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Abstract – A condensed succession at Annopol is of key importance for the mid-Cretaceous palae-
ontology and palaeobiogeography in Poland. Here, the planktonic and benthic foraminifera from the
Albian and Cenomanian intervals are studied. The local foraminiferal record is strongly influenced
by burrowers. On the one hand, piping down of the foraminiferal tests through burrows disturbed
the original succession, for example by introduction of the Cenomanian foraminifera into the Albian
phosphorite horizon. On the other hand, the foraminifera in the burrow fills near the base of the
Cenomanian provide the sole piece of evidence of a lower upper Cenomanian unit lost from the record
by erosion. Changes in foraminiferal assemblages allow for the interpretation of the succession in
terms of bathymetry and biological productivity. The highest rate of primary production is deduced
for the Albian phosphorite horizon. Integration of foraminiferal and ammonite biostratigraphy with
sedimentology allows for the comparison of a pattern of sea-level oscillations recorded at Annopol
with the relevant portion of the classic graph of sea-level changes for the British Isles. It turns out that
all important elements of the British curve, that is, transgressive peaks and regressive troughs or lows,
left their distinctive, albeit highly residual, record in the Annopol succession. This study demonstrates
that even extremely condensed marine deposits, such as those at Annopol, may provide a foraminiferal
record of better quality, order and resolution than conventionally anticipated.
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1. Introduction

The uppermost lower Albian – lower Turonian con-
densed, phosphorite-bearing succession at Annopol
is the richest Cretaceous Fossil-Lagerstätte in Poland
(Samsonowicz, 1925; Cieśliński, 1959; Marcinowski,
1980; Marcinowski & Radwański, 1983; Marcinowski
& Wiedmann, 1990). Recent palaeontological explor-
ation of this site (Machalski, Komorowski & Harasi-
miuk, 2009) has resulted in a series of papers on the
mid-Cretaceous biota (Machalski & Kennedy, 2013;
Machalski & Martill, 2013; Popov & Machalski, 2014;
Kapuścińska & Machalski, 2015; Bardet, Fischer &
Machalski, 2016; Machalski & Olszewska-Nejbert,
2016). Other studies in progress deal with palaeoen-
vironment, vertebrate taphonomy and palaeontology of
selected groups.

The Annopol succession records the early phases
of the mid-Cretaceous transgression onto the marginal
part of the Central European Basin (Cieśliński, 1976;
Marcinowski & Radwański, 1983). Palaeobiogeo-
graphically, the Annopol Fossil-Lagerstätte forms an
important link between the classic fossil assemblages
from the Anglo-Paris Basin and central Russia as re-
cently demonstrated for marine vertebrates (Popov &
Machalski, 2014; Bardet, Fischer & Machalski, 2016).

†Author for correspondence: z.dubicka@uw.edu.pl

Foraminifera from the Annopol succession have pre-
viously been studied by Peryt (1983a, b), Marcinowski
& Walaszczyk (1985) and Walaszczyk (1987). These
authors analysed the foraminiferal biostratigraphy and
palaeoecology of the succession, noting also the signi-
ficant disturbance of the local foraminiferal record by
reworking (Peryt, 1983b) and burrowers (Marcinowski
& Walaszczyk, 1985; Walaszczyk, 1987). However, so
far the micropalaeontological potential of this succes-
sion has not been fully exploited. We therefore present
a new study of the foraminifera from Annopol, focus-
ing on biostratigraphy and palaeoenvironment, to form
the necessary background for further research at this
site.

We analysed the planktonic and benthic foraminifera
from the Albian and Cenomanian interval at Annopol,
based on sampling in an abandoned phosphate mine at
Annopol and in a surface locality Kopiec (Fig. 1a–c).
Following earlier authors (Marcinowski & Walaszczyk,
1985; Walaszczyk, 1987) we paid special attention
to burrows, sampling them separately from the sur-
rounding deposits. The whole interval studied is merely
c. 5.5 m thick, as measured from the top of the Jurassic
to the base of Turonian deposits.

We integrated our micropalaeontological res-
ults with sedimentologic observations and macro-
biostratigraphic data, based mostly on ammonites
(Cieśliński, 1959; Marcinowski 1980; Marcinowski &
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Figure 1. (Colour online) (a) Lithology and stratigraphy of the condensed mid-Cretaceous succession of the Annopol anticline
(modified after Machalski & Kennedy, 2013, fig. 1); b – burrows. (b) Geological sketch-map of the Annopol anticline (modified after
Walaszczyk, 1987, fig. 1a) with localities studied and location of the study area within Poland; HCM – Holy Cross Mounitains. (c) An
outcrop in the undeground mine at Annopol with our team at work.

Walaszczyk, 1985; Marcinowski & Wiedmann, 1985,
1990; Machalski & Kennedy, 2013). Studies by Han-
cock (1990, 2004) form a basis for considerations
of the sea-level oscillations recorded in the Anno-
pol succession. Other important papers on this sub-
ject include Juignet (1980), Ernst, Schmid & Seibertz
(1983); Ernst et al. (1996), Amédro (2002), Robaszyn-
ski et al. (1998), Wilmsen (2003, 2013) and Haq
(2014).

The most important papers on the mid-Cretaceous
foraminiferal biostratigraphy are on planktonic fo-
raminifera, for example, Sigal (1977), Robaszynski
& Caron (1979), Robaszynski et al. (1993), Kennedy
et al. (2004) and Caron et al. (2006). Benthic fo-

raminiferal stratigraphy was elaborated by Eicher &
Worstell (1970), Gawor-Biedowa (1972), Carter & Hart
(1977), Price (1977) and Hart et al. (1989). Palaeonvir-
onmental studies focused mainly on the Cenomanian–
Turonian Boundary Event (CTBE) (Jarvis et al. 1988;
Koutsoukos & Hart, 1990; Leary & Peryt, 1991; Hart,
Dodsworth & Duane, 1993; Paul et al. 1999; Keller
et al. 2001; Wang et al. 2001; Kuhnt et al. 2005;
Friedrich, Erbacher & Mutterlose, 2006), although
there are also studies on more expanded, stable inter-
vals (Coccioni & Galeotti, 1993; Coccioni, Galeotti &
Gravili, 1995; Gebhardt, Wolfgang & Holbourn, 2004;
Dalby, Patterson & Haggart, 2009; Kochhann, Kout-
soukos & Fauth, 2014).
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Table 1. Ammonite and foraminiferal zonation of the Albian–Cenomanian interval studied. Ammonite biostratigraphy follows Machalski &
Kennedy (2013) for the Albian stage and Kennedy & Gale (2006) for the Cenomanian stage. Foraminiferal zonation based on Robaszynski
& Caron (1995), Kennedy et al. (2004) and Ogg & Hinnov (2012).

Substage Ammonite zone Ammonite subzone Foraminifera zonation

Upper Cenomanian Neocardioceras juddii Whiteinella archaeocretacea
Metoicoceras

geslinianum
Calycoceras guerangeri Rotalipora cushmani

Middle Cenomanian Acanthoceras
jukesbrownei

Turrilites acutus

Acanthoceras
rhotomagense

Turrilites costatus

Cunningtoniceras
inerme

Thalmanninella reicheli

Lower Cenomanian Mantelliceras dixoni
Mantelliceras mantelli Mantelliceras saxbii

Sharpeiceras schlueteri
Neostlingoceras carcitanense

Thalmanninella globotruncanoides

Upper Albian Praeschloenbachia
briacensis

Mortoniceras
perinflatum

Parathalmanninella
appenninica

P. appenninica
(+ ticinensis)

Mortoniceras rostratum P. appenninica
(+ buxtorfi)Mortoniceras fallax

Mortoniceras inflatum Pseudothalmanninella subticinensis
Mortoniceras pricei
Dipoloceras cristatum P. praeticinensis

Middle Albian Euhoplites lautus Anahoplites daviesi
Euhoplites nitidus

Euhoplites loricatus Euhoplites meandrinus
Mojsicovicsia subdelaruei
Dimorphoplites niobe
Anahoplites intermedius

Ticinella primula

Hoplites dentatus Hoplites spathi
Lyelliceras lyelli

Lower Albian
(upper part)

Otohoplites auritiformis Lyelliceras pseudolyelli
Pseudosonneratia steinmanni
Otohoplites bulliensis
Protohoplites puzosianus
Otohoplites raulinianus

2. Geological setting

The material studied comes from the Albian–
Cenomanian interval of the mid-Cretaceous (upper-
most lower Albian – lower Turonian) condensed,
phosphorite-bearing succession exposed along the
limbs of the Annopol anticline, central Poland (Fig. 1a–
c). The Annopol anticline is located on the east bank
of the Wisła (Vistula) River, central Poland (Fig. 1b).
This is the easternmost part of the so-called Mesozoic
Border of the Holy Cross Mountains (Marcinowski &
Radwański, 1983).

The lithology of the mid-Cretaceous succession at
Annopol was described by Samsonowicz (1925, 1934),
Pożaryski (1947), Cieśliński (1959) and Walaszczyk
(1987). The biostratigraphy was based mainly on am-
monites and inoceramid bivalves (Samsonowicz, 1925,
1934; Pożaryski, 1947; Cieśliński, 1959, 1987; Mar-
cinowski, 1980; Marcinowski & Radwański, 1983,
1989; Marcinowski & Walaszczyk, 1985; Marcinowski
& Wiedmann, 1985, 1990; Machalski & Kennedy,
2013). The reader is referred to Table 1 for the stand-
ard ammonite and foraminiferal subdivisions of the
Albian–Cenomanian interval which we have used.

The Annopol succession is extremely thin when
compared to coeval strata in adjacent areas due to its

location on a submarine high (Cieśliński, 1976; Mar-
cinowski & Radwański, 1983). Based on the model
presented by Juignet (1980) and Hancock (1990, 2004),
the Annopol succession can be subdivided into a series
of thin, transgressive units (Machalski & Kennedy,
2013). These units are capped by layers of reworked
phosphatic nodules and clasts, burrowed hardgrounds
and omission and/or erosional surfaces (Fig. 1a), which
are interpreted as regression maxima (compare Han-
cock, 1990, fig. 2)

3. Sampled interval

The rock interval sampled for this study comprises six
Albian–Cenomanian units, c. 5.5 m in total thickness
(Fig. 1a). The lower part of unit 1 (unfossiliferous sands
on top of the Jurassic substrate) was accessible and
sampled only in the surface locality Kopiec, north of
Annopol (Fig. 1b). The remainder of the samples are
from the underground phosphate mine Jan 1 at An-
nopol (Fig. 1b,c). All sampled units are listed below
in ascending order, with comments on their lithology,
ichnology and macro-fossil biostratigraphy.

Unit 1. Quartz sands with a quartzose sandstone
layer in the middle, with a burrowed surface at the top.
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Figure 2. (Colour online) Close-up views of the upper Albian interval of the Annopol successions to show the bioturbated nature of
the phosphatic layer at the top of unit 3 (a, b) and discrete burrows filled with the Cenomanian marls in this unit (c) and near the top of
the underlying unit 2 (d). Underground mine at Annopol (a, b, d) and surface locality Kopiec (c).

The total thickness of this unit measured at Kopiec is
2.50 m. The sandstone contains ammonites of the upper
lower Albian Otohoplites auritiformis Zone, Hoplites
(Hoplites) eodentatus Subzone; see Marcinowski &
Wiedmann (1985, 1990) and discussion in Machalski
& Kennedy (2013).

Unit 2. Quartz sands with glauconite and rare ovoid
sandstone nodules near the top, c. 70 cm thick. Unit
2 is capped by a distinct phosphate horizon, includ-
ing characteristic spindle-shaped phosphatic nodules.
In the upper part of unit 2, burrows filled with a marly
deposit identical to that of unit 4 are visible (Fig. 2d).
The phosphatic horizon contains a biostratigraphically
mixed ammonite assemblage, ranging from the middle
Albian Hoplites dentatus Zone to the lowermost upper
upper Albian Mortoniceras fallax Zone (Marcinowski
& Radwański, 1983, 1989; Machalski & Kennedy,
2013; Kennedy & Machalski, 2015; see Table 1 for
the ammonite zonations used in the present paper).

Unit 3. Quartz sands with glauconite passing up-
wards into marly sands with glauconite and phosphates,
forming a distinct horizon at the top of the unit; the
total thickness of unit 3 is c. 50 cm. In many places,
the phosphatic horizon has a highly bioturbated fabric
with more or less discrete burrows (Fig. 2a–c). Phos-

phates contain the upper upper Albian ammonites, most
probably of the Mortoniceras perinflatum Zone, pre-
served as attachment scars on oyster shells (Machalski
& Kennedy, 2013) and phosphatic ‘pseudosteinkerns’
(see Machalski & Olszewska-Nejbert, 2016). There is
a stratigraphical gap at the top of unit 3, embracing
the Praeschloenbachia briacensis Zone (Machalski &
Kennedy, 2013; Table 1). Unit 3 and the top of unit 2
were collectively referred to as ‘the Phosphorite Bed’
by previous authors (e.g. Marcinowski & Walaszczyk,
1985; Marcinowski & Wiedmann, 1985; Walaszczyk,
1987; Marcinowski & Radwański, 1983, 1989).

Unit 4. Quartzose marls with glauconite and phos-
phates in the lower part, c. 170 cm thick. There is
a concentration of phosphates and fossils, including
belemnite Neohibolites ultimus and bivalve Aucellina
in the lower part of the unit, which becomes less de-
trital and more calcareous towards the top. Several bur-
rows with distinctive white marly infillings with no
quartz and glauconite (Fig. 3a–d) were recognized dur-
ing our study in the lower part of the unit. There is
no continuous layer of such a lithology in the suc-
cession. We therefore interpret these burrows as rem-
nants of a sedimentary unit originally deposited in the
Annopol area, but subsequently removed by erosion.
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Figure 3. (Colour online) (a–d) Lower upper Cenomanian burrows in the lower part of the lower Cenomanian unit 4. Underground
mine at Annopol.

Ammonite assemblage from unit 4 comprises lower
Cenomanian taxa (Mantelliceras mantelli and M. dix-
oni zones, according to Marcinowski & Walaszczyk,
1985, although no unequivocal dixoni fossils are listed
by these authors). No macrofossils were found in the
above-mentioned burrows.

Unit 5. Glauconitic marls filling large burrows in the
underlying unit, truncated by a complex hardground
with strong phosphate and glauconite impregnation
(Fig. 1a). This is a highly fossiliferous level, yield-
ing inter alia numerous phosphatized moulds of an ir-
regular echinoid Holaster subglobosus (Samsonowicz,
1925, 1934). According to Marcinowski & Walaszczyk
(1985) the ammonite assemblage from unit 5, represen-
ted exclusively by phosphatized specimens, comprises
both lower and middle Cenomanian taxa, the latter
characteristic of the Acanthoceras rhotomagense Zone
and Turrilites costatus and T. acutus subzones (see
Table 1). A stratigraphic gap embracing the A. jukes-
brownei Zone (see Table 1) was postulated for the top of
unit 5 by Marcinowski (1980). There is also no indic-
ation of the Cunningtoniceras inerme Zone (Table 1)
fossils, suggesting a similarly significant stratigraphic
gap near the bottom of unit 5.

Unit 6. Strongly glauconitic marls with burrowed
omission surface at the top, variable in thickness

over the range 0–40 cm. The ammonite species
Schloenbachia lymensis was quoted by Marcinowski
& Walaszczyk (1985) from this unit as an upper
Cenomanian biostratigraphic marker. According to
Kennedy (2013, p. 466), this species ‘first appears in the
Middle Cenomanian Acanthoceras jukesbrownei Zone,
and has its acme in the lower upper Cenomanian Ca-
lycoceras guerangeri Zone’. Inoceramids and belem-
nites reported by Marcinowski & Walaszczyk (1985)
locate unit 6 in the upper Cenomanian Substage.

The Turonian interval, not sampled here, consists of
limestone bed with rare phosphatic nodules and glauc-
onite, capped by a burrowed hardground with glaucon-
itic mineralization (unit 7), followed by marls with a
burrowed omission surface at their top (unit 8). These
are overlain by marls with layers of black flint (unit
9, visible in the ceiling of the underground corridor in
Fig. 1c). Units 7 and 8 represent the lower Turonian
Inoceramus labiatus Zone whereas unit 9 belongs to
the middle Turonian I. lamarcki Zone (Marcinowski &
Walaszczyk, 1985).

4. Materials and methods

In total, 23 productive samples from the Albian–
Cenomanian deposits of the Annopol succession were
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studied. These samples were collected in the abandoned
underground phosphorite mine Jan 1 in Annopol in
2014 (Fig. 1c). Other samples taken from sands form-
ing the lower part of unit 1 at Kopiec proved to be
barren, both for micro-and macrofossils. This barren
interval of c. 1.5 m thickness is not shown in figures.

Sandy samples were washed and sieved into 63–
500 μm fractions. More calcareous and lithified
samples were disaggregated by using the liquid nitro-
gene method (Remin et al. 2012), cleaned in an ul-
trasonic bath, dried and sieved into the same fraction
(63–500 μm).

Most of the specimens have been determined at
species level. All recorded species, 73 in total, are
listed in the supplementary online appendix (avail-
able at http://journals.cambridge.org/geo). Quantit-
ative analyses were based on representative splits
(using an Otto microsplitter) of 250 or more spe-
cimens of benthic and 250 specimens of plank-
tonic foraminifera. For the quantitative analysis,
all benthic foraminifera were counted at generic
level whereas planktonic foraminifera were coun-
ted at specific morphotypes. Seven morphotypes of
planktonic foraminifera were distinguished: keeled
high-trochospiral (Dicarinella, Rotalipora, Thalman-
ninella); high-trochospiral with pseudo-keel (Praeglo-
botruncana); high-trochospiral with globular chambers
(Whiteinella); low-trochospiral with globular cham-
bers (Hedbergella); planispiral (Globigerinelloides);
triserial (Guembelitria); and biserial forms (Hetero-
helix).

The counting results were recalculated into the relat-
ive abundance of planktonic and benthic foraminifera
(P/B ratio), the relative abundance of calcareous and
agglutinated forms within benthic foraminiferal as-
semblages, and the percentages of specific benthic
foraminiferal genera and planktonic foraminiferal
morphotypes within their relevant assemblages. Plank-
tonic foraminifera were also studied in thin-sections of
phosphatic nodules from unit 3. The material is stored
in S.J. Thugutt Geological Museum, Faculty of Geo-
logy, University of Warsaw.

5. Benthic foraminifera

Selected examples of the benthic foraminifera from the
Annopol succession are illustrated in Figure 4. The as-
semblages from the upper part of unit 1 (samples 1–4 in
Fig. 5) comprise only agglutinated forms, mainly Aren-
obulimina and Ataxophragminum. The relative abund-
ance of specific groups of foraminiera recorded in
these assemblages is not presented in Figure 5 since
foraminifera are infrequent and the number of speci-
mens is less than 100 per 200 g sample.

The assemblages from samples 5–7 taken from unit
2 (Fig. 5) are also characterized by abundant agglu-
tinated foraminifera; however, calcareous benthic fo-
raminifera appear as an increasingly important element.
Calcareous foraminifera are dominated by relatively
small and thin-walled representatives of Orithostella

(O. formosa) and Lingulogavelinella (the most numer-
ous are L. kaptarenkae, L. spinosa, L. orbiculata and
L. varsoviensis). The proportional abundance of cal-
careous foraminifera in relation to agglutinated forms
successively increases upwards in the unit.

Samples 10, 11 and 13–15 from unit 3 (Fig. 5) yield
highly diverse assemblages represented by more than
30 species. The most abundant forms belong to the
following genera: Berthelina (B. baltica, B. belorus-
sica, B. intermedia, B. cenomanica, B. gorzowiensis);
Cibicides (C. gorbenkoi); Gavelinella (G. schloenba-
chi); Gyroidinoides (G. infracretacea); Lenticulina (L.
rotulata, L. muensteri, L. spp.); Lingulogavelinella (L.
kaptarenkae, L. orbiculata, L. spinosa, L. varsovien-
sis); Orithostella (O. formosa); Praebulimina (P. evexa,
P. reussi); Tappanina (T. eouvigeriniformis); and Aren-
obulimina (A. advena, A. chapmani, A. conoidea, A.
frankei, A. obliqua, A. polonica, A. truncata, A. var-
soviensis). There is no domination of any specific
taxon in this assemblage. Very similar foraminiferal
assemblages occur in the uppermost part of unit 2
(sample 9), in the lower part of unit 4 (samples 16,
17 in Fig. 5) and in burrows descending from unit 4 to
unit 3 (sample 12 in Fig. 5) and to the upper part of unit
2 (sample 8 in Fig. 5). The vertical range of these as-
semblages, which seems to be expanded by burrowing
organisms, therefore broadly corresponds to that of the
phosphates (Fig. 5).

Benthic foraminifera from samples 18, 20, 21 in unit
4 (Fig. 5) are still dominated by calcareous forms; how-
ever, in contrast to the assemblages of unit 3, there is
clear domination of a single genus Berthelina. This
genus encompasses about 40 % of the total assemblage
and is represented by the following species: B. baltica,
B. intermedia, B. cenomanica, B. gorzowiensis and B.
belorussica.

Sample 22 from unit 5 (Fig. 5) strongly resembles
those from unit 4 in terms of composition, with the
exception that Orithostella, a very common taxon in the
lower part of the Annopol succession, is entirely absent
here. Benthic assemblages from the marly infillings of
burrows in unit 4 (sample 19 in Fig. 5) are very similar
in composition.

The assemblage from sample 23 of unit 6 (Fig. 5)
differs significantly from all the above-mentioned as-
semblages by the disappearance of many common spe-
cies (e.g. Berthelinia baltica, B. belorussica, B. inter-
media, B. cenomanica, B. gorzowiensis, Lingulogave-
linella kaptarenkae, L. orbiculata, L. spinosa and L.
varsoviensis). It is also characterized by a predomin-
ance of a few, newly appearing species such as Lin-
gulogavelinella globosa and Gavelinella berthelini,
which are accompanied by a smaller proportion of other
genera, mainly Lenticulina, Gyroidinoides and Valvu-
linera.

6. Planktonic foraminifera

Selected examples of planktonic foraminifera from the
Annopol succession are illustrated in Figures 6 and
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Figure 4. Benthic foraminifera from the Annopol succession. (a1, a2) Lingulogavelinella orbiculata (Kusnezova), sample 15, MWGUW
ZI/67/01.01. (b1–b3) Lingulogavelinella spinosa (Plotnikova), sample 15, MWGUW ZI/67/01.12. (c1–c3) Lingulogavelinella globosa
(Brotzen), sample 23, MWGUW ZI/67/03.17. (d1, d2) Lingulogavelinella kaptarenkae (Plotnikova), sample 13, MWGUW ZI/67/01.05.
(e1–e3) Orithostella formosa (Brotzen), sample 14, MWGUW ZI/67/01.07. (f1–f3) Berthelina intermedia (Berthelin), sample 17,
MWGUW ZI/67/01.08. (g1–g3) Gavelinella berthelini (Keller), sample 23, MWGUW ZI/67/03.21. (h1–h3) Berthelina baltica
(Brotzen), sample 16, MWGUW ZI/67/01.44. (i1–i3) Berthelina cenomanica (Brotzen), sample 20, MWGUW ZI/67/01.03. Scale
bars = 100 µm.

7. These foraminifera are entirely absent from unit 1
(samples 1–4 in Fig. 8). In the lower part of unit 2
(samples 5–7 in Fig. 8), they are more frequent than the
benthic foraminifera; the relative proportion of plank-
tonic and benthic foraminifera (P/B ratio) amounts to
c. 90 %. These assemblages are dominated by small and
simple forms belonging to two morphogroups: triserial
(Guembelitria cenomana) and low-trochospiral with
globular chambers (Hedbergella delrioensis, H. plan-
ispira, H. infracretacea and Globigerina graysonen-
sis). Planispiral forms (Globigerinelloides bentonen-

sis) and serial heterohelicids (Heterohelix more-
mani) form only a few percent of the assemblage,
whereas keeled and high-trochospiral forms are
absent.

In the uppermost part of unit 2 and in unit 3 (samples
9–15 in Fig. 8) planktonic foramiferal assemblages are
still characterized by very high P/B ratio (about 80 %).
However, they differ from those from below in terms of
specific morphotype ratios. Triserial forms (Guembe-
litria) consist of over a dozen percent of the assemblage
and globular hedbergellids comprise c. 80 %. The
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Figure 5. Changes in benthic foraminiferal assemblages in the Albian–Cenomanian interval in the Annopol succession. A – proportions
of calcareous and agglutinated forms within benthic foraminiferal assemblages; B – relative abundances of dominant and common
species or groups of species; 1–23 – sample position.

complex keeled forms sporadically occur (sample 13);
however, they were probably introduced downwards
into the older sediments by the activity of burrowing
infauna (see discussion in Section 7).

In contrast to the previous assemblages, plank-
tonic foraminiferal assemblages from the lower part
of unit 4 (samples 16–17 in Fig. 8) are characterized
by the occurrence of more complex morphogroups
(single-keeled morphotype (Thalmanninella)) and high
trochospiral with globular or narrowed chambers
(Whiteinella and Praelobotruncana), still forming just
a few percent (1–3 %) of the whole assemblage. Very
similar planktonic assemblages are recorded in the bur-
rows descending from unit 4 to to unit 3 (sample 12 in
Fig. 8) and even to the top part of unit 2 (sample 8 in
Fig. 8).

Planktonic foraminiferal assemblages in the higher
part of unit 4 (samples 18, 20, 21 in Fig. 8) display a
lower P/B ratio which amounts to c. 20–30 %. These
assemblages are characterized by the more frequent
occurrence of the complex planktonic forms.

Aassemblages of planktonic foraminifera from unit
5 (sample 22 in Fig. 8) are characterized by the ap-
pearance of single-keeled Rotalipora cushmani. The
presence of this taxon is the main difference between
unit 5 and the preceding unit.

Planktonic foraminiferal assemblages of marly in-
fillings of burrows within unit 4 (sample 19) dis-

play a very high P/B ratio (about 90 %) and more
abundant complex forms: single-keeled forms are
represented by Thalmanninella greenhornensis and
Rotalipora cushmani; high trochospiral forms with a
pseudo-keel are represented by Praeglobotruncana del-
rioensis, P. gibba and P. stephani; and high trochos-
piral forms with simple globular chambers are repres-
ented by Whiteinella baltica and W. brittonensis. The
assemblages are also characterized by the first appear-
ance of early double-keeled foraminifera of the genus
Dicarinella (D. algeriana, D. hagni and D. imbricata).
All these complex forms constitute c. 10 % of the
material.

Planktonic assemblages from unit 6 (sample 23 in
Fig. 8) are characterized by a very high P/B ratio (c.
90 %) and the frequent occurrence of single-keeled
Rotalipora (represented only by R. cushmani), double-
keeled Dicarinella (represented by D. algeriana, D.
hagni, D. imbricata D. longoriai) and the huge complex
Whiteinella (W. aprica, W. archaeocretacea, W. balt-
ica and W. brittonensis) (Fig. 7). They also differ from
other assemblages in that they are dominated by high-
trochospiral whiteinellids and biserial heterohelicids.

7. Stratigraphy

This is based mainly on planktonic foraminifera, which
are one of the biostratigraphic tools for the Albian
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Figure 6. Planktonic foraminifera from the Annopol succession. (a1, a2) Thalmanninella appenninica (Renz), sample 16, MWGUW
ZI/67/01.48. (b1–b3) Thalmanninella tehamensis (Marianos and Zingula), sample 13, MWGUW ZI/67/01.50. (c1, c2) Thalmanninella
gandolfi (Luterbacher and Premoli-Silva), sample 13, MWGUW ZI/67/03.03. (d1–d3) Thalmanninella globotruncanoides (Sigal),
sample 16, MWGUW ZI/67/01.08. (e1–e3) Rotalipora cushmani (Morrow), sample 23, MWGUW ZI/67/03.09. (f1, f2) Thalmanninella
deckeii (Franke), sample 22, MWGUW ZI/67/03.016. (g1, g2) Thalmanninella greenhornensis (Morrow), sample 19, MWGUW
ZI/67/03.22. (h1–h3) Praeglobotruncana stephani (Gandolfi), sample 23, MWGUW ZI/67/03.03. (i1, i2) Praeglobotruncana gibba
(Klaus), sample 19, MWGUW ZI/67/03.15. (j) Guembelitria cenomana (Keller), sample 6, MWGUW ZI/67/02.06. (k) Heterohelix
moremani (Cushman), sample 9, MWGUW ZI/67/01.57. Scale bars = 100 µm.

and Cenomanian stages (Robaszynski & Caron, 1979,
1995; Caron, 1985; Robaszynski et al. 1993).

Units 1 and 2 yielded no planktonic foraminifera
which could be safely interpreted as in situ forms.
Well-preserved planktonic forms occur higher in the
section and include index species used for stand-
ard planktonic foraminiferal zonation (Robaszynski &
Caron, 1995), allowing for the correlation of the stud-
ied strata with global reference sections. Ranges of
the stratigraphically important foraminifera from the

Albian–Cenomanian interval at Annopol are presented
in Figure 9.

Sample 13, taken from the middle part of unit
3, yielded the stratigraphicaly important planktonic
foraminifera Thalmanninella tehamensis, T. apennin-
ica, T. globotruncanoides and T. gandolfii. The global
Boundary Stratotype Section and Point (GSSP) for
the base of the Cenomanian Stage was defined (Gale
et al. 1996; Kennedy et al. 2004) at Mont Risou,
France, at the level of the first appearance of a
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Figure 7. Planctonic foraminifera from the Annopol succession. (a1, a2) Hedbergella infracretacea (Glaessner), sample 7, MWGUW
ZI/67/02.02. (b1–b3) Hedbergella delrioensis (Carsey), sample 13, MWGUW ZI/67/01.37. (c1, c2) Whiteinella brittonensis (Loeblich
& Tappan), sample 23, MWGUW ZI/67/03.19. (d1–d3) Whiteinella archaeocretacea Pessagno, sample 23, MWGUW ZI/67/03.20.
(e1, e2) Whiteinella aprica (Loeblich & Tappan), sample 23, MWGUW ZI/67/03.01. (f1–f3) Dicarinella hagni (Scheibnerova), sample
19, MWGUW ZI/67/03.27. (g1, g2) Dicarinella sp., sample 19, MWGUW ZI/67/03.28. (h1–h3) Dicarinella imbricata (Mornod),
sample 23, MWGUW ZI/67/03.29. (i1–i3) Dicarinella algeriana (Caron), sample 23, MWGUW ZI/67/03.24. (j1, j2) Globigerinelloides
bentonensis (Morrow), sample 9, MWGUW ZI/67/01.36. Scale bars = 100 µm.

planktonic foraminifer Thalmanninella globotrun-
canoids (T. brotzeni is a synonym). This level is placed
slightly lower than the lowest occurrence of Man-
telliceras mantelli, the basal Cenomanian ammonoid
marker (Kennedy et al. 2004). According to the current
definition of the GSSP, the occurrence of T. globotrun-
canoides in unit 3 would indicate that at least part of
this unit already represents the lower Cenomanian Sub-
stage (Thalmanninella globotruncanoides Zone; see
Table 1). There are, however, some important reasons to
believe that whole of unit 3 is still of late Albian age and

that the younger foraminifera were introduced here by
burrowing animals, as suggested earlier by Walaszczyk
(1987). Firstly, several burrows filled with Cenomanian
marl identical to that of unit 4 are present in unit 3
and even in the upper part of unit 2 (sample 8, 12;
Fig. 2c, d). Marly infills of these burrows yielded the
T. appenninica and T. globotruncanoides and it is pos-
sible that these taxa have also been locally introduced
by burrowers into the sediment which forms our sample
13, albeit in the latter case burrowers did not leave dis-
tinct tunnels. The chaotic and patchy distribution of
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Figure 8. Changes in planktonic foraminiferal assemblages in the Albian–Cenomanian interval in the Annopol succession. A – relative
abundances of planktonic and benthic foraminifera within foraminiferal assemblages; B – relative abundances of the seven morphotypes
of planktonic foraminifera within planktonic foraminiferal assemblages.

phosphates does suggest strong bioturbation of that
level (Fig. 2a, b). Moreover, there are no Cenomanian
ammonites in unit 3; all the ammonites present indicate
a late Albian age (Machalski & Kennedy, 2013).

Unit 4 yielded the biostratigraphically important
Praeglobotruncana stephani, Thalmanninella appen-
ninica, T. globotruncanoides which confirm the lower
Cenomanian position of this unit as indicated by macro-
fossils (the Thalmanninella globotruncanoides Zone of
Peryt, 1983a, b; see also Walaszczyk, 1987). The early
Cenomanian age is supported by the occurrence of
benthic foraminifer Orithostella formosa (Orithostella
jarzevae is a synonym), regarded as a marker for the
lower Cenomanian deposits in western Europe (Hart et
al. 1989). The last appearance of O. jarzevae in south-
ern England is recorded in the middle of the lower
Cenomanian deposits within the Mantelliceras saxbii
Subzone (Table 1). The disappearance of this taxon in
the lower Cenomanian succession was also noted in
western Ukraine (Z. Dubicka, unpubl. PhD thesis, Pol-

ish Academy of Sciences, 2012). At Annopol it oc-
curs close to the top of unit 4 (Fig. 9), adding to our
doubts about the presence of the M. dixoni Zone in that
interval.

Marly fills of burrows in the lower part of unit 4
(sample 19), interpreted as remnants of a lost sedi-
mentary unit, yield the following stratigraphically im-
portant planktonic species: Praeglobotruncana gibba,
P. stephani, Thalmanninella greenhornensis, Rotali-
pora cushmani, Whiteinella baltica and W. brittonensis.
Early dicarinellids without fully developed keel struc-
tures are also present. These are Dicarinella algeriana,
D. hagni, D. imbricata and species of the benthic Ber-
thelina intermedia group (B. intermedia, B. baltica and
B. cenomanica). All these taxa indicate the lower part
of the upper Cenomanian Substage, namely the up-
per part of R. cushmani Zone. Based on comparison
with the foraminiferal assemblages recorded from the
southern England (Paul et al. 1999), these infillings
correspond to an upper Cenomanian interval ranging
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Figure 9. Stratigraphical distribution of selected planktonic and benthic foraminifera in the Annopol succession.

from the Grey Chalk Formation (Calycoceras guer-
angeri Zone and the ‘pre-excursion phase of δ13 C’)
to the lowermost Plenus Marl (bed 1a) (Metoicoceras
geslinianum Zone) of the global reference section for
the Cenomanian–Turonian interval in Eastbourne, Sus-
sex, SE England.

Unit 5 is characterized by the co-occurrence of Prae-
globotruncana gibba, Rotalipora cushmani and Thal-
manninella deeckei indicating the middle Cenomanian
unit (Caron, 1985; Robaszynski et al. 1993), in con-
cert with ammonite dating and the foraminiferal data
presented by Marcinowski and Walaszczyk (1985) and
Walaszczyk (1987). There is no evidence for the pres-
ence of the Thalmanninella reicheli Zone (Table 1) in
the section, in agreement with Peryt (1983a, b). As the
ammonites of the equivalent Cunningtoniceras inerme
Zone (Table 1) are also missing, this suggests another
significant gap in the succession.

Unit 6 yields important Dicarinella (D. algeriana,
D. hagni and D. imbricata) and Praeglobotruncana

(Praeglobotruncana gibba and P. stephani), a single
species of one-keeled forms (Rotalipora cushmani) as
well as abundant large whiteinellids (Whiteinella balt-
ica, W. brittonensis, W. aprica and W. archaeocretacea).
Benthic foraminifera are characterized by the absence
of the Berthelina intermedia group and by the occur-
rence of Lingulogavelinella globosa and Gavelinella
berthelini. These taxa indicate the uppermost part of
the Rotalipora cushmani Zone (Table 1) and corres-
pond to the interval from bed 2 to bed 4 in the Plenus
Marl (Metoicoceras geslinianum ammonite Zone) as
exposed in the Eastbourne succession (Paul et al. 1999;
Pearce, Jarvis & Tocher, 2009).

8. Palaeoenvironment

Foraminifera are very useful proxies for palaeoenvir-
onmental studies, based on the correlation between
their test shape, composition and environmental re-
quirements (Corliss, 1985; Murray, 2006). Almost
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the entire Annopol succession contains mineral-walled
foraminifera, ascribed to the agglutinated and/or cal-
careous foraminifera. No foraminifera are recorded
from sands representing the lower part of unit 1.

Mineral-walled foraminifera are characteristic of
marine or brackish environments. Today, the trans-
ition from marine to freshwater environments is marked
by an almost total disappearance of foraminifers, ex-
cept for the organic-walled Allogromiida (Sen Gupta,
2002). Accordingly, the barren sands near the base of
the Annopol mid-Cretaceous succession could even
represent a non-marine environment.

The upper part of unit 1 contains mineral-walled
foraminifera, which are represented exclusively by ag-
glutinated taxa. Present-day benthic assemblages from
very shallow, sandy-bottom environments are typified
by an abundance of agglutinated taxa, which show a
preference for sands and silts (Abou Ouf, 1992). For
example, the foraminiferal assemblages collected at the
depth interval 5–50 m off the sandy coast of the Sea of
Japan are dominated by agglutinated Ammobaculites,
Eggerellina and Textularia (Matoba, 1976). Likewise,
the assemblages from the sandy facies off the Wash-
ington continental shelf are dominated by agglutinated
Eggerellina and Spiroplectammina (Snyder, Hale &
Kontrovitz, 1990). In recent nearshore environments,
planktonic foraminifera may be entirely absent (Wang,
Zhang & Min, 1985). Extremely shallow-marine con-
ditions, probably a near-sandy-beach setting, are there-
fore postulated here for the interval discussed. This is
supported by the presence of Ophiomorpha burrows
in sandstones in the middle part of unit 1 (Fig. 1a).
These burrows, produced by the calianassid shrimps,
point to deposition of sands in an extremely shallow-
marine, marginal environment (compare Radwański
et al. 2012).

Planktonic as well as calcareous benthic foraminifera
appear in the upper part of unit 2, indicating a sea-level
rise. However, planktonic foraminifera are represented
only by shallow-water dwellers: low-trochospiral hed-
bergellids, biserial heterohelicids and triserial guem-
belitrids (see Bé, 1977; Caron & Homewood, 1983;
Leckie, 1987). The benthic foraminifera are character-
ized by a high proportion of agglutinated forms and
small, thin-walled, low-diversity calcareous taxa. This
still points to a very shallow shelf environment (a few
dozen metres deep). A very high P/B ratio is measured
for the samples from the upper part of unit 2 (samples
6, 7 and 9), which is usually characteristic of a much
deeper shelf environment; however, these results are
from a relatively low presence of benthic foraminifera.
The successive increase in the relative abundance of
calcareous benthic foraminifera through unit 2 suggests
a slight, progressive sea-level rise.

In the uppermost part of unit 2 and unit 3 (the
Phosphorite Bed of other authors), the most shallow-
dwelling planktonic foraminifera (triserial Guembe-
litria) decrease in abundance in relation to the deeper
Hedbergella. A decrease in the abundance of benthic
agglutinated forms is also noted. These changes indic-

ate a transgressive pulse. The high diversity of benthic
foraminifera suggests substantially higher food avail-
ability in comparison to the preceding units. A very
high P/B ratio suggests a bloom of planktonic fo-
raminifera, dominated by small, globular hedbergel-
lids. The latter are interpreted as r-strategists, thriv-
ing in nutrient-rich waters (Premoli Silva & Sliter,
1999; Petrizzo, 2002). Walaszczyk (1987) interpreted
the rise in frequency of hedbergellids as a result of
high organic production in the surface waters. Accord-
ingly, foraminiferal assemblages from the Phosphorite
Bed, both planktonic and benthic, are interpreted here
as the high productivity assemblages sensu Gooday
(2003). These are characteristic of environments with
a high and relatively continuous input of organic mat-
ter, supplied from intense primary production associ-
ated with upwelling, hydrographic fronts or major river
discharges (Gooday, 2003). Summarizing, benthic and
planktonic foraminifers suggest a high rate of primary
production combined with sea-level rise for this part of
the succession.

In units 4 and 5, deep-dwelling Thalmanninella,
Praeglobotruncana and Whiteinella become common
(their sporadic occurrence in the lower levels is ascribed
to burrowing activity of macrobenthic organisms; see
above). This change is most likely a consequence of
a further transgressive pulse. However, these complex
foraminifera are still infrequent. Additionally, a rel-
atively low P/B ratio (20–30 %) points to a moderate
water depth (as for the Cretaceous epicontinental seas).
Benthic foraminifera are here dominated by huge, cal-
careous, epifaunal forms (Berthelina), regarded as typ-
ical of oxic environments (Kaiho, 1994, 1999). The
contribution of agglutinated and infaunal taxa is much
smaller. Accordingly, these sediments were probably
deposited in mesotrophic and well-oxygenated bottom
water conditions with a moderate input of terrigenous
material (see Jorissen, Stigter & Widmark, 1995).

Marly infillings of burrows in the lower part of unit 4
(sample 19) display a significant increase in the relative
abundance of deep-dwelling planktonic foraminifera
and a much higher P/B ratio (around 80 %) in relation to
the older units 4 and 5. These changes probably indicate
that a pronounced sea-level rise occurred during the
late part of the late Cenomanian Age (upper part of R.
cushmani Zone).

Foraminiferal assemblages from unit 6 show a very
high P/B ratio with abundant deep-dwelling forms, in-
terpreted by Walaszczyk (1987) as a result of another,
major transgressive pulse. This very high P/B ratio is
additionally caused by the radical decrease in num-
ber and diversity of benthic foraminifera (Walaszczyk,
1987). Among the latter, the disappearance of the Ber-
thelina intermedia group and appearance of a low-
diversity assemblage dominated by Gavelinella berth-
elini and Lingulogavelinella globosa are observed. This
foraminiferal crisis is linked with the Cenomanian–
Turonian Boundary Event as recorded in southern Eng-
land (Jarvis et al. 1988; Hart, Dodsworth & Duane,
1993; Paul et al. 1999), SE France (Tronchetti &
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Grosheny, 1991), Poland (Leary & Peryt, 1991; Peryt
& Wyrwicka, 1991, 1993; Peryt et al. 1994) and west-
ern Ukraine (Z. Dubicka, unpubl. PhD thesis, Polish
Academy of Sciences, 2012).

The spreading of the oxygen-minimum bottom wa-
ters was commonly invoked as a major cause of ex-
tinction of Cenomanian benthic foraminifera (Jarvis
et al. 1988; Peryt & Wyrwicka, 1991; Tronchetti &
Grosheny, 1991; Hart, Dodsworth & Duane, 1993;
Peryt et al. 1994). Based on the assumption that the
oxygen-minimum zone occurred at the sea bottom dur-
ing the Oceanic Anoxic Event 2 (OAE2), benthic spe-
cies and morphotypes which survived this event were
considered to be resistant to oxygen-depleted envir-
onments and even regarded as their potential indic-
ators. However, Gale et al. (2000) argued that there
is no evidence for the development of the oxygen-
minimum bottom waters on the European shelf during
the Cenomanian–Turonian transition.

According to Gale et al. (2000), a major latest
Cenomanian sea-level rise resulted in the spread of
oligotrophic, stratified oceanic water onto the shelves.
Similarly, Pearce, Jarvis & Tocher (2009) argued
that marine productivity collapsed during the latest
Cenomanian Age, based on the dinoflagellate evidence.
Our data from Annopol support these interpretations.
The benthic foraminiferal assemblage from unit 6 is
of low abundance and diversity, being dominated by
Lingulogavelinella globosa and Gavelinella berthelini.
These taxa possess huge (>300 μm), rounded, bicon-
vex, low-trochospiral calcareous tests and are com-
monly regarded as epifaunal (Corliss & Chen, 1988;
Nagy et al. 1995). According to Kaiho (1994, 1999),
Jorissen, Stigter & Widmark (1995), van der Zwaan
et al. (1999) and Dubicka & Peryt (2012), benthic
foraminiferal assemblages of low abundance and di-
versity, dominated by calcareous epifaunal morpho-
types, indicate a well-oxygenated oligotrophic envir-
onment on the seafloor.

9. Sea-level changes

Walaszczyk (1987, fig. 4) first published a bathymet-
ric diagram for the Annopol succession, based on
the foraminiferal assemblages. His graph reveals a
deepening-upwards trend, punctuated by breaks corres-
ponding to the sedimentary discontinuities. This author
explained the facies development of the Annopol suc-
cession in terms of eustasy rather than local tectonic
movements suggested earlier by Cieśliński (1976) and
Marcinowski & Radwański (1983).

We support the general conclusions of Walaszczyk
(1987) and concur with the eustatic interpretation of the
succession (Fig. 10a, b). Proceeding one step further,
we attempt here to assess how many of the global mid-
Cretaceous sea-level changes can be seen at Annopol.
We have chosen a classic graph of the Cretaceous sea-
level changes for the British region (Hancock, 1990,
fig. 11) for comparison with the bathymetric patterns
which can be deduced from the Annopol succession.

The relevant interval of the British graph is reproduced
here in Figure 10b (note that it preserves original zon-
ation used by that author, which is different in some
detail from that used here; see Table 1).

The British curve, thought to reflect a global eu-
static pattern, is based on a simple concept of peaks
of transgression and troughs of regression (Hancock,
1990, fig. 2; Hancock, 2004). The basic idea behind this
concept is that levels of nodular chalks and hardgrounds
(in the Chalk) and courses of the phosphatic nodules
(in the Gault) define the regressive troughs, whereas
the mid-points between these levels reflect transgress-
ive peaks (Hancock, 1990). In practice, the situation
is not so simple due to erosion which commonly re-
moved much of the transgressive record during the
subsequent regressive phases, particularly in marginal
environments. At Annopol for example, only the lower-
most parts of the successive units seem to be preserved
due to severe erosion during successive sea-level drops.
The reader is referred to Ernst et al. (1996, fig. 4) for a
translation of Hancock’s nomenclature into that of the
standard sequence stratigraphy and to Haq (2014) for
the most recent overview of the Cretaceous sequence
stratigraphy and eustasy.

The lowest level at Annopol which can be confid-
ently correlated with the British graph is a discontinu-
ity between units 2 and 3 (marked D2/3 in Fig. 10a).
The phosphatic layer at the top of unit 2 contains a
mixture of ammonites indicating condensation of sev-
eral Albian ammonite zones, ranging from Hoplites
dentatus Zone to Mortoniceras fallax Zone (Table 1).
The latter, being the youngest, dates the phosphatic
layer (Kennedy & Machalski, 2015). Nodules yielding
these ammonites are probably reworked from several
originally separate levels, possibly reflecting several re-
gressive troughs in the middle–lower upper Albian part
of the British curve (Fig. 10b). The phosphatic bed at
the top of unit 2 corresponds to a regressive trough at the
base of the classic Stoliczkaia dispar Zone (Hancock,
1990, fig. 11; Fig. 10b). Reworked phosphatic lags at
this position are widespread in Europe (Amédro, 2002).
In terms of sequence stratigraphy, the discontinuity
between units 2 and 3 at Annopol (D2/3 in Fig. 10a)
corresponds to sequence boundary KAl7 of Haq (2014,
figs 1, 2). Unit 3 contains late late Albian ammonites,
indicative of the M. perinflatum Zone; it is therefore a
level within the classic upper upper Albian Stoliczkaia
(Stoliczkaiella in current nomenclature) dispar Zone
(Machalski & Kennedy, 2013). This is the Vracon-
nien sensu Amédro (2002). The foraminifera indicate
a transgressive pulse and, indeed, equivalents of this
unit occasionally overlap the Jurassic substrate in some
localities close to the study area (Pożaryski, 1947). On
the other hand, phosphates forming the upper part of
unit 3 originated in regressive conditions during at least
two phases of intraformational reworking or winnow-
ing of fine matrix and concentration of the phosphatic
material on the sea bottom (Machalski & Olszewska-
Nejbert, 2016). This transgressive–regressive situation
is compatible with a stillstand during most of the

https://doi.org/10.1017/S0016756816000029 Published online by Cambridge University Press

https://doi.org/10.1017/S0016756816000029


Albian–Cenomanian foraminifera from a condensed section 413

Figure 10. Interpretation of the Annopol succession in terms of sedimentary cycles, bathymetry and biological productivity. Inserted
to the left is a fragment of the graph showing sea-level fluctuations for British region (taken from Hancock, 1990, fig. 11) with our
correlation of the patterns seen at Annopol. TUR – Turonian; D – sedimentary discontinuities.

Stoliczkaia dispar Zone marked on the Hancock graph
(Fig. 10b).

Another correlation point is discontinuity D3/4
(Fig. 10a). This is the most prominent stratigraphic
boundary in the Annopol succession, separating the

Lower and Upper Cretaceous strata. No ammonites
indicative of the uppermost Albian – lowermost
Cenomanian Praeschloenbachia briacensis Zone are
recorded here. The hiatus at the Albian–Cenomanian
boundary therefore embraces this zone, a situation
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analogous to condensed sections elsewhere (see
Machalski & Kennedy, 2013). This gap would clearly
correspond to the turning point between the stillstand
phase for the Stoliczkaia dispar Zone and the beginning
of the Cenomanian transgression, marked by Hancock
(Fig. 10b). Discontinuity D3/4 at Annopol (Fig. 10a)
may be correlated with sequence boundary KAl8 of
Haq (2014).

Unit 4 begins the Cenomanian sedimentation and
is clearly transgressive, starting with a basal layer
of phosphates and fossils (the Neohibolites ultimus/
Aucellina Event of Ernst, Schmid & Seibertz, 1983; see
also Wilmsen, 2003, 2013). This unit contains lower
Cenomanian ammonites and foraminifera. We have
doubts about the presence of the Mantelliceras dixoni
Zone fossils at Annopol (see Section 7). The presence
of an exclusively M. mantelli Zone benthic foraminifer
near the top of unit 4 (see Section 7) suggests that
only this ammonite zone of the lower Cenomanian
Substage is present at Annopol. In any case, unit 4
matches well the ascending fragment of the early
Cenomanian transgressive peak in the British graph
(Fig. 10b).

The next tie-points at Annopol for their correlation
with the British graph are two closely spaced discon-
tinuities (D4/5 and D5/6 in Fig. 10a), coalescing into
a prominent composite hardground discussed by Mar-
cinowski & Walaszczyk (1985, fig. 2). A strongly re-
duced unit 5 is sandwiched between these discontinuit-
ies, being practically restricted to the burrow infillings
in unit 4 (Fig. 10a). There is a mixture of Turrilites
costatus and T. acutus phosphatised ammonites at this
level (in addition to the lower Cenomanian forms, also
in phosphate preservation) and the foraminifera point to
the Rotalipora cushmani Zone. The Cunningtoniceras
inerme and its equivalent Thalmanninella reicheli Zone
as well as the Acanthoceras jukesbrownei Zone are
missing. These missing zones define a minimal extent
of gaps embracing unit 5, corresponding to surfaces D
4/5 and D5/6, respectively. These gaps seem to reflect
the regressive troughs, whereas the whole unit 5 with
its remanié phosphatic fossil assemblages corresponds,
albeit in a highly residual form, to the whole middle
Cenomanian eustatic low, as seen on the Hancock
graph (Fig. 10b; see Hancock, 2004, fig. 2, for detailed
presentation and dating of the mid-Cretaceous low).

The middle Cenomanian developments at Annopol
are reminiscent of those in the marginal parts of the
Anglo-Paris basin. The classic Rouen Fossil Bed re-
plete with phosphatized ammonite moulds may serve
here as a close analogue (Juignet & Kennedy, 1976;
Hancock, 2004). Local discontinuities D4/5 and D5/6
at Annopol may be tentatively correlated with the
Rouen No. 1 Hardground and Rouen No 2. Hard-
ground of the above-mentioned authors, respectively.
According to Hancock (2004), these two hardgrounds
correspond in turn to the Primus Event and the Mid-
Cenomanian Event of Sussex and the Münsterland
(note however that his event definitions do not en-
tirely correspond to those of Ernst, Schmid & Seibertz,

1983 and Wilmsen, 2003, 2013). Also, a glauconite-
stained ‘Hg grün’ in the Hannover area, for which
Ernst, Schmid & Seibertz (1983) coined the term ‘Mid-
Cenomanian Event’, seems to be a closely correlative
horizon. All abovementioned levels in Normandy and
Germany are associated with the acmes of the irregular
echinoid Holaster subglobosus, as is seen at Annopol
(see Section 3). In view of the foraminiferal-based cor-
relation of unit 6 with an interval within the Plenus
Marl (Metoicoceras geslinianum ammonite Zone) in
Eastbourne succession, its seems also probable that an
equivalent of the so-called Sub-Plenus Erosion Surface
(e.g. Hancock, 1990) may also have merged into the
topmost surface of the complex Annopol hardground. If
the above correlations are correct, discontinuities D4/5
and D5/6 of the Annopol succession (Fig. 10a) may
correspond to sequence boundaries KCe3 and KCe4 of
Haq (2014, fig. 2), respectively (with a possibility that
his KCe5 is superimposed on KCe4 at Annopol).

The next elements for correlation of the Annopol
succession with the British graph are provided with
sample 19, representing a lost early late Cenomanian
unit and unit 6, dated for the later part of the late
Cenomanian (see Section 7). Both these units yield
deep-dwelling planktonic foraminifera and are re-
garded as residual records of the two last transgressive
peaks on the Cenomanian portion of the British graph
(Fig. 10b). The hardground between the Cenomanian
unit 6 and the lower Turonian unit 7 at Annopol (D6/7 in
Fig. 10a) may correspond to a regressive trough at the
Cenomanian–Turonian boundary (sequence boundary
KTu1 of Haq, 2014).

10. Concluding remarks

We have studied the foramiferal assemblages from the
Albian and Cenomanian interval of a condensed mid-
Cretaceous succession at Annopol, Poland. The focus
of our study was to provide a stratigraphic and pa-
laeoenvironmental background for future studies of this
important Fossil-Lagerstätte in Poland.

In agreement with Walaszczyk (1987), the fo-
raminiferal record at Annopol turns out to be strongly
influenced by burrowing animals. This influence is both
negative and positive. A negative aspect is exemplified
by the piping down of the younger foraminifera through
burrows into older deposits, disturbing the stratigraphic
order of the foraminiferal assemblages. The most im-
portant effect is seen in the Albian phosphorite hori-
zon in the middle of the succession which contains the
Cenomanian index planktonic foramifera, most prob-
ably introduced here by the activity of burrowers. A
positive effect over the foraminiferal record was recog-
nized in another interval, namely in the lower part of
the lower Cenomanian Substage. The foraminifera re-
covered from burrows there provide the sole piece of
evidence of a lower upper Cenomanian unit missing
from the succession.

Despite the abovementioned distortions, vertical
changes in foraminiferal assemblages at Annopol
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allowed for a relatively precise ‘reading’ of this succes-
sion in terms of bathymetry and biological productivity.
An overall bathymetric trend for the Annopol succes-
sion is deepening upwards, reflecting a stepwise pro-
gress of the mid-Cretaceous transgression onto this part
of Europe (Marcinowski & Radwański, 1983). Envir-
onments varied as far as the biologic productivity is
concerned, the highest rate of primary production be-
ing deduced for the Albian phosphorite level.

In the last part of the paper (Section 9), we attemp-
ted to assess how much of the global mid-Cretaceous
sea-level changes can be seen at a section such as
that at Annopol. Based on the integration of the fo-
raminiferal and ammonite data with sedimentological
observations we compared the patterns deduced for
the Annopol succession with the Albian–Cenomanian
portion of the British sea-level curve constructed by
Hancock (1990). We paid special attention to the sed-
imentary discontinuities and associated stratigraphic
gaps, which may be successfully used for correlations
in such mariginal successions (the Hiatus stratigraphy
or Lücken-stratigraphie of Ernst et al. 1996). Some-
what unexpectedly, we found that all major elements
of the relevant portion of the British curve, that is, all
transgressive peaks and regressive troughs or lows, are
recorded in the Annopol succession, although in a re-
sidual form.

In summary, the present study has demonstrated that
even extremely condensed marine deposits, such as
those from the mid-Cretaceous deposits of Annopol,
may provide a foraminiferal record of better quality,
stratigraphic order and palaeoecologic resolution than
conventionally anticipated.
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kręgowców kredowych w nieczynnej kopalni fos-
forytów w Annopolu nad Wisłą. Przegląd Geologiczny
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