréne and Legendre’s indicator value method,
1997). Ward’s method uses an analysis-of-variance ap-
proach to evaluate the distances between clusters. In brief; it
attempts to reduce the sum of squares of any two (hypotheti-
cal) clusters that can be formed at each step (Hammer et al.,
2001, vide Watkins, 2007). According to Dufréne and
Legendre (1997), the indicator value index (INDVAL) is de-

Table 1

Distribution of autochthonous calcareous nannofossils in
the Rudka-13 and Wylewa-1 boreholes

. RUDKA-13 (28) WYLEWA-1 (27)
Species - -
Specimens| Samples |Specimens| Samples
Braarudosphaera bigelowii 39 15 136 27
Calcidiscus macintyrei 62 20 40 10
Calcidiscus premacintyrei 1 1 1 1
(C:TZolllzzl)us miopelagicus 167 28 100 25
Coccolithus pelagicus 959 28 872 27
Coronocyclus nitescens 62 23 96 27
Cyclicargolithus floridanus 647 28 810 27
Discoaster deflandrei 12 10 14 11
Discoaster exilis 1 1
Helicosphaera carteri 118 28 87 26
Helicosphaera intermedia 30 18 38 23
walbersdonfonsis | 4 x| B
Pontosphaera discopora 37 21 24 16
Pontosphaera multipora 195 28 189 27
Reticulofenestra haggii 106 27 95 23
prevdombiiea Ty | S |3 | e |7
Reticulofenestra minuta 243 27 357 27
Sphenolithus abies 44 20 58 20
Sphenolithus moriformis 220 28 217 27
Umbilicosphaera rotula 2 2 7 5

fined as follows: for each species j in each cluster of sites &,
one computes the product of two values, Akj, a measure of
specificity based on abundance values, and Byj, a measure
of fidelity, computed from presence data:

Apyj = Nindividualsy; /Nindividuals + i

Byj = Nsitesy; /Nsites + |

INDVALy; = Akjx Byjx 100

In the first formula, Nindividualsy; is the mean abun-
dance of species j across the sites pertaining to cluster k.
Nindividuals + i is the sum of the mean abundances of spe-
cies j within the various clusters. Using the mean number of
individuals in each cluster, instead of summing the individ-
uals across all sites of clusters, removes any effect of varia-
tions in the number of sites belonging to the various clusters
(Dufréne and Legendre, 1997; Legendre, 2013). 4y, reaches
a maximum, when species j is present only in cluster k. In
the formula for By, Nsitesy; is the number of sites in cluster
k where species j is present and Nsites+ is the total number
of sites in that cluster. By; is a maximum, when species j is
present at all sites of cluster k. The quantities 4 and B repre-
sent the independent features of species distribution; hence,
they must be combined by multiplication. A final multipli-
cation by 100 gives percentages. INDVALj; reaches a maxi-
mum (= 100%), when the individuals of species j are ob-
served in all sites, belonging to a single cluster. INDVAL; —
max[INDVALj;] means that of species INDVALj for a parti-
tion of sites is the largest value of INDVALj; noted over all
clusters k of that partition (Dufréne and Legendre, 1997).
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Table 2

Distribution of allochthonous calcareous nannofossils in
the Rudka-13 and Wylewa-1 boreholes

RUDKA-13 (28)

WYLEWA-1 (27)

. RUDKA-13 (28) WYLEWA-1 (27)
Species
Specimens| Samples |Specimens| Samples

Reticulofenestra lockerii 13 5 63 20
Reticulofenestra ornata 2 2
Reticulofenestra reticulata 287 28 245 27
Reticulofenestra umbilica 312 28 117 25
Semihololithus kerabyi 3 2 4 4
Sphenolithus belemnos 1
Sphenolithus calyculus 1 1
Sphenolithus capricornutus 1 1
Sphenolithus conicus 63 22 66 26
Sphenolithus disbelemnos 2 2 4 3
Sphenolithus dissilimis 6 5 8 6
Sphenolithus editus 14 13 31 17
Sphenolithus heteromorphus 7 7 11 9
Sphenolithus obtusus 1 1
Sphenolithus predistensus 1 1

Sphenolithus radians 10 10 15 13
Sphenolithus strigosus 1 1 2 2
Toweius callosus 14 8 15 14
Toweius eminens 12 9 21 15
Toweius rotundus 18 13 16 13
Transersopontis fibula 5 4 7 5
Transersopontis obliquipons 15 37 23
Transversopontis pulcher 54 22 45 20
rnmerspets SEEE
Tribrachiatus orthostylus 3 3 2 2
Zygrhablithus bijugatus 202 28 201 27
Cretaceous species undivided 361 28 238 27

Table 3

Indicator values (%) of species for clusters obtained by
Ward’s method in the Rudka-13 borehole (highest IV bolded)

Species - -
Specimens | Samples |Specimens| Samples

Blackites spinosus 3 3 12 7
Calcidiscus leptoporus 1 1
Chiasmolithus altus 5 4

Chiasmolithus bidens 15 10 20 16
Chiasmolithus expansus 12 9 15 12
Chiasmolithus gigas 1 1 4 4
Chiasmolithus grandis 10 8 13 10
Chiasmolithus medius 1 1 5 3
Chiasmolithus modestus 35 18 28 20
Chiasmolithus oamaruensis 11 8 24 14
Chiasmolithus solitus 16 11 21 16
Cyclicargolithus abisectus 26 17 42 17
Cyclicargolithus luminis 6 4 6 5
Dictyococcites bisectus 271 28 146 27
Dictyococcites scrippsae 948 28 847 27
Discoaster barbadiensis 25 17 24 15
Discoaster binodosus 7 5 3 3
Discoaster lodoensis 2 2 1 1
Discoaster multiradiatus 3 3 6 4
Discoaster saipanensis 5 5 7 7
Discoaster sp. 9 9 3 3
Discoaster tanii 2 2
Discoaster tanii nodifer 3 3 5 5
Elipsolithus macellus 1 1
Elipsolithus distichus 2 2
Ericsonia fenestrata 21 10 51 22
Ericsonia formosa 380 28 330 27
Ericsonia robusta 28 15 20 17
Ericsonia subdisticha 55 23 33 16
Helicosphaera ampliaperta 5 5 8 7
Helicosphaera bramlettei 34 15 34 21
Helicosphaera compacta 21 15 29 19
Helicosphaera euphratis 13 12 17 14
Helicosphaera gartneri 3 3 16 14
Helicosphaera hezzenii 1 1
Helicosphaera lophota 1 1
Helicosphaera mediterranea 2 2 6
Helicosphaera recta 23 14 14 12
Helicosphaera reticulata 4 4

Helicosphaera scissura 15 13 22 18
Heliolithus kleinpelli 4 4 7 6
Isthmolithus recurvus 48 23 61 26
Lanternithus minutus 192 27 211 27
Neococcolithes dubius 6 5 8 7
Pontosphaera latelliptica 388 28 360 27
Pontosphaera plana 7 4 10 9
Pontosphaera rothi 13 8 25 16
Reticulofenestra daviesii 245 28 307 27
Reticulofenestra dictyoda 315 27 96 27
Reticulofenestra hillae 116 28 98 25

RUDKALI3 Cluster 1 | Cluster 2 | Cluter 3
3 sites 10 sites 15 sites
Braarudosphaera bigelowii 38.76 12.21 9.3
Calcidiscus macintyrei 15.87 19.29 32.86
Calcidiscus premacintyrei 33.33 0 0
Coccolithus miopelagicus (> 14 pm) 45.38 28.69 25.93
Coccolithus pelagicus 23.8 35.38 32.66
Coronocyclus nitescens 53.85 24.92 14.77
Cyclicargolithus floridanus 29.53 38.09 32.38
Discoaster deflandrei 9.26 13.33 12.96
Helicosphaera carteri 29.33 40.8 29.87
Helicosphaera intermedia 29.76 22.5 12.38
Helicosphaera walbersdorfensis 26.32 7.11 22.11
Pontosphaera discopora 13.07 24.71 36.08
Pontosphaera multipora 46.58 27.95 25.48
Reticulofenestra haggii 51.22 21.95 25.04
Reticulofenestra minuta 34.84 28.26 2.46
Reticulofenestra pseudoumbilica (> 7 pm)|  29.37 43.63 27
Sphenolithus abies 46.51 2791 11.16
Sphenolithus moriformis 31.42 44.26 24.32
Umbilicosphaera rotula 25.64 2.31 0
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Table 4

Indicator values (%) of species for clusters obtained by Ward’s method in the Wylewa-1 borehole (highest IV bolded)

WYLEWA.1 Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5
3 sites 1 sites 10 sites 7 sites 6 sites

Braarudosphaera bigelowii 36.44 32 6.67 5.33 19.56
Calcidiscus macintyrei 40.28 0 6.28 0.25 11.08
Calcidiscus premacintyrei 0 0 0 14.29 0
Coccolithus miopelagicus (> 14 pum) 5.96 23.84 23.36 16.17 24.83
Coccolithus pelagicus 22.98 16.44 19.41 24.93 16.23
Coronocyclus nitescens 17.57 26.35 18.44 16.56 21.08
Cyclicargolithus floridanus 2541 8.55 17.81 24.83 23.39
Discoaster deflandrei 10.56 0 16.63 15.51 1.32
Discoaster exilis 0 0 10 0 0
Helicosphaera carteri 13.69 20.54 28.96 10.76 22.82
Helicosphaera intermedia 18.37 0 29.76 15 27.56
Helicosphaera walbersdorfensis 4.36 52.3 3.14 4 11.62
Pontosphaera discopora 5.05 22.73 10.23 16.23 12.63
Pontosphaera multipora 19.27 12.85 26.98 21.1 19.8
Reticulofenestra haqii 23.72 0 19.78 13.07 27.2
Reticulofenestra minuta 27.85 27.85 15.32 13.38 15.61
Reticulofenestra pseudoumbilica (> 7 pm) 18.32 5.07 21.65 24.65 30.3
Sphenolithus abies 0 52.88 18.13 10.17 10.49
Sphenolithus moriformis 9.29 34.84 20.21 25.22 10.45
Umbilicosphaera rotula 12.86 0 1.74 10.63 3.21

In order to show the relations between samples and spe-
cies in low-dimensional space, Nonmetrical Multidimen-
sional Scaling (nMDS) also was used, based on Euclidean
distances. All statistical analyses were performed using the
STATISTICA 10 (StatSoft) software package.

RESULTS
Core material

In 2012, the authors profiled and sampled for calcare-
ous nannoplankton studies core material from the boreholes
Rudka-13 (520-538 m, 550-538 m, 558-569 m, altogether
34 boxes); Wylewa-1 (660-678 m, 820—-838 m, altogether
31 boxes). Although the profiles are characterized by mo-
notonous lithology, the subtle lithological differences are
distinguishable on the curves on wells logging graphs
(Krzywiec et al., 2005; Mastalerz et al., 2006). On the basis
of 3-D seismic data and geophysical well logs, the silici-
clastic series of the Machéw Fm succession has been reli-
ably correlated and subdivided into several genetic strati-
graphic sequences sensu Galloway (1989; Krzywiec et al.,
2005; Mastalerz et al., 2006; Fig. 3). The Miocene succes-
sion is characterized by a shallowing-upward trend of sedi-
mentation. It consists of offshore hemipelagic, turbiditic
and deltaic and nearshore-to-estuarine facies associations
(Krzywiec et al., 2005). Lithological logs and photographs
of core material are presented on Figs 4-8.

Nannoplankton analysis

The calcareous nannofossils collected from the Rudka-13
(R-13) and Wylewa-1 (W-1) boreholes were generally
abundant and well preserved. Some taxa had a medium de-
gree of preservation or were poorly preserved in the form of
smaller fragments or with broken elements, which made
identification inconclusive, especially within the Discoaster
group. Traces of dissolution were not recorded. The major-
ity of samples were characterized by a high number of
allochthonous specimens (Figs 9, 10). The estimated statis-
tical error for autochthonous and allochthonous groups was
between 2.8 and 2.9%, rounded to 3%. In the sample de-
scriptions, the abbreviations were used. The number of sam-
ple (s.) comes from number of sampled box. Roman num-
bers indicate metre of depth intervals, from which samples
were collected (Tabs 5, 6).

In the R-13 borehole (Fig. 9), reworked specimens gen-
erally prevail over the autochthonous specimens. In three
samples (R-13 s. 26, R-13 s. 14, R-13 s. 12), their percent-
ages are similar with a difference of only a few percent.

In the W-1 borehole (Fig. 10), the percentages of auto-
chthonous and clearly allochthonous component are di-
verse. In a few samples, the occurrence of former is slightly
higher, in one sample reaching a maximum value of 58.0 +
3%. In three samples (W-1 s. 14, W-1 s. 6, W-1 s. 4), the
percentages of allochthonous species are visibly higher. In
the remainder of the profile, the reworked component is
usually predominant or the percentages are comparable.
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Fig. 3.

The diversity of the autochthonous assemblage was
low, in comparison to the allochthonous component. Within
the former group, 20 species were recognized in the R-13
borehole and 21 species in the W-1 borehole, whereas
within the reworked group 70 species were identified in the
R-13 borehole and 76 species in the W-1 borehole, exclud-
ing the Cretaceous species that were combined in one
group. The distribution of autochthonous and reworked cal-
careous nannofossils in R-13 and W-1 is arranged alphabet-
ically and listed in Tabs 1 and 2.

Calcareous nannoplankton distribution

The Miocene associations from both of the boreholes
investigated were dominated by the long-ranging Coccoli-
thus pelagicus, Cyclicargolithus floridanus and Reticulo-
fenestra pseudoumbilica (> 7 pm) occurring in each sample.

In the R-13 borehole (Appendix Table 1), the abun-
dance of C. pelagicus varies between 7.0 + 1.5% and 15.0 +
2.1%, but usually is higher than 11%. The occurrence of C.
floridanus is relatively lower and in the majority of samples
its percentage is between 5.7 + 1.3% and 9.3 + 1.7%, usu-
ally under or around 8%. Another prevailing species is R.
pseudoumbilica (> 7 pm) with a variable percentage
oscillating between 2.7 + 0.9% and 12.3 & 1.9%. Only a few
samples reach values of above 10%. Relatively less com-
monly recorded were specimens of Reticulofenestra minuta,
Sphenolithus moriformis, Pontosphaera multipora and Co-
ccolithus miopelagicus (> 14 um). Helicosphaera carteri is
present in each sample with its occurrence often under or
around 2%. Reticulofenestra haqii occurs with variable abun-
dance. With lower and irregular frequency, species such as

N\

Interpreted seismic profile calibrated by Wylewa-1, Rudka-1 and Rudka-13 wells. White horizon — Badenian evaporates. Ge-
netic sequences: H, J, K — turbiditic; L, M, N — deltaic; P, Q, R, S — deltaic; T, V — low-energy nearshore to estuarine facies (after
Mastalerz et al., 2006, simplified). For location see Fig. 1.

Calcidiscus macintyrei, Coronocyclus nitescens, Sphenoli-
thus abies and Braarudosphaera bigelowii were noted. Spe-
cimens of Pontosphaera discopora, Helicosphaera inter-m
edia and Helicosphaera walbersdorfensis occurred irregu-
larly, at under or just above 1%. Among the rare discoate-
rids, only Discoaster deflandrei and Discoaster exilis were
observed. Specimens of Calcidiscus premacintyrei and
Umbilicosphaera rotula and Rhabdosphaera procera rarely
occurred.

In the W-1 borehole (Appendix Table 2), the abun-
dance of C. pelagicus varies between 5.3 + 1.3% and 14.7 +
2.0%. In the majority of samples, it occurs in amounts
above or just below 10%, higher than R. minuta. The abun-
dance of C. floridanus in most samples is also relatively
high, at above or around 10%. The occurrence of R. pseudo-
umbilica (> 7 pm) was mostly between 6.3 £+ 1.4% and 14.7
+2.0% with a maximum in sample W-1 s. 7. Such species as
Reticulofenestra minuta, Sphenolithus moriformis and Pon-
tosphaera multipora occur relatively less frequently but
regularly. Braarudosphaera bigelowii was present in each
sample with a variable frequency, but higher up in the pro-
file (interval 660—678 m), the values slightly increase and
reach a maximum in sample W-1 s. 3. C. miopelagicus
(> 14 pm) occurs irregularly. Specimens of C. nitescens
were observed continuously with a frequency from 0.3 +
0.3% to 3.0 + 1.0%. Reticulofenestra haqii was present in
the majority of samples, amounting to mainly below or just
around 2%. Helicosphaera carteri occurs continuously,
with an abundance of usually under or just above 1%. Spec-
imens of Sphenolithus abies, Calcidiscus macintyrei, Heli-
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Table 5
Autochthonous calcareous nannofossil assemblages from the Rudka-13 borehole
AUTOCHTHONOUS
. Taxa with their last occurrence during the
Miocene s.s. taxa .
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S|S|d|d|ajg |z x| || |R|&|IS5|&8|S|T|qa||2|&
520-538Is. 1 8 2 1 2 1 5 11| 23 4 6 23 | 25 X 1 10 9 | 131 | 169
520-538 II's. 2 X 10 3 2 8 13 8 2 X 33 | 36 X 2 6 | 133 | 167
520-538 11T s. 3 1 5 5 10 | x X 3 10 | 27 5 X X 38 | 27 2 4| 14 | 152|148
520-5381Vs. 4 2 15 2 5] x 2 8 9| 22 1 4 121 |17 1 1 13 6 | 129|171
520-538 Vs. 5 1 10 1 1 1 1 5128 2 2 37 | 20 X 2 3013 | 1271173
520-538 VIs. 6 2 1 5110 5 3 8 17 3 1 X 22 | 18 X 11 8 | 121|179
520-538 VII's. 7 3 4 6 4 7115 3 1 39 | 18 1 10 9 | 120 | 180
520-538 VIII s. 8 10 3 1 1 2 6 12 | 21 2 2 33 | 19 2 X 11 1 | 126|174
520-538 1X's. 9 1 4 3 5 X X 1 6 | 26 1 X 2 35 | 20 X 3 5 15 | 127 | 173
520-538 X's. 10 1 1 2] 3 3 9 33 2 1 35 | 31 1 11 9 | 142|158
520-538 XI's. 11 1 3 2 2 3 4 1 7| 28 1 34 | 17 2 1 9 5 1120 | 180
520-538 XII's. 12 1 1 5 9 1 1 2 71 33 3 1 36 | 28 X 9 9 | 146 | 154
520-538 XIII s. 13 1 2 1 1 1 1 7120 1 1 35 | 21 2 8 5 |107 | 193
520-538 XIV's. 14 1 12 1 4] x 7 16 | 23 45 | 25 X 1 4 8 | 147 | 153
520-538 XV's. 15 4 1 6 5 19 X 43 | 35 1 3 11 7 | 135165
520-538 XVIs. 16 1 8 X 5 1 2 3] 28 X 4 33 | 26 1 1 6 | 14 | 133 | 167
520-538 XVII's. 17 2 1 7 1 3 2119 2 36 | 24 1 3 5 5| 111|189
520-538 XVIIIs. 18 6 1 7 1 5 10 | 19 1 X 39 | 21 X 2 5 5 1122|178
550-558 Is. 19 1 11 4 5 X 1 5 36 | x X X 25 | 22 1 2 8 5 | 135 | 165
550-558 V's. 23 1 10 X 3 2 2 37 5 X 28 | 26 X X 11 8 | 139 | 161
558-569 I's. 25 2 3 1 2 1 3 8 | 25 X 1 35 | 21 2 4 6 | 114 | 186
558-569 11 s. 26 4 5 3 X 5 1 4 7 10 | 31 1 5 31 | 32 1 X 6 3|1 149 | 151
558-569 11 s. 27 2 2 2 2 1 1 3 22 | 22 1 3 38 | 14 1 2 5 5 1126|174
558-569 Vs. 29 15 6 5 3 X 1 10 | 18 x | 44 | 22 4 8 | 136 | 164
558-569 VIs. 30 1 X 4 2 6 3 X 4 8 | 28 1 X 29 | 26 X 1 5| 18 | 136 | 164
558-569 VII's. 31 6 2 3 4 1 2 10 | 15 2 33 | 21 3 3 4 | 113|187
558-569 VIII's. 32 12 1 6 1 2 11| 13 42 | 17 5 9 | 120|180
558-569 IX's. 33 10 X 1 X 1 5 8 | 20 4 3 37 | 18 1 4 6 | 124 | 176

(x — species found, not counted)

cosphaera intermedia, H. walbersdorfensis and Pontospha-
era discopora were recorded less commonly and irregu-
larly. Scarce specimens of Discoaster deflandrei, Umbilico-
sphaera rotula, Calcidiscus premacintyrei and Discoaster
exilis were also observed.

In the Rudka-13 and Wylewa-1 boreholes, the clearly
allochthonous component (Table 2) was mainly composed of
Dictyococcites scrippsae, Pontosphaera latelliptica, Ericso-

nia formosa and species of Late Cretaceous age. Such species
as Reticulofenestra dictyoda, R. umbilica, R. reticulata, R.
daviesii, R. hillae, Dictyococcites bisectus, Zygrhablithus
bijugatus and Lanternithus minutus also occur commonly.

Multivariate analysis
In the Rudka-13 borehole, cluster analysis by Ward’s
method differentiated 3 main clusters (Figs 11, 12). Cluster
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Table 6

Autochthonous calcareous nannofossil assemblages from the Wylewa-1 borehole

AUTOCHTHONOUS TAXA
Miocene s.. taxa Taxa with their last occurrence during the
o Miocene
E
El
— o~
g A ;’é
: -2 S <
— 2 = =
S = 2]
L < < = @ - | 2
s @ 3 S = S e
N s ~§ < 3 ) 5 S N @ &
21838 I I - I T T O~~~ O~ O i R = ==
SIE R 8|8 831588 glslsl3SlE|2518|2|E
3 N = = = = 2 N 2 ) D) S S N = | g s « Q
S| 8| 8§l e Bl S| 8|Sl S| 3| &8|&|E%E/&®| | ¢=]: o)
- I = Y g ) ) 9 9 9 2 = = o~ = = 3 5 2 |
2 T - N~~~ < < = T - N U B A B R -
SO B = T T Y I~V A~V e~~~ N~~~ =~ O <~ B~ I~ I~ <
BT e~ e~ < < <~ e~ =~ <A e~ O~ < <
S|d|S|d|a|lg |2 2|2 ||| &|s5|a|S|T|8|2|=2|&
660-678 I's. 1 1 5 1 1 3 20 | 25 2 6 | 38 | 31 2 2 5 5| 147 | 153
660-678 111 s. 3 6 1 3 1 1 X 11 | 23 | 21 X 25| 34 | 39 X 6 3174 | 126
660-678 IV s. 4 4 5 3 4 22 6 7 12 ] 26 | 12 1 4| 15 | 121 | 179
660-678 VIs. 6 5 9 1 1 2 3012 28 1 2 3016 |33 | x 1 4 6 | 127 | 173
660-678 VII's. 7 7 2 5 301 2 5016 | 44| 2 7126 | 38 1 3162 138
660-678 VIII's. 8 5 3 2| 2 1 6 8130 | 2 6| 21 | 39 1 1 7 9 | 143 | 157
660-678 X s. 10 2 1 1 10 1 3 7| 18 | 37 3 12 | 25 | 30 X X 8 2 | 160 | 140
660-678 XI's. 11 6 4 2 1 9| 20 | 27 3 X 1132 | 31 7 8 | 151 | 149
660-678 XII's. 12 2 5 3 301 41 14 | 39 9131 |28 | x 1 6 4 1150 | 150
660-678 XIII s. 13 9 1 2 411 6|23 19 10 | 37 | 37 | x 7 4 1160 | 140
660-678 XIV s. 14 5 7 3 4 1 1 2 7| 24 4130 | 22 6| 11 | 127|173
660-678 XV s. 15 6 4 7 X S| 12| 25 3 1129 | 34 2 X 7 7 | 142 | 158
660-678 XVIs. 16 1 2 4 1 S| 15| 22 1 1] 43 | 37 X 6 5 | 143 | 157
820-838 Is. 17 6 4 1 X 2 41 10 | 26 3 3133 | 28 1 1 4 7 | 133 | 167
820-838 11 s. 18 9 2 8| 3 2 5 8| 22 9131 |21 X 13 5| 138 | 162
820-838 Il s. 19 4 2 1 3 20 14130 2 3|41 | 35 1 2 7| 16 | 163 | 137
820-838 IV 's. 20 1 4 5 1 1 X 6 | 34 1 1 233 |29 1 1 6| 11 | 137|163
820-838 V5. 21 1 1 5 2 2 2 1 18 | 22 5 1|30 | 26 1 2 7 9 | 135 165
820-838 VIs. 22 1 8 3 6 2 20 131 29 6 3120 | 21 1 3 8 6 | 132 | 168
820-838 VIII s. 24 1 3 1 1 1 1 20 10| 27 1 1142 | 34 1 2 8 | 11 | 147 | 153
820-838 IX s. 25 6 6 7 2 3 61 22| 4 1137 |25 2 2 7| 13 | 143 | 157
820-838 X s. 26 2 2 1 X 30 11 20 2 4] 44 | 35 1 1 7| 11 | 144 | 156
820-838 XI's. 27 7 1 5 2 12 | 31 2 1] 31 17 X 11 12 | 132 | 168
820-838 XII s. 28 2 5 1 1 1 41 10 | 36 2 2138 | 39 X 1 6 6 | 154 | 146
820-838 XIII s. 29 5 1 4 2 15 | 28 4 1134 |25 1 14 9 | 147 | 153
820-838 XIV s. 30 7 3 1 3 1 6 | 37 2 7135 |29 2 11 3| 147 | 153
820-838 XV s. 31 3 5 2| 4 X 1 8| 35| 3 1 113535 x 6| 16 | 155|145

(x — species found, not counted)

1 is characterized by the presence of all characteristic spe-
cies and high indicator values (IV) from 9.26 to 53.85%
(bolded values, Table 3) This cluster groups 3 samples, situ-
ated in the upper part of the profile. On the nMDS plot, this
group appears to be distinctive from the other one, situated
on the left side of the first axis and the lower part of the sec-
ond axis. In Cluster 2, Calcidiscus premacintyrei is absent.
Samples belonging to this cluster on the nMDS plot are lo-
cated from the centre to the left side of the first axis and
from the centre of the second axis to its upper part. In Clus-

ter 3 Calcidiscus premacintyrei and Umbilicosphaera
rotula are absent. Only two species have high indicator val-
ues, namely Pontosphaera discopora and Calcidiscus maci-
ntyrei. Samples of Cluster 3 are positioned in nMDS from
the centre of first axis to the right part of the first axis and in
the second axis from the centre to its upper part. In the cen-
tre of the nMDS plot, Cluster 2 and Cluster 3 make contact.
In the Wylewa-1 borehole, 5 clusters were differenti-
ated (Figs 13, 14). The main indicator species are shown in
Table 4 (bolded values). In Cluster 1, Calcidiscus prema-



CALCAREOUS NANNOPLANKTON OF SARMATIAN DEPOSITS

Rudka-13
depth (m) depth (m)
520 525
I Vi -
521 526 —
I - Vi =
—
522 527
1] VIl _
523 528
\; IX
524 _E 529
v _ X
525 530

Fig. 4.

cintyrei, Discoaster exilis and Sphenolithus abies are ab-
sent. In the nMDS plot, species belonging to this cluster are
located in the centre of the first axis and in the upper part of
the second axis, intermingling with Cluster 4. In Cluster 2, a
lot of species are absent, namely Calcidiscus macintyrei,
Calcidiscus premacintyrei, Discoaster deflandrei, Disco-
aster exilis, Helicosphaera intermedia, Reticulofenestra
hagii and Umbilicosphaera rotula. This cluster represents
only one sample, located in the right part of the first axis and
close to the centre of the second one. In Cluster 3, only
Calcidiscus premacintyrei is absent. On the nMDS plot,
samples are situated from the centre of the first axis to the
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Lithological log of core material from the Rudka-13 borehole (520-538 m).

right and from the centre of the second axis to its lower part.
In Cluster 4, all species can be found, except for Discoaster
exilis. Samples of Cluster 3 in nMDS are positioned around
the centre of the first axis and from the centre to the upper
part of the second axis, making tangential contact with
Cluster 4. In Cluster 5, Calcidiscus premacintyrei and
Discoaster exilis are absent. On nMDS, samples are located
from the centre of the first axis to the left and from the cen-
tre of the second axis to its lower part.

The sequence of clusters along the core is shown in Fig-
ure 9 and Figure 10 on the right axis. In the R-13 borehole,
samples alternate mostly between Cluster 2 and 3 through-
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Fig. 5. Lithological log of core material from the Rudka-13 borehole (550— 568 m).
out the entire profile. Three samples belonging to Cluster 1 DISCUSSION
are situated in the upper part and strongly alternate with . .
pper p gY Biostratigraphy

Cluster 2 and 3. In W-1, samples belonging to Cluster 1 are
situated in the uppermost part of the profile and one sample
a few metres lower. Cluster 2 represents only one sample,
located in the upper part of the profile. Samples of Cluster 3
and Cluster 4 alternate with each other in the interval 820—
830 m and in the lower part of the interval 660—678 m. Sam-
ples of Cluster 5 occur mostly in the upper part of the profile.

The standard calcareous nannofossil zonation of the
Miocene was constructed mainly on the basis of first (FO)
or last occurrence (LO) of Discoaster species, the distribu-
tion of which was presumably controlled ecologically and
depended on palaecogeography. Discoasters occur much
more often in the Mediterranean area than in the Paratethys
(Perch-Nielsen, 1985). Therefore the Miocene zonations of
Martini and Worsley (1970) and Bukry and Okada (1980)
usually are readily obtained in lower latitudes, where
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Fig. 6.  Lithological log of core material from the Wylewa-1

borehole (660-676 m).

discoasters are common in open-ocean assemblages. This
also applies to other index species (Perch-Nielsen, 1985). In
such cases it is necessary to use alternative species for the
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Fig. 7.  Lithological log of core material from the Wylewa-1
borehole (820-835 m).

Paratethys (Perch-Nielsen, 1985). According to Baldi-Beke
(1982), helicoliths are neither purely oceanic nor typical
nearshore in distribution, which resulted in their expansion
in the unstable palacoenvironmental conditions of the
Carpathian Foredeep and brought about an increase in their
stratigraphical importance (see Svabenicka, 2002).
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Fig. 8.  Photographs of core material from the Rudka-13 and Wylewa-1 boreholes. A, C. Intervals: R-13 520-538 V (mud-dominated
heteroliths horizontal stratified), R-13 520-538 VI (mud-dominated heteroliths, horizontal stratified). B, D. Intervals: W-1 660-678 XIII

(fine-grained sandstones horizontal and cross-stratified, mud-dominated heteroliths horizontal stratified), 660-678 XII (fine-grained sand-
stones, fine-grained heteroliths horizontal and cross-stratified).
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Fig. 9. Percentage abundance of autochthonous and allochtho-
nous species in samples from the Rudka-13 borehole.

The composition of nannoplankton assemblages in the
Rudka-13 and Wylewa-1 boreholes gave evidence of undi-
vided NN6—NN7 zones. These biozones are extremely diffi-
cult to distinguish in the Central Paratethys realm, owing to
the fact that in high latitudes discoasters and C. coalithus
are scarce or absent (Bartol, 2009, and references therein).
LM microphotographs of the typical Miocene calcareous
nannofossils associations observed in the core samples are
presented on Figs 15, 16.

The Discoaster exilis Zone (NN6) is defined by the last
occurrence (LO) of Sphenolithus heteromorphus to the first
occurrence (FO) of Discoaster kugleri and/or the LO of
Cyclicargolithus floridanus (Hay, 1970; Martini, 1971; see
also Perch-Nielsen 1985). C. floridanus gradually disap-
peared in NN6 and was replaced by abundant Reficulo-
fenestra pseudoumbilica (> 7 um) near the top of this zone.

The Discoaster kugleri Zone (NN7) begins with the FO
of Discoaster kugleri and/or the LO of C. floridanus to the
FO of Catinaster coalithus (Bramlette and Wilcoxon, 1967,
Martini, 1971; Bukry and Okada, 1980; see Perch-Nielsen,
1985). Six-rayed discoasters, such as D. challengerii, D.
aff. brouweri and D. bollii, also occur. C. floridanus defi-
nitely disappears, whereas Discoaster deflandrei decreases
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Fig. 10. Percentage abundance of autochthonous and allochtho-
nous species in samples from the Wylewa-1 borehole.

in abundance and disappears near the top of NN7 (Perch-
Nielsen, 1985). Furthermore the FO of D. kugleri is a prob-
lematic event, since unambiguous specimens never occur
commonly. Lehotayova and Molc¢ikova (1978, vide Ga-
recka and Olszewska, 2011), owing to the absence of D.
kugleri, assigned the upper Badenian (Kosovian substage)
to the NN6 Zone. Cicha et al. (1998) consider that the extent
of the NN6 Zone (upper Badenian—lower Sarmatian) does
not allow determination of the Badenian-Sarmatian bound-
ary exclusively on the basis of calcareous nannoplankton
(see Garecka and Olszewska, 2011). Taking into account all
these constraints, NN6 and NN7 were joined together
(Young, 1998; see also Oszczypko-Clowes et al., 2009; Ga-
recka and Olszewska, 2011, and literature therein).
According to Young (1998), the interval NN6-NN7 is
characterized by low species diversity, as lots of the taxa of
earlier assemblages become less frequent or completely dis-
appear. Therefore, a unit defined on the basis of negative
criteria can be difficult to subdivide. The most common for
NN6-NN7 are species, such as Reticulofenestra pseudoum-
bilica, Coccolithus pelagicus, Calcidiscus leptoporus, Dis-
coaster exilis, Helicosphaera carteri, Umbilicosphaera ja-
fari, U. rotula. Less frequent, but biostratigraphically more
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useful, are Triquetrorhabdulus rugosus, Discoaster kugleri
and Helicosphaera orientalis. The large species Coccoli-
thus miopelagicus (> 14 pum) is also confined to the NN7
Zone, but its FO is gradational (Young, 1998). According to
Galovi¢ and Young (2012), the large Coccolithus miopela-
gicus is a useful marker within the Sarmatian, especially its
LO which is observed at the NN7-NN8 boundary in the
Paratethys.

The Miocene associations from the R-13 and W-1 bore-
holes were dominated by C. pelagicus, C. floridanus and R.
pseudoumbilica (> 7 pm). The first two species belong to
long-ranging taxa, but there are no criteria for recognition
of which specimens are redeposited. As mentioned above,
the LO of C. floridanus was proposed by Bukry and Okada
(1980) as an alternative event to the FO of D. kugleri for the

0.0

0.5 1.0 1.5 2.0 25

Axis 1

s (Rudka-13).

base of NN7, but according to Fornaciari et al. (1990), the
LO of C. floridanus is diachronous in different latitudes and
geographic regions and therefore must be used with caution
in biostratigraphy. In mid and high latitudes, this species oc-
curs up to the Late Miocene (Garecka and Olszewska,
2011). Galovi¢ and Young (2012) mention the LO of C.
floridanus as being a very useful indicator of the NN6—NN7
boundary, although some overlap between D. kugleri and C.
floridanus was observed (Varol, pers. comm., vide Galovi¢
and Young, 2012). In the equatorial Pacific, the LO of this
species was dated at 13.32 Ma (Turco ef al., 2002), in the
equatorial Atlantic at 12.65 Ma (Olaffson, 1989) and in the
Mediterranean at 13.3 Ma (Hilgen ef al., 2003, vide Bartol,
2009). In the North Atlantic, a decrease in abundance of C.
floridanus was recorded at 13.2 Ma, but scarce specimens
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were still observed at 11.9 Ma (Gartner, 1992; see Bartol,
2009). The FO of R. pseudoumbilica (> 7 um), takes place
at the very top of NN5. This event is considered as an alter-
native marker for the NN5-NN6 boundary (Fornaciari ef al.,
1990; Young, 1998). Reticulofenestrid taxonomy strongly
depends on placolith size concepts and hence the differ-
ences in estimation of its FO (Fornaciari et al., 1990). Ac-
cording to Fornaciari et al. (1996), the FCO of R. pseudo-
umbilica (> 7 pm) can be considered as reliable in the Medi-
terranean record and useful to identify the sub-zonal bound-
ary (see Bartol, 2009) between MNN6a (lower NN6) and
MNNG6b (upper NN6). The first common occurrence (FCO)
of R. pseudoumbilica (> 7 um) was dated at 13.10 Ma (Ab-
dul Aziz et al., 2008). Galovi¢ and Young (2012) consider

the abundant to almost monnofloral appearance of large R.
pseudoumbilica (> 7 pm) with the subsequent last occur-
rence or absence of C. floridanus as the beginning of the
Sarmatian, which were observed in the Hrvatsko Zagorje
Basin and in the North Croatia Basin. In the profiles studied
by the present authors, R. pseudoumbilica (>7 pm) is one of
the predominant species in the assemblages. Specimens of
Calcidiscus macintyrei were observed much less frequently,
but in the majority of samples. The contradictions in estima-
tion of its FO are partly associated with different taxonomic
concepts (Fornaciari ef al., 1996). In the present study, the
authors consider C. macintyrei species equal to or larger
than 11 pm (see Fornaciari et al., 1996, and literature
therein). According to Fornaciari et al. (1990), if C. macin-
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Fig. 15. LM microphotograps of the Miocene calcareous nannofossils assemblages identified in the core samples. A, B. Braarudo-
sphaera bigelowii (Gran and Braarud) Deflandre (W-1: 660—678 VI s. 6). C, D. Calcidiscus macintyrei (Bukry and Bramlette) Loeblich
and Tappan (W-1: 660678 X s. 10). E, F. Calcidiscus premacintyrei Theodoridis (R-13: 520-538 VI s. 6). G, H. Coccolithus
miopelagicus (> 14 pm) Bukry (W-1: 660-678 VI s. 6). I, J. Coccolithus pelagicus (Wallich) Schiller (R-13: 520-538 IX s. 9). K, L.
Coronocyclus nitescens (Kamptner) Bramlette and Wilcoxon (W-1: 820-838 XV s. 31). M. Cyclicargolithus floridanus (Roth and Hay in
Hay et al., 1967) Bukry (W-1: 660—-678 VI s. 6). N. Discoaster deflandrei Bramlette and Riedel (R-13: 558-569 VI s. 30). O. Discoaster
exilis Martini and Bramlette (W-1: 660-678 VI s. 6). P, Q. Helicosphaera carteri (Wallich) Kamptner (W-1: 660-678 XIs. 11). R, S.
Helicosphaera intermedia Martini (W-1: 660-678 VIs. 6). T, U. Helicosphaera walbersdorfensis Miiller (W-1: 660-678 VIs. 6). W, Y.
Pontosphaera discopora Schiller (R-13: 558-569 1X s. 33). Z. Pontosphaera multipora (Kamptner ex Deflandre) Roth (R-13: 550-558 V

s. 23).

<

<

|
10 pm

Fig. 16. LM microphotograps of the Miocene calcareous nannofossils assemblages identified in the core samples. A. Pontosphaera
multipora (Kamptner ex Deflandre) Roth (R-13: 550-558 V s. 23). B. Reticulofenestra haqii Backman (W-1: 820-838 I s. 17). C.
Reticulofenestra pseudoumbilica (> 7 pm) (Gartner) Gartner (W-1: 660-678 VI s. 6). D. Reticulofenestra minuta Roth (W-1: 820-838 1
s.17). E. Sphenolithus abies Deflandre in Deflandre and Fert (R-13: 520-538 111 s. 3). F. Sphenolithus moriformis (Bronnimann and Stradner,

1960) Bramlette and Wilcoxon (W-1: 660-678 VI s. 6). G, H. Umbilicosphaera rotula (Kamptner) Varol (R-13: 520-538 XII s. 12).

tyrei is restricted to forms of this size, its FO can be as-
signed to the interval between the FOs of D. kugleri and C.
coalithus (NN7). Nagymarosy (1985, vide Garecka, 2014)
describes C. macintyrei from the NN7 Zone assemblage
(Hungary). Fornaciari ef al. (1996) did not use the FO of C.
macintyrei as a zonal boundary, owing to its low abun-
dance, although Foresi ef al. (2002) suggest that this event,
if not taken as a zonal boundary marker, can be used in the
Mediterranean to improve the stratigraphic resolution in the
topmost part of the MMNG6b Subzone (upper NN6 Zone).
Svabenicka (2002) and Cori¢ and Svébenicka (2004) de-
scribe this species from the NN6 Zone or even from the
NNS Zone. According to Peryt (1997), C. macintyrei occurs
with S. heteromorphus in the NN5 assemblage, while it is
found together with D. exilis, H. walbersdorfensis and small
reticulofenestrids in the NN6 assemblage. The FO of C.

macintyrei was dated at 13.16 Ma (Turco et al., 2002). Ow-
ing to the diachronous occurrence of C. macintyrei in differ-
ent latitudes, Olaffson (1989) and Raffi and Flores (1995)
do not consider its FO to be a good stratigraphic marker (see
Bartol, 2009). According to Fornaciari et al. (1990), the LO
of C. nitescens seems to be a better event than the FO of D.
kugleri for the subdivision of the NN6-NN7 interval. In
both profiles, single specimens of C. nitescens occur in al-
most all samples. According to Miiller (1981) and Forna-
ciari et al. (1996) the LO of Helicosphaera walbersdorfen-
sis can be considered as being close to the LO of D. kugleri
and to the FO of C. coalithus. Miiller (1981, vide Fornaciari
et al., 1996) was the first to point out the significance of
Helicosphaera walbersdorfensis for the biostratigraphic
classification of the Miocene. In R-13 and W-11, H. wal-
bersdorfensis occur sporadically throughout the profiles.
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Gartner (1992) and Rafi et al. (1995; see also Fornaciari et
al., 1996) indicated the potential usefulness of the disap-
pearance of Calcidiscus premacintyrei for subdividing the
long interval between the LO of S. heteromorphus and the
FO of C. coalithus (NN6-NN7). In R-13 and W-1, C. pre-
macintyrei was extremely rare. Assemblages also consisted
of species, such as Braarudosphaera bigelowii, Coccolithus
miopelagicus (> 14 um), Discoaster deflandrei, Helico-
sphaera carteri, H. intermedia, Pontosphaera discopora, P.
multipora, Reticulofenestra haqii, R. minuta, Sphenolithus
abies, S. moriformis and Umbilicosphaera rotula, also char-
acteristic for this interval. Although S. abies was described
from the NN6-NN7 interval in the Central Paratethys
(Lehotayova and Mol¢ikova, 1978, vide Garecka, 2014), in
Mediterranean region this species was observed in NN4
(Theodoridis, 1984). Bukry (1973) assigned it to NNS,
whereas Perch-Nielsen (1985) to the NN9 Zone. In both
profiles investigated, single specimens of Sphenolithus
heteromorphus were observed, presumably as a result of
redeposition. According to Miiller (1981, vide Garecka,
2014) S. heteromorphus can occur sporadically in the NN6
and NN7 zones. Specimens of Catinaster coalithus were
absent. On the basis of these results, the studied deposits be-
longing to the Machow Fm were assigned to the undivided
NN6-NN7 zones, although this composition of calcareous
nannoplankton could even indicate the NN7 Zone, as was
previously suggested by Oszczypko-Clowes et al. (2012;
see also Oszczypko-Clowes in Krzywiec et al., 2014).

Palaeoecology

For the purpose of palacoecological interpretation, the
relative abundance of individual nannofossils taxa was de-
termined to show alterations in the dominance of different
species. The estimated quantitative ratios of calcareous
nannoplankton taxa showed a general character of the as-
semblages.

The assemblages from W-1 and R-13 were dominated
by nearshore placoliths and shallow-water cribriliths and
pentaliths. The former group was represented by C. pela-
gicus, C. floridanus and R. pseudoumbilica (> 7 pm).
Andreyeva-Grigorovich (2002) viewed these species as a
cold-water ecogroup, because significant concentrations of
them or monnoassociations were observed only in the
northern areas of the Atlantic and the polar waters of the Pa-
cific and Indian oceans (Mclntyre and Bé, 1970; Dmi-
trenko, 1993 vide Andeyeva-Grigorovich, 2002).

Rahman and Roth (1990) describe C. pelagicus as a
long-ranging species, providing palaeoclimatic information
for the Middle Miocene to the Pleistocene. During the early
Cenozoic, it evolved in tropical areas and migrated towards
the poles during the mid-Cenozoic (Haq and Lohmann,
1976). Recently C. pelagicus was considered to be a subpo-
lar species, a so-called r-strategist that preferred cold (7—
14 °C), eutrophic, nutrient-rich surface waters, with intense
upwelling (McIntyre and Be, 1967; Spezzaferri and Cori¢,
2001). According to Cachdo and Moita (2000), this tradi-
tional interpretation of C. pelagicus as a cold-water proxy
does not fully explain its distribution patterns at the Western
Iberian Margin. They suggest an extension of the optimum

living and maximum temperatures of C. pelagicus to 16 °C
and 18 °C respectively, owing to its abundant occurrence in
the upwelling system in waters of subtropical origin, al-
though also related to the lowest temperatures. Cachdo and
Moita (2000) infer that its niche may be associated with
moderate fronts of different origin (thermal, haline, conflu-
ence of distinct water bodies). It appears that this species is
mainly a high-nutrient indicator, which can be used as a
front tracer of the outer limits of productivity-enhanced ar-
eas (Cachao and Moita, 2000; Dolakova et al., 2014). Its re-
sistance to carbonate dissolution might improve its relative
frequency (Rahman and Roth, 1990).

According to Wei and Wise (1990), C. floridanus may
be considered as temperate water form. It belongs to the
long-ranging taxa, which occur in the Palacogene and ex-
tend to the NN7 Zone (Young, 1998), hence its high abun-
dance can be due to reworking.

R. pseudoumbilica and other related species seem to
have no specific ecological preferences (Beaufort and
Aubry, 1992). Usually, this species was regarded as cosmo-
politan (Beaufort and Aubry, 1992, and references therein).
During the Neogene, it was most common at mid and low
latitudes (Haq, 1980).

The common occurrence of cribriliths, in both profiles
represented by the genus Pontosphaera, may be indicative
of shallower, marine environments (Bukry, 1971; Roth and
Thierstein, 1972; see also Aubry, 1984) as may be the pres-
ence of pentaliths, such as B. bigelowii (Gran and Braarud,
1935). The preference of B. bigelowii for shallow waters
has been related either to water depth (Takayama, 1972) or
to lower salinity and higher turbulence (Aubry, 1984, and
references therein). Blooms of B. bigelowii have been asso-
ciated also with the influx of terrigenous material (Svabe-
nicka, 1999) and eutrophication (Cunha and Shimabukuro,
1997; see also Bartol et al., 2008). Bartol et al. (2008) sug-
gest that this species can thrive in unusual palacoceano-
graphic conditions and its high abundance is associated with
an opportunistic response to reduced competition (Thier-
stein et al., 2004). In both profiles, this species occurs with
lower frequency, except in the upper part of the W-1 profile,
where a significant enrichment in it was observed.

Representatives of Helicosphaera group (Perch-Niel-
sen, 1985) and small reticulofenestrids (Haq, 1980) were
also interpreted as nearshore species. Helicoliths are abun-
dant in shallow, eutrophic near-continental environments
with an upwelling regime (Perch-Nielsen, 1985; see also
Cori¢ and Hohenegger, 2008). In both profiles, they were
mostly represented by H. carteri. The geographic distribu-
tion of the living species in the Atlantic and the Pacific
oceans seems to be dependent upon water temperature
(Aubry, 1984, and references therein). Although H. carteri
is eurythermal and tolerates temperature 5-30 °C (Okada
and Mclntyre, 1979), it is more common in tropical and sub-
tropical nannoflora provinces, while it occurs less fre-
quently in transitional, arctic and subarctic assemblages
(Schneidermann, 1977).

Small reticulofenestrids were observed commonly in
nannoflora along continental margins (Haq, 1980). Owing
to ambiguous data about their ecological preferences, the
interpretation of the causes of their blooms was unclear
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(Holcova, 2013). Wade and Bown (2006) associated
blooms of R. minuta with high environmental stress, as this
species responds quickly to rapid changes and dominates in
conditions, where other taxa cannot compete. It was consid-
ered to be a hardy, opportunistic taxon with wide ecological
tolerance, but capable of flourishing in nutrient-rich condi-
tions (Wade and Bown, 2006; see also Holcova, 2013).
Wade and Bown (2006) pointed out that R. minuta may
have tolerated brackish to hypersaline, high-productivity
environments, which prevailed immediately prior to and
following evaporites deposition. Some researchers regarded
small reticulofenestrids as eutrophic species (Wells and
Okada, 1997; Flores et al., 1997; Bollmann et al., 1998;
Kameo, 2002; Wade and Bown, 2006), while others associ-
ated blooms of small Reticulofenestra with oligotrophic
conditions and a well-stratified water column (Hallock,
1987; Beaufort and Aubry, 1992; Cori¢ and Rogl, 2004; see
also Holcova, 2013). Hallock (1987) indicated that sparse
nutrient supplies in an oligotrophic environment necessitate
smaller phytoplankton and longer, more complex food
chains. Gartner et al. (1983) associated the size of the co-
ccoliths with seasonal fluctuations in nutrients and tempera-
ture and suggested that the variation in relative abundance
of small R. minuta is a result of changes in nutrient dynam-
ics. According to Beaufort and Aubry (1992), C. pelagicus
and R. minuta had opposite ecological affinities during the
Miocene. On the basis of these relationships, Cori¢ and
Rogl (2004) calculated the percentage of C. pelagicus ver-
sus R. minuta (Cp/Rm ratio) and found a high correlation
with C. pelagicus and the reworked taxa, together with a
negative correlation with respect to R. minuta. In the major-
ity of samples from the W-1 and R-13 boreholes, C. pela-
gicus strongly predominates quantitatively over small R.
minuta and the percentage of clearly allochthonous species
is relatively high. This is the result of strong erosion and tur-
bulent water masses in an upwelling regime.

Warm-water sphenoliths were also common in oligo-
trophic, shallow environments (Perch-Nielsen, 1985; An-
dreyeva-Grigorovich, 2002; Cori¢ and Hohenegger, 2008).
In the W-1 and R-13 boreholes, Sphenolithus genus was
represented by S. moriformis and rarer S. abies. Great con-
centrations of the former were observed in the tropical
zones, whereas latter was most numerous in subtropical
provinces (Dmitrenko, 1993, vide Andreyeva-Grigorovich,
2002). C. miopelagicus also was considered to be a palaco-
bioindicator for warm, oceanic waters (Aubry, 1984).

In both profiles, open oceanic discoasters are scarce or
absent, which may confirm the shallow palaeoenvironment
also documented by other taxa. Most of the Discoaster spe-
cies had an ecological affinity for tropical and subtropical
waters, except for D. exilis and D. deflandrei, which are
either tolerant to or exhibit a preference for colder waters
(Aubry, 1984; Rahman and Roth, 1990; Chira and Marun-
teanu, 1999).

The interpretation of the clusters was carried out with
reference to these palacoecological preferences of calcare-
ous nannoplankton. Nonmetrical Multidimensional Scaling
(nMDS) was employed to illustrate the relations between
the samples in a low-dimensional space. The degree of
change in the composition of assemblages along the core

could be measured as the distances between subsequent
samples, understood as the larger the distance, the stronger
the species turnover (Corié¢ and Hohenegger, 2008). Taking
into account the relative abundances of individual taxa, the
assemblages from both profiles seem to be similar. There is
a clear predominance of nearshore eutrophic taxa, accompa-
nied by a high percentage of redeposited species. It seems
that the high availability of nutrients and non-stratified, tur-
bulent water masses characterized the entire interval in both
the R-13 and W-1 boreholes. The differences concern spe-
cies, which occur with lower frequencies or do not have par-
ticular environmental preferences.

In R-13, Cluster 1, all species were observed in various
proportions. Besides C. pelagicus, which is common in the
whole profile, the nearshore helicoliths (H. intermedia, H.
walbersdorfensis) and cribriliths (P. multipora) also charac-
terize this cluster. The less frequently occurring B. bigelo-
wii, C. premacintyrei, C. miopelagicus (> 14 um), C. nites-
cens, R. haqii, R. minuta, S. abies and U. rotula have the
highest indicator values of all classes. This cluster groups
samples from the upper part of the core. Owing to prefer-
ences of the main species, it may indicate a shallow environ-
ment with a probable slight shift to oligotrophic conditions
and higher temperature. Cluster 2 is characterized by a high
proportion of C. pelagicus, C. floridanus, D. deflandrei, H.
carteri, R. pseudoumbilica (> 7 pm) and S. moriformis. This
cluster may indicate a non-stratified water column with an
upwelling regime. In Cluster 3, the main species are rare P.
discopora and C. macintyrei occurring with irregular fre-
quency. In addition, relatively high indicator values belong
to C. pelagicus and Helicosphaera genus and very low ones
to R. minuta, which could indicate near-shore eutrophic en-
vironments. The presence of C. macintyrei and helicoliths
and the low number of discoasters according to Svébenicka
(2002) may be associated with an incipient transgression.
Garecka and Olszewska (2011) mentioned possible re-
stricted connections with the open seas, documented by the
Mediterranean type of calcareous nannoplankton (see Piller
etal.,2007).

In the W-1 borehole, Cluster 1 is characterized by the
main species, such as C. macintyrei, B. bigelowii, R. minuta,
C. floridanus and U. rotula. B. bigelowii, and small R. mi-
nuta were considered to be opportunistic species, appearing
in conditions of high environmental stress. Cluster 2 con-
tains only one sample, which differs significantly from the
others, which is seen on the nMDS plot (Fig. 14). A lot of
species are absent (Table 4). S. abies and close behind it AH.
walbersdorfensis demonstrate the highest indicator value in
all of the species. Furthermore, S. moriformis, R. minuta, C.
nitescens and P. dicopora were the main species. All these
species, except for R. minuta, occur relatively less com-
monly throughout the core. This cluster seems to indicate a
shift to warmer conditions. In Cluster 3, the main species
are H. carteri, H. intermedia and P. multipora and also rare
D. deflandrei and D. exilis. The percentage of reworked
species is high (Fig. 10). It indicates nearshore conditions.
In Cluster 4, C. pelagicus dominates and together with heli-
coliths and cribriliths indicates an eutrophic environment.
In this cluster, R. minuta reaches the lowest indicator value.
Clusters 3 and 4 seem to indicate similar palacoecological
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conditions, which is seen on the nMDS plot where they are
in tangential contacting. In Cluster 5, the high indicator val-
ues belong to R. pseudoumbilica (> 7 um), R. hagii and C.
miopelagicus (> 14 um). This cluster seems to characterize
intermediate conditions. C. pelagicus, helicoliths and cribri-
liths also are common; R. minuta is rarer.

CONCLUSIONS

On the basis of calcareous nannoplankton from the
Rudka-13 and Wylewa-1 boreholes (Sieniawa—Rudka
area), the deposits of the Machéw Formation were assigned
to the upper part of NN6 Zone and the NN7 Zone, corre-
sponding to the Sarmatian. A definite determination of the
NN7 biozone was problematic, owing to the absence of the
rare zonal marker species Discoaster kugleri.

Reworked nannofossils were mostly of Eocene and
Cretaceous ages. These results indicate that during the Sar-
matian the PCFB was supplied with sediment both from the
N (Cretaceous deposits of the Miechéw Trough) and from
the S (folded Miocene strata at the front of the Polish Outer
Carpathians).

The results of quantitative analyses, based on the rela-
tive abundance of individual nannofossil taxa, indicate a
shallow, coastal environment with a high nutrient supply.
The estimated high number of allochthonous species and
the presence of the damaged elements of coccoliths may in-
dicate a strong supply of terrigenous material and unstable
conditions in a shallow-water basin. The palacoecological
interpretation was based on the occurrence of such species
as C. pelagicus, reticulofenestrids, cribriliths, pentaliths,
helicoliths, sphenoliths, and discoasterids and on the per-
centage of reworked species. The assemblages were domi-
nated by nearshore placolith and shallow-water cribriliths,
whereas open-oceanic discoasterids occur infrequently,
which indicates isolation of the basin. The high abundance
of C. pelagicus, indicating eutrophic conditions, is corre-
lated positively with the high percentage of reworked taxa,
which can be associated with turbulent water masses and
deposition near the shoreline. The low variation in composi-
tion of the calcareous nannoplankton assemblages from the
R-13 and W-1 boreholes may indicate an environment with
relatively minor changes.

The high percentage of reworked specimens and the
presence of long-ranging taxa and taxa resistant to carbon-
ate dissolution may have affected the palaecoecological in-
terpretation.
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Appendix
An alphabetical list of calcareous nannoplankton species

Blackites spinosus (Deflandre et Fert 1954) Hay et Towe 1962

Braarudosphaera bigelowii (Gran et Braarud 1935) Deflandre 1947

Calcidiscus leptoporus (Murray et Blackman 1898) Loeblich et
Tappan 1978

Calcidiscus macintyrei (Bukry et Bramlette 1969) Loeblich et
Tappan 1978

Calcidiscus premacintyrei Theodoridis 1984

Chiasmolithus altus Bukry et Percival 1971

Chiasmolithus bidens (Bramlette et Sullivan 1961) Hay et
Mohler 1967

Chiasmolithus expansus (Bramlette et Sullivan 1961) Gartner 1970

Chiasmolithus gigas (Bramlette et Sullivan 1961) Radomski 1968

Chiasmolithus grandis (Bramlette et Riedel 1954) Radomski 1968

Chiasmolithus medius Perch-Nielsen 1971

Chiasmolithus modestus Perch-Nielsen 1971

Chiasmolithus oamaruensis (Deflandre in Deflandre et Fert
1954) Hay, Mohler et Wade 1966

Chiasmolithus solitus (Bramlette et Sullivan 1961) Hay, Mohler
et Wade 1966

Coccolithus miopelagicus (> 14 um) Bukry 1971

Coccolithus pelagicus (Wallich 1877) Schiller 1930

Coronocyclus nitescens (Kamptner 1963) Bramlette et Wilcoxon
1967

Cyclicargolithus abisectus (Muller 1970) Wise 1973

Cyclicargolithus floridanus (Roth et Hay in Hay et al. 1967)
Bukry 1971

Cyclicargolithus luminis (Sullivan 1965) Bukry 1971

Dictyococcites bisectus (Hay, Mohler et Wade 1966) Bukry et
Percival 1971

Dictyococcites scrippsae Bukry et Percival 1971

Discoaster barbadiensis Tan Sin Hok 1927

Discoaster binodosus Martini 1958

Discoaster deflandrei Bramlette et Riedel 1954

Discoaster exilis Martini et Bramlette 1963

Discoaster lodoensis Bramlette et Riedel 1954

Discoaster multiradiatus Bramlette et Riedel 1954
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Discoaster saipanensis Bramlette et Riedel 1954

Discoaster tanii Bramlette et Riedel 1954

Discoaster tanii nodifer Bramlette et Riedel 1954

Ellipsolithus distichus (Bramlette et Sullivan 1961) Sullivan 1964

Ellipsolithus macellus (Bramlette et Sullivan 1961) Sullivan 1964

Ericsonia fenestrata (Deflandre et Fert 1954) Stradner in
Stradner et Edwards 1968

Ericsonia formosa (Kamptner, 1963) Haq 1971

Ericsonia robusta (Bramlette et Sullivan 1961) Edwards et
Perch-Nielsen 1975

Ericsonia subdisticha (Roth et Hay in Hay et al. 1967) Roth in
Baumann et Roth 1969

Helicosphaera ampliaperta Bramlette et Wilcoxon 1967

Helicosphaera bramlettei (Miiller, 1970) Jafar et Martini 1975

Helicosphaera carteri (Wallich, 1877) Kamptner 1954

Helicosphaera compacta Bramlette et Wilcoxon 1967

Helicosphaera euphratis Haq 1966

Helicosphaera gartneri Theodoridis 1984

Helicosphaera heezenii (Bukry 1971) Jafar et Martini 1975

Helicosphaera intermedia Martini 1965

Helicosphaera lophota (Bramlette et Sullivan 1961) Locker 1973

Helicosphaera mediterranea Miiller 1981

Helicosphaera recta (Haq, 1966) Jafar et Martini 1975

Helicosphaera reticulata Bramlette et Wilcoxon 1967

Helicosphaera scissura Miiller 1981

Helicosphaera walbersdorfensis Miller 1974

Helicosphaera waltrans Theodoridis 1984

Heliolithus kleinpelli Sullivan 1964

Isthmolithus recurvus Deflandre in Deflandre et Fert 1954

Lanternithus minutus Stradner 1962

Neococcolithes dubius (Deflandre in Deflandre et Fert 1954)
Black 1967

Pontosphaera discopora Schiller 1925

Pontosphaera latelliptica (Baldi-Beke et Baldi 1974) Perch-Niel-
sen 1984

Pontosphaera multipora (Kamptner ex Deflandre 1959) Roth 1970

Pontosphaera plana (Bramlette et Sullivan 1961) Haq 1971

Pontosphaera rothi Haq 1971

Reticulofenestra daviesii (Haq 1968) Haq 1971

Reticulofenestra dictyoda (Deflandré in Deflandré et Fert 1954)

Stradner in Stradner et Edwards 1968

Reticulofenestra haqii Backman 1978

Reticulofenestra hillae Bukry et Percival 1971

Reticulofenestra lockerii Miiller 1970

Reticulofenestra ornata Miiller 1970

Reticulofenestra pseudoumbilica (> 7 um) (Gartner 1967) Gart-
ner 1969

Reticulofenestra reticulata (Hay, Mohler et Wade 1966) Roth 1970

Reticulofenestra umbilica (Levin, 1965) Martini et Ritzkowski 1968

Reticulofenestra minuta Roth 1970

Rhabdosphaera procera Martini 1969

Semihololithus kerabyi Perch-Nielsen 1971

Sphenolithus abies Deflandre in Deflandre et Fert 1954

Sphenolithus belemnos Bramlette et Wilcoxon 1967

Sphenolithus calyculus Bukry 1985

Sphenolithus conicus Bukry 1971

Sphenolithus disbelemnos Fornaciari et Rio 1996

Sphenolithus dissimilis Bukry et Percival 1971

Sphenolithus editus Perch-Nielsen in Perch-Nielsen et al. 1978

Sphenolithus furcatolithoides Locker 1967

Sphenolithus heteromorphus Deflandre 1953

Sphenolithus moriformis (Bronnimann et Stradner 1960)
Bramlette et Wilcoxon 1967

Sphenolithus obtusus Bukry 1971

Sphenolithus predistensus Bramlette et Wilcoxon 1967

Sphenolithus radians Deflandre in Grassé 1952

Sphenolithus spiniger Bukry 1971

Sphenolithus strigosus Bown et Dunkley Jones 2006

Toweius callosus Perch-Nielsen 1971

Toweius eminens (Bramlette et Sullivan 1961) Perch-Nielsen 1971

Toweius rotundus Perch-Nielsen in Perch-Nielsen et al. 1978

Transersopontis fibula Getha 1976

Transversopontis obliquipons (Deflandre in Deflandre et Fert
1954) Hay, Mohler et Wade 1966

Transversopontis pulcher (Deflandre in Deflandre et Fert 1954)
Perch-Nielsen 1967

Transversopontis pulcheroides (Sullivan 1964) Baldi-Beke 1971

Tribrachiatus orthostylus Shamrai 1963

Umbilicosphaera rotula (Kamptner 1956) Varol 1982

Zygrhablithus bijugatus (Deflandre in Deflandre et Fert 1954)
Deflandre 1959
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