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Abstract

Mid-Cenomanian, precession-controlled (21 ka) chalk^marl couplets of the Cap Blanc Nez section (Anglo^Paris
Basin) have been studied with focus on the effects which Milankovitch cycles have had on the palaeoenvironment. In
this paper, we present micropalaeontological and lithological proxies that enable the reconstruction of both the cycle
architecture and the transformation of the orbitally forced signal into the sediment. A palaeoecological reconstruction
based on changes in calcareous dinoflagellate cysts (c-dinocysts) assemblages was carried out, in which two
characteristic ecological assemblages of c-dinocysts were identified. Gradual changes in absolute and relative
abundance of the cyst species in these assemblages over several couplets depict a bundling pattern which is interpreted
to reflect the modulation of the intensity of the precession cycle by the eccentricity cycle (100 ka). The stacking
pattern in the natural gamma ray signal and the carbonate and TOC content has the same period and provides
lithological support of the bundling. A shelf basin circulation model is proposed to explain the relation between
orbitally forced climate change, its palaeoenvironmental consequences and the resulting sedimentary cyclicity.
Variations in surface water circulation are reflected in the sediment by the chalk^marl couplets, the most distinctive
couplets ocurring at the base and top of the bundles. While the chalks reflect well-mixed surface water conditions, the
marls, particularly those at the bundle boundaries, can be interpreted as the sedimentary expression of stratified water
masses. During deposition of these marls, reduced oceanic mixing due to low seasonality during strong precession
maxima at the eccentricity maxima caused periods of water column stratification that in turn led to nutrient depletion
and decreased productivity in the surface water masses. : 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Chalk^marl couplets of the Cenomanian of the
Anglo^Paris Basin are characterised by a more or

less distinct light/dark cyclicity. These couplets
have been interpreted as orbitally forced sedimen-
tary cycles (e.g. Fischer and Schwarzacher, 1984;
Bottjer et al., 1986; Gale, 1990, 1995;
Schwarzacher, 1993, 1994; Mitchell and Carr,
1998). They are thought to represent the 21-ka
precession signal, an interpretation which is sup-
ported by (i) correlation with the radiometric dat-
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ing of the Cenomanian stage based on bentonite
bearing sections of the Western Interior Basin
(Obradovich, 1994), and (ii) spectral analysis
(Gale, 1990, 1995; Gale et al., 1999).

The amplitude of the precession signal is modi-
¢ed in amplitude by the 100-ka eccentricity cycle,
which leads to an approximate 5:1 bundling of
couplets and provides the most conspicuous evi-
dence for the orbital forcing of sedimentary cycles
(House, 1995). Such bundling of couplets can, for
example, clearly be recognised in the Barremian
of the Gubbio section, Italy (Schwarzacher, 1993),
where strong variations in grey scale, carbonate
content and bed thickness follow the above-men-
tioned 5:1 ratio. However, the superimposition of
precession and eccentricity cycles is often pre-
served in the sediment as rather subtle changes
that cannot be detected in the ¢eld. In the couplet
succession of the Anglo^Paris Basin, bundling is
di⁄cult to prove without the con¢rmation by mi-
croscopic investigations. The current high-resolu-
tion micropalaeontological analysis, however,
provides an objective measure to recognise this
cyclicity.

The main tool used in the present study of the
Anglo^Paris Basin couplet succession is the qual-
itative and quantitative analysis of their calcare-
ous dino£agellate cyst (c-dinocyst) content. C-di-
nocysts are formed during the life cycle of the
Calciodinelloideae, a subfamily of the dino£agel-
lates (Fensome et al., 1993). C-dinocysts have
been commonly described as ‘calcispheres’ in the
fossil record, without a further distinction of spe-
cies. Although most of them do not show any
signs of paratabulation, some species do re£ect
the peridinioid plate pattern of the corresponding
motile dino£agellates very clearly. We know from
recent species that the Calciodinelloideae are uni-
cellular, autotrophic, primary producers that live
in the upper water column. As such, they can play
an important role in reconstructing climatically
induced oceanic changes. C-dinocysts form one
of the three major components of the investigated
carbonate, which is almost entirely of biogenic
origin. The mean Coccoliths :foraminifera:c-dino-
cysts ratio is about 70:20:5 (%), these three
groups forming 95% of the biogenic components
of the investigated material.

Our study of c-dinocysts distinguished to the
species level is the ¢rst to apply them for the
interpretation of Cenomanian sedimentary cycles
and their stacking patterns. Climatic changes re-
sulting from orbital forcing are re£ected in the
sediment, as they strongly in£uence the biogenic
(carbonate, organic matter) and abiogenic (silici-
clastic) sedimentation. Changes in abundances
and distribution of the biogenic components can
be caused primarily by variations of environmen-
tal parameters, such as surface water temperature,
strati¢cation of the water column and nutrient
input. Secondarily, diagenesis may have altered
the sedimentary distribution of biogenic and abio-
genic components but is not considered to have
obscured the primary cyclic changes in the inves-
tigated section (e.g. R.O.C.C. group, 1986). Dia-
genetic bedding in the sense of Ricken (1986) can
be excluded due to the presence of primary sedi-
mentary features, in particular burrows that cross
marl^chalk contacts. However, di¡erences in ce-
mentation between chalks and marls point at
some late diagenetic enhancement of the rhythmic
bedding (Kennedy, 1967).

Here, an approach is made to reconstruct the
palaeoceanographic response to variations in or-
bital parameters through the integrated interpre-
tation of palaeontological and lithological data.

2. Materials and methods

2.1. Regional geology

We investigated a 14-m long sedimentary suc-
cession in the mid-Cenomanian of the Cap Blanc
Nez section near Escalles/SW of Calais, France
(Figs. 1 and 2). The 78-m thick pro¢le of the
Cenomanian is the reference section for this part
of the Anglo^Paris Basin (Robaszynski and Ame¤-
dro, 1993). It represents a central basinal, outer
shelf position (Fig. 1), characterised by a contin-
uous deposition of 12 to 110 cm thick chalk/marl
alternations. These carbonate sequences were de-
posited at water depths between 300 m and 500 m
(Hart, 1980; Gra«fe, 1999), well below the storm-
wave base. Palaeogeographically, the investigated
section was positioned at around 40‡ N, i.e. at
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mid northern latitudes (Ziegler, 1990; Voigt,
1996).

During the Cenomanian and Turonian, a con-
tinuous sea level rise led to the world-wide expan-
sion of shelf seas (Haq et al., 1987). Several sea-
ways enabled a connection between the Boreal
and Tethyan Realms since the Early Cretaceous.
Both Tethyan and Boreal in£uence can, therefore,
be expected in the investigated area. The inter¢n-
gering of these two water masses was thought to
be expressed in the lithofacies ; Tethyan deposits
being carbonate-rich and Boreal sediments char-
acterised by high proportions of clay (Keupp,
1993; Mutterlose, 1989; Mutterlose and Ru¡ell,
1999).

Tectonic activity of the main structural ele-
ments near the Escalles section was relatively
calm during most of the Cenomanian (Ziegler,
1975; Ziegler, 1990). Tu¡s are not present in the
investigated section part. Thus, no major distur-
bances of the sedimentation occurred and rework-
ing, tectonically induced movement or intercala-
tion of volcanogenic sediments did not disturb the
continuous sedimentation.

2.2. Material

Three main lithofacies types can be distin-
guished in the studied interval (Gra«fe, 1999): (i)
grey to white chalk (light-coloured), (ii) marly
grey chalk (light-coloured); and (iii) grey marl-
stone (dark-coloured). It should be kept in mind
that the generally used term ‘marl’ for dark layers
is lithologically misleading because of their high
carbonate content. Bio-, litho- and sequence-strat-
igraphy according to Robaszynski and Ame¤dro
(1993), Robaszynski et al. (1998) and Owen
(1996) are summarised in Fig. 2.

We investigated the part of the section ranging
from 42.3^56.5 m above the base of the Cenoma-
nian (Fig. 2). Two parts within this succession,
termed EscA (Escalles A) and EscB, were ana-
lysed for stacking patterns of the couplet succes-
sion using various parameters. EscA, covering the
interval from 42.3 to 46.5 m, is positioned in the
Acanthoceras rhotomagense ammonite zone, its
base forming the transition from the Turrilites
costatus to the Turrilites acutus ammonite sub-
zone. It represents the lower half of lithostrati-
graphic member I21 of Robaszynski and Ame¤dro
(1993) and is in the range of couplets sC20 of
the couplet numbering scheme of Gale (1990)
(Highstand Systems Tract (HST) of sequence 3).
EscB, covering the interval from 53.8 m to 56.5
m, is a set of couplets in the lower Acanthoceras
jukesbrownei ammonite zone, within lithostrati-
graphic members I22 and I23, and couplets D1^
D5 (lower Transgressive Systems Tract (TST) of
sequence 4) according to the subdivisions of Ro-
baszynski et al. (1998) and Gale (1995), respec-
tively.

2.3. Methods

35 samples from EscA and 25 samples from
EscB were analysed for their c-dinocyst content,
grain size distribution, carbonate content, total
organic carbon (TOC) content and natural gam-
ma ray at a sample spacing of 10 cm. To connect
the two parts of the section, additional samples
with 20^100 cm sample spacing were studied be-
tween the sections with focus on the marls.

All microscopic investigations on microfossils

Fig. 1. Palaeogeography of western Europe during the Mid-
dle Cenomanian (after Ziegler, 1990); AM=Amorican Mas-
sive, EH=English High, IBM=Iberian Massive, IM= Irish
Massive, MC=Massive Centrale, RM= Rheinish Massive.
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and non-carbonate grains were carried out using
disintegrated material. Sample sizes of approxi-
mately 0.5 g were processed using repeated freez-
ing and thawing in sodium^sulphate solution. The
disintegrated samples were sieved into three frac-
tions (6 20 Wm, 20^75 Wm and s 75 Wm). The
two coarse fractions were weighted to obtain in-
formation on the grain size distribution.

The micropalaeontological analyses comprise

investigation of absolute cyst abundances, relative
abundances and ratios between cyst species. Ab-
solute abundances are given in cysts/mg of the 20^
75-Wm fraction. Mean cyst sizes of the species
Pithonella sphaerica were measured on about 50
randomly picked specimens per sample for a 2-m
interval spanning the basal two marl^chalk cou-
plets of EscA. In addition to the cyst data, sizes of
foraminifera of the 20^75-Wm size fraction were

Fig. 2. (a) Integrated illustration of the bio-, sequence- and lithostratigraphy of the investigated section (modi¢ed after Robaszyn-
ski and Ame¤dro, 1993; Gra«fe, 1999). Sequence and couplet numbering after Gale (1995); scales in meters from base of Cenoma-
nian. Abbrevations: C ^ Cunnigtoniceras, M ^ Metoicoceras, N ^ Neocardioceras, W ^ Whiteinella. (b) Geographic location of
the investigated section (arrow).

Plate I. Calcareous dino£agellate cysts used in the quantitative analysis; scale bar is 10 Wm.
Pithonella sphaerica
Pithonella ovalis
Pithonella discoidea
Pirumella sp.
Cubodinellum renei
Pentadinellum vimineum ; apical view
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measured under the scanning electron microscope
(SEM; 50 tests per sample and four samples with-
in EscA).

In order to produce quantitative c-dinocyst
data, a weighted microsplit of 1^4 mg of the 20^
75-Wm grain size fraction was taken by measuring
the weight of the entire fraction before and after
splitting. The complete microsplit was counted us-
ing a Zeiss binocular microscope Stemi2000 with
magni¢cations ranging from 80U to 120U. Speci-
mens which could not be taxonomically speci¢ed
by their light-optical characteristics were picked
and studied with the SEM.

In order to obtain a detailed lithological log of
the investigated section, the natural gamma ray
signal measured in the ¢eld was analysed. Gamma
ray and the carbonate content of the marls were
cross-plotted to characterise the marl types. The
carbonate content and TOC content were deter-
mined using LECO measurement.

For the interpretation of the gamma ray data,
an analysis of the clay mineralogy was necessary.
Six samples at an approximate sample spacing of
1.5 m, covering two major oscillations of the gam-

ma ray log, were chosen. The variations of the
clay content within couplets of several Anglo^
Paris Basin sections were analysed by Ditch¢eld
(1990), so we focused on variations between marl
types only. The samples were decarbonised with a
10% EDTA (Titriplex III) solution which was
bu¡ered with NaOH to pH V8, at 50‡C under
continuous stirring for 3 days. The XRD-analysis
was performed with a di¡ractometer D500 on a
smear slide containing the 6 2Wm fraction.

An overview of the c-dinocyst species studied
here is given in the Appendix. All material is
stored at the Division of Historical Geology and
Palaeontology, University of Bremen, Bremen,
Germany.

3. Results

3.1. Micropalaeontology

3.1.1. Absolute and relative abundances
The quantitative method applied in this study

focuses on the six most abundant c-dinocyst spe-

Fig. 3. C-dinocyst absolute abundances (cysts/mg of the 20^75-Wm size fraction) in section EscA. P-assemblage: positive peaks
relative to mean value (solid vertical lines) are white and are marked with a letter; negative peaks relative to mean value are
black and marked with a number. These correlate with excursions (black) of the S- assemblage. For lithological data, see Fig. 6.
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cies (Appendix; Plate I) which are common
throughout the section: Pithonella sphaerica, Pi-
thonella ovalis, Pithonella discoidea, Pirumella sp.,
Cubodinellum renei, Pentadinellum vimineum.

All cyst species mentioned above are generally
present in chalks as well as in marls. Changes in
absolute and relative abundance can be noted be-
tween these lithofacies and, in form of subtle var-
iations, also within the lithotypes. Marls typically
show low absolute abundances and a diverse c-
dinocyst association due to the presence of rare
species (listed in the Appendix). In intervals of
high carbonate content (i.e. chalks), high abun-
dances and low diversity are typical.

Two assemblages of c-dinocysts can be distin-
guished due to the cyst distribution patterns: (i)
the P-assemblage (P=Pithonelloideae), which
consists predominantly of Pithonelloideae
(s 95%) and Pirumella sp. ; and (ii) the S-assem-
blage (S =Sculptured/paratabulated), which con-
tains the paratabulated species Cubodinellum renei
and Pentadinellum vimineum that may represent
up to 80% of the c-dinocyst association (Figs. 3,

4 and 9). These two assemblages show an inverse
absolute abundance pattern (Figs. 3 and 4). In
marls, distinct and often sharp-cut peaks in abso-
lute abundances (cysts/mg) of the S-assemblage
(black, numbered peaks) coincide with very low
abundances of the P-assemblage. In contrast,
broad maxima in abundance are characteristic of
the P-assemblage (white, lettered peaks), and are
commonly positioned in chalks where S-assem-
blage abundances are low. A major peak of Pi-
rumella sp. (Fig. 3, peak A1/A2) is correlated with
such a broad peak, thereby including this species
into the P-assemblage.

Although the above-mentioned relation be-
tween c-dinocyst assemblages and the lithotypes
is quite characteristic, the relation of the two
groups varies between the chalk^marl couplets.
This allows the di¡erentiation between di¡erent
marl types, which plays a key role in the further
analysis of the cyclic pattern. The most distinct
marl type is characterised by an almost pure S-
assemblage, while Pithonelloideae abundances
may decrease to near absence (Figs. 3, 4 and 9).

Fig. 4. C-dinocyst absolute abundances (cysts/mg of the 20^75-Wm size fraction) in section EscB. P-assemblage: positive peaks
relative to mean value are white and are marked with a letter negative peaks relative to mean value are black and marked with a
number. These correlate with excursions (black) of the S-assemblage.
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A signi¢cant feature is the sharpness of the pos-
itive abundance excursions of species of the S-as-
semblage, such as peaks 1 and 5 in EscA (Fig. 3).
The total number of c-dinocysts is low in these
beds. Marls of this type will be termed ‘event-
marls’ (e-marls) here, because they appear as
short-term, exceptional events. The opposite to
the e-marls are the so-called p-marls ( = Pithonel-
loideae-rich marl). Relatively high abundances of
Pithonelloideae (comparable to chalks) are char-
acteristic for these marls (for example M3(?) and
M4 in Fig. 3), while the S-assemblage may be
present in low numbers or even absent.

Besides their distinct c-dinocyst association, e-
marls are characterised by partial solution of for-
aminifera and an increased number of very small
foraminifera in the 20^75-Wm fraction (Fig. 5).
Among these small species, the planktic foramini-
fer Heterohelix moremani Cushman is a common

form. The length of tests of H. moremani was
measured in the two e-marls, the p-marl and a
chalk of EscA with focus on specimens with not
less than seven chambers (adult forms).

3.1.2. Variations within the dominant genus ^
the Pithonella sphaerica/Pithonella ovalis ratio
(Ps/Po-ratio)

Pithonelloideae are the most abundant c-dino-
cyst species in the investigated material. The Ps/
Po-ratio is a statistically powerful indicator of en-
vironmental change as these two species lived in
di¡erent palaeoenvironments (e.g. Kaufmann,
1865; Bignot and Lezaud, 1964; Bein and Reiss,
1976; Bouyx and Villain, 1986; Dali-Ressot,
1987; Zu«gel, 1994; Dias-Brito, 2000). In EscA
the Ps/Po-ratio has a relatively constant mean val-
ue of 3 but shows distinct negative and positive
excursions from this mean value which vary be-

Fig. 5. Length distribution of Heterohelix moremani in four samples of the couplet bundle EscA. Note the dominance of smaller
specimens in e-marls.
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tween almost 0 and 6 (Fig. 6). In EscB, the mean
value drops to 0.6 but the Ps/Po-ratio still £uctu-
ates signi¢cantly between values of 0 and 2 (Fig.
7).

In the studied material, a low Ps/Po-ratio is al-
ways the result of a stronger decrease in abun-
dance of Pithonella sphaerica relative to P. ovalis.
This is characteristic for the marls and corre-
sponds with generally decreased Pithonelloideae
abundances. There is a gradual variation in Ps/
Po values between marls (low-frequency curve in
Fig. 6), with lowest Ps/Po values observed in the
e-marls. The ratio stays close to the mean value
around the p-marls. Thus, the distinction of marl
types on the basis of cyst association changes as
discussed in Section 3.1.1 is supported by the Ps/
Po-ratio.

Contrary to the marls, chalks are generally
characterised by a high Ps/Po-ratio due to an in-
crease in abundance of Pithonella sphaerica rela-

tive to P. ovalis. A signi¢cant minimum in the size
of specimens of P. sphaerica occurs within the
basal chalk of EscA, which was analysed for mor-
phometric changes (Fig. 3). This minimum is ac-
companied by a simultaneous decrease in abun-
dances of Pithonelloideae, a peak of the Ps/Po-
ratio, and a particularly high carbonate content
(Fig. 6).

3.1.3. Cycle architecture of EscA compared to
EscB

A systematic succession of marl types is present
in EscA (Figs. 3 and 6). M1 and M6 are e-marls
whereas M2 and M5 are less distinctive marls.
Towards the middle of this section, di¡erences
between chalks and marls concerning the relation
between the P- and S-assemblages and the Ps/Po-
ratio are least developed. An interference between
the S-assemblage and the P-assemblage is charac-
teristic of this interval (p-marls M3(?) and M4).

Fig. 6. Relations between lithological data and P-assemblage data of section EscA. Dotted curves= low-frequency curves of val-
ues in the marls; dm =di¡erence in mean percentage between marl and adjacent chalk. Interpretation= reconstructed Milanko-
vitch cyclicity re£ected in the data. Peak numbering and lithological signature as in Fig. 3.
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The resulting pattern is a bundling of ¢ve cou-
plets, bounded by e-marls. From the base towards
the top of this bundle, the abundance patterns of
the c-dinocyst assemblages gradually oscillate
from the event-marl situation to the p-marl situa-
tion in the middle of the bundle, and then back to
the next e-marl situation.

The c-dinocyst abundances of EscB are shown
in Fig. 4. The abundances of the species of the S-
assemblage are lower than in EscA, leading to a
lower resolution of this parameter. Whereas in
EscA, all numbered peaks (in the marls) were
correlatable between the P- and S-assemblage,
only peak 1 can be correlated between the two
assemblages in EscB. Double peaks are character-
istic of the thickest chalk layers in EscB and
EscA. A near-symmetric cycle architecture, as is
present in EscA, cannot be reconstructed in EscB,
as only e-marl M1 is unambiguous. No bundling
of couplets can be reconstructed from the low-
frequency curves in Ps/Po-ratio and Pithonelloid
abundances (Fig. 7).

3.2. Lithology

3.2.1. Gamma ray
The gamma ray data for EscA and EscB are

shown in Figs. 6 and 7. The plot for the entire
investigated section is given in Fig. 9. The gamma
ray is a proxy for the clay content of sediments.
High counts per unit (cpu) represent layers rich in
radioactive elements (K, U or Th) which are
mainly incorporated in clay minerals. Thus, large
excursions generally occur in the marls, whereas
chalks show low values caused by their higher
carbonate/clay ratio. Due to the declining overall
clay content from EscA to EscB, the gamma val-
ues continuously decrease throughout the entire
section (Fig. 9; Gra«fe 1999, Figs. 5 and 6).

Fig. 6 shows that a positive correlation exists
between the low-frequency curve of the gamma
ray log of marls and the Pithonelloideae distribu-
tion throughout EscA. This curve shows a grad-
ual increase from low values in the e-marls (M1,
M6) to higher values in between them. In EscB,

Fig. 7. Relations between lithological data and P-assemblage data of section EscB. Dotted curves ^ low-frequency curve between
values in the marls; dm ^ di¡erence in mean percentage between marl and adjacent chalk. Couplet succession of EscB enables no
interpretation as in EscA. Peak numbering and lithological signature as in Fig. 4.
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only the gamma ray variations between chalks
and marls can be recognised. Changes between
marls, as in EscA, are not clearly re£ected, prob-
ably since the lower overall gamma value leads to
a lower resolution.

In Fig. 8, the gamma ray signature of marls is
plotted against their carbonate content. The gen-
eral trend from high carbonate content and low
gamma ray values to low carbonate content and
high gamma values is shifted in the e-marls to
generally lower values of both parameters. This
could be due to the composition of the clay min-
eral fraction. To test this hypothesis, we chose six
samples from e-marls and p-marls (for sample
positions see Fig. 9) and examined their relative
content of kaolinite, chlorite and illite. Variations
in the relative quantities of these clay minerals are
on the order of 1% only. The half value width of
illite, as a measure for the crystallinity, varies be-
tween 0.48 and 0.57 and can be regarded as con-
stant.

The results reveal a stable clay association
which varies very little between the samples
(Fig. 9). Though the small variation in the illite/
kaolinite-ratio seems to correlate positively with
the gamma ray data in EscA, it fails to explain
the gamma ray peak in the second p-marl ana-
lysed (Fig. 9). Additionally, it is not signi¢cant

enough to cause the changes in the gamma ray
log. Besides clay minerals, a major source for ele-
vated gamma ray values is uranium-binding or-
ganic matter (ten Veen and Postma, 1996). How-
ever, no relation between the TOC content and
the low-frequency curve in the gamma ray log
could be found (Figs. 6 and 7).

3.2.2. Grain size distribution
The percentage of grains with a size larger than

20 Wm in EscA is clearly related to the light/dark
lithological changes, chalks being coarser grained
than marls (Fig. 6). This di¡erence in grain size
represents a clearer distinction between the light
and dark layers than the carbonate content does.
As the marls contain less grains with a size s 20
Wm but still have a high carbonate content (see
Section 3.2.3), the light/dark-cyclicity is to some
extent a simple optical expression of these grain
size changes.

In three exceptional samples of EscA, minimum
values of less than 10% grain size s 20 Wm occur.
Two of these samples occur in e-marls (Fig. 6,
peaks 1 and 5), and relate to minima of the car-
bonate content. The third sample, however, is sit-
uated in the middle of the couplet set and this thin
bed does not appear in the outcrop as a dark
layer (Fig. 5, peak 3; named M3(?)). Because of

Fig. 8. Cross-plot of gamma ray data and carbonate content of the marls from EscA and bundle 2. Note the eccentricity-con-
trolled shift (b) of e-marls compared to the normal relation (a).
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the deviation from the characteristic grain size
ranges of chalks, this peak would de¢ne the layer
‘M3(?)’ as a marl.

The percentage of grains s 20 Wm in marls is
20^40% in EscB (Fig. 7). A grain size minimum in
a chalk was also identi¢ed (peak 4), which hints at
the presence of a marly layer at this position as
well (M4(?)). The overall higher grain size in
marls of EscB compared to EscA is expressed
by the less distinct outcrop appearance of marls
higher up in the section. The grain size distribu-
tion of both EscA and EscB shows no clear rela-
tion to the c-dinocyst data and the gamma ray
log.

3.2.3. Carbonate content and TOC
The carbonate content of EscA (Fig. 6) is pos-

itively related to the absolute abundances of the
P-assemblage species and the Ps/Po-ratio. A grad-
ual change can be recognised in the amplitude of

variation between marls and chalks (dm in Fig. 6).
The contrast is largest for the e-marls while in the
middle of the bundle, the di¡erence in carbonate
content between marls and chalks is low. This
trend is negatively related to the low-frequency
curve in gamma ray values and the c-dinocyst
data (Fig. 6) and also resembles the bundling of
couplets in section EscA.

TOC values of the marls in EscA range from
0.15 to 0.26%, whereas those of the chalks range
from 0.1 to 0.2%. There are no signi¢cant changes
in carbonate content and TOC values between the
marl types but, as with the carbonate content, the
di¡erences in TOC values between marls and
chalks are largest in the couplets that contain
the e-marls (Fig. 6).

In EscB (Fig. 7), the variations in carbonate
content between marls and chalks is lower than
in EscA (2^10%). Chalks have carbonate values as
low as 85% while some marls show a maximum

Fig. 9. Integrated illustration of the investigated section, showing trends in (i) e-marl characteristics; (ii) variations in mean Pitho-
nella sphaerica and P. ovalis abundances and the Ps/Po-ratio; (iii) bundling of gamma ray log and clay mineral distribution; and
(iv) sequence-stratigraphy after Robaszynski and Ame¤dro (1993): SMW= Shelf Margin Wedge, TST=Transgressive Systems
Tract, HST=Highstand Systems Tract.
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carbonate content of 88%. TOC values are be-
tween 0.15% and 0.32% in marls and range from
0.1% to 0.2% in the chalks.

3.3. Cycles between EscA and EscB, de¢ned by the
succession of marl types

An analysis of c-dinocysts of the interval from
46 m to 54 m between the section parts EscA and
EscB was performed, with focus on the succession
of the di¡erent marl types to test for continuous
bundling (Fig. 9). The couplets following EscA
can again be bundled into a set of ¢ve (‘bundle
2’ in Fig. 9). This bundle shows a comparable
architecture to that of EscA, being bound by e-
marls and gradually developing a p-marl in the
middle of the succession (Fig. 9). Above this bun-
dle, couplets cannot be bundled anymore by a
systematic marl succession. The gamma ray signal
and the lack of lows in mean absolute abundance
of the P-assemblage suggest a relatively thick bun-
dle of four couplets or a discontinuity in the suc-
cession (Fig. 9). The most important characteristic
of this interval is the change which occurs in the
Pithonelloideae assemblage. An increase of P.
ovalis numbers between 52 m and 53 m leads to
a signi¢cant shift of the mean Ps/Po-ratio from
about 3 to 0.6.

4. Discussion

4.1. Transformation of the orbital-forcing signal
into micropalaeontological cyclicity ^ bundling
pattern and palaeoenvironmental interpretation

The mid-Cenomanian chalk^marl alternations
of the Anglo^Paris Basin have been previously
analysed by spectral analysis and the results sup-
port orbital forcing of the cycles (Gale et al.,
1999). Here, an attempt is made to explain the
transformation of the orbital signal into the sedi-
ment by interpreting the cyclic succession of dif-
ferent couplet types (de¢ned here as marl types).
The observed bundling of ¢ve chalk^marl cou-
plets (Figs. 3, 6 and 9), strongly suggests the pres-
ence of a 5:1 modulation in amplitude of the pre-
cession signal by the 100-ka eccentricity cycle.

In EscA, the cyclicity is well re£ected by the
palaeontological and sedimentological parame-
ters. Couplets containing e-marls show the most
pronounced contrast in the investigated micropa-
laeontological parameters between chalk and marl
(Figs. 3, 6 and 9). These couplets form the boun-
daries of the bundles. The observed ampli¢cation
of couplets suggests increased low-frequency (ec-
centricity) modulation of the precession cycle.
Thus, these bundle parts can be interpreted to
have been deposited at eccentricity maxima. Con-
trary to these positions, interference of the usually
negatively correlated abundances of the P-assem-
blage and the S-assemblage, the bu¡ered positive
and negative peaks of the Ps/Po-ratio around
their mean value, and the small changes in TOC
and carbonate content in the middle of the bun-
dles (p-marls) all indicate a smaller contrast be-
tween the precession extremes during eccentricity
minima. Since the bundling is well re£ected by the
c-dinocyst assemblages, we can attempt to palae-
oecologically interpret the in£uence of the orbital
variations on the palaeoenvironment.

Negatively related abundance trends of Pitho-
nelloideae to the c-dinocysts contained in the S-
assemblage have been observed by various au-
thors in connection with sequence-scale sea level
changes and water mass changes (Keupp, 1982,
1989, 1991; Zu«gel, 1994; Neumann, 1999). An
invasion of Pithonella ovalis indeed occurs with
the 3rd order transgression of sequence 4 and
can be interpreted to indicate increased Tethyan
in£uence towards the Upper Cenomanian (Fig. 9;
chapter 4.3). The main character of the e-marls is
the unusually high percentage of paratabulated
forms (Fig. 3). Whereas Pithonelloideae are inter-
preted as being typical for the outer shelf (Bein
and Reiss, 1976; Villain, 1981), the species of the
S-assemblage were observed to be more abundant
in marginal facies (Zu«gel, 1994). The distribution
patterns in the marls (Fig. 9) would thus suggest a
sea level fall during these episodes. However, it is
unlikely that marginal facies zones expanded over
the central areas of the Anglo^Paris Basin. It
seems more plausible that the observed distribu-
tion pattern of c-dinocysts re£ects oceanographic
changes which are not primarily controlled by sea
level £uctuations, but instead led to basin-wide
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conditions typical of the marginal environment
(e.g. a lagoonal or estuarine circulation). The par-
atabulated species discussed in the present study
have been attributed to a group of Tethyan in-
vaders into the Boreal Realm during transgres-
sions in the Albian (Keupp, 1992; Neumann,
1999). They could therefore be interpreted to in-
dicate surface water warming.

Pithonella sphaerica has been interpreted as an
indicator of high carbonate production (Noel et
al., 1995; Wendler et al., submitted), so that the
very high Ps/Po-ratios in the chalks seem to indi-
cate productivity peaks. In today’s oceans, pro-
ductivity of planktic organisms depends primarily
on nutrient supply. Thus, a change from high to
low abundance of calcareous primary producers
in chalks and marls, respectively, may point to
lower nutrient availability during marl formation
with the most oligotrophic conditions prevailing
during e-marl deposition.

Investigations on Recent calcareous dino£agel-
lates have shown that they are especially adapted
to rather oligotrophic conditions and well strati-
¢ed surface water masses (Ho«ll et al., 1998; Vink,
2000). On the other hand, the highest diversity of
c-dinocysts can be found in shelf areas where also
strati¢ed, but eutrophic conditions persist near
the coast (Wall et al., 1977; Dale, 1983). An ex-
ample is the Mediterranean Sea which has a
highly diverse c-dinocyst association in both, oli-
gotrophic and eutrophic environments (Montre-
sor et al., 1998; and in the fossil record e.g. : Ver-
steegh, 1993).

In conclusion, the signi¢cant changes in the in-
vestigated section between phases of low diversity/
high numbers of specimens (chalks) and phases of
high diversity/low numbers of specimens (e-marls)
can be interpreted to re£ect alternations between
mixed and less circulated (possibly strati¢ed)
oceanographic conditions, respectively. Such
oceanographic changes in£uence the supply of
nutrients to the surface water environment. Oligo-
trophic conditions probably prevailed during
times of greater strati¢cation (e-marls), when
transport of nutrients to the surface waters was
hampered by stagnation. Low productivity during
marl deposition in the investigated basin was also
concluded from data on coccoliths (Young et al.,

1998) and foraminifera (Hart, 1980; Leary and
Hart, 1992; Mitchell and Carr, 1998; Gra«fe,
1999). The e-marls detected in the present study
apparently re£ect extremely low productivity,
which was partly accompanied by selective disso-
lution at the water/sediment interface (especially
of foraminifera) due to decreased accumulation
rates of carbonate particles. The maximum abun-
dances of Heterohelix moremani in the e-marls
corroborate this interpretation of low productiv-
ity. This opportunist (Nederbragd et al., 1998) is
known to have £ourished during the uppermost
Cenomanian oceanic anoxic event, when an ex-
tended oxygen minimum zone caused environ-
mental stress on planktic life (Hart, 1996).

4.2. Transformation of the orbital-forcing signal
into lithological cyclicity ^ gamma ray signature of
the bundles

Governing the surface water carbonate produc-
tivity, precessional forcing passively in£uenced the
quantity of non-carbonate in marls and chalks
(Gra«fe, 1999). This is re£ected in the marls by a
lower carbonate content, a smaller grain size and
a higher gamma radiation compared to the
chalks. However, although the carbonate content
of the e-marls is low, they also have relatively low
gamma ray values (Fig. 8). Additionally, the very
low variation in carbonate content between the
marl types cannot account for the di¡erences in
gamma ray values. Thus, an alternative explana-
tion is needed for the low-frequency mean curve
of the gamma ray, which re£ects the bundling of
couplets and thus seems to re£ect the eccentricity
cycle (higher gamma ray values during eccentric-
ity minima compared to the eccentricity maxima;
Figs. 6 and 9).

Bundling as is re£ected in the low-frequency
mean gamma ray curve (Fig. 9) is a prominent
feature throughout the entire mid-Cenomanian
(Fig. 5 in Gra«fe, 1999). It could be interpreted
on the basis of the clay minerals as (i) a change
in the clay mineral association caused by climatic
change; or (ii) a sea level change during the ec-
centricity cycle. Substantial climatic change causes
qualitative variations in the association of clay
minerals, especially the kaolonite:illite ratio (Mut-
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terlose and Ru¡ell, 1999; Deconinck and Ber-
noulli, 1991; Deconinck et al., 1999). Kaolinite
is the major clay mineral of erosion under the
warm, humid conditions proposed for the Upper
Cretaceous (Aro¤stegui et al., 1991; Deconinck
and Chamley, 1995; Hallam et al., 1991; Thiry
and Jacquin, 1993). It contains no radioactive el-
ements. The most important clay mineral produc-
ing a gamma ray signal is illite. Illite-rich clay
assemblages develop by erosion under rather dry
conditions (Ro«sler, 1981; Singer, 1984). It could
thus be postulated that more humid conditions
under increased seasonality of the eccentricity
maxima were replaced by a slightly drier climate
during the eccentricity minima in the Anglo^Paris
Basin. However, changes of the kaolinite/illite ra-
tio in the clay mineral assemblage are also caused
by sea level change (Singer, 1984; Van Buchem et
al., 1992; Kunow et al., 1998). Kaolinite is depos-
ited in the marginal facies whereas the smaller
crystallites of illite are transported further into
the basin. If a transgressive/regressive pattern
had partly controlled the clay mineral association
of the investigated cycles, then the increased gam-
ma ray signal at the eccentricity minima would
characterise these periods as regressive units.

The almost constant kaolinite/illite ratio be-
tween marls and chalks (Ditch¢eld, 1990), as
well as between the e-marls and p-marls, suggests,
however, that no signi¢cant climate change or sea
level-controlled facies shift took place on the cou-
plet (precession) and bundle (eccentricity) scale,
respectively. Since changes in the clay association
and TOC content are obviously insigni¢cant, two
factors that are related to productivity, the con-
tribution of (i) phosphate (Glenn and Arthur,
1985; Wray, pers. com.) and (ii) the Sr/Ca ratio
of the carbonate, could have in£uenced the low-
frequency gamma ray mean curve. Due to the
previously discussed relation between the bun-
dling and surface water productivity, a plausible
explanation for the gamma ray curve would be a
higher phosphate content and/or an increased Sr/
Ca ratio at the eccentricity minima, caused by an
uninterrupted and high productivity. The addition
of such a signal to the radiation caused by the
clay minerals theoretically results in the observed
low-frequency curve.

Besides clay minerals, organic matter and phos-
phate, other components of the marls and chalks
may cause gamma radiation, such as, authigenic
glaucony or radioactive detrital minerals. Future
work on the mineralogy of the non-carbonate
fraction is needed to completely solve the problem
of the radiation sources.

4.3. In£uence of the long-term sea level change on
the transformation of the orbital-forcing signals

The long-term sea level trend seems to be crit-
ical for the preservation of the short-term orbital
signals. The 100-ka eccentricity signals are more
distinctly developed in the HST of sequence 3
(EscA) than in the TST of sequence 4 (EscB).
Positioned in an interval of maximum sea level
change, EscB is considered to represent a di¡er-
ent, possibly less distinct or even incomplete suc-
cession due to fusing or erosion of individual cou-
plets. The disturbed cyclicity above bundle 2 is
related to the lowstand and subsequent transgres-
sion that have been reconstructed for this interval
(Figs. 2 and 9). Niebuhr and Prokoph (1997) sug-
gest that obscured symmetry in sedimentary suc-
cessions is caused by chaotic sedimentation under
the in£uence of transgression and lowstand con-
ditions which overprints Milankovitch-related cy-
clicity. Poor preservation of the orbital signal
within regressive units was also shown by Ricken
(1994) in mid-Cretaceous cycles of the Western
Interior Basin.

Besides disturbing the cyclical deposition, the
long-term sea level change also appears to have
in£uenced the distribution of Pithonelloideae in
the investigated section. From 48.8 m to 52 m,
the abundances of both Pithonella sphaerica and
P. ovalis are signi¢cantly lower than in EscA,
bundle 2 and EscB (Fig. 9). This interval is inter-
preted as the Shelf Margin Wedge (SMW) of se-
quence 3. Thus, the relative sea level lowstand is
re£ected by a Pithonelloideae minimum, indicat-
ing a basinward shift of their preferred facies zone
which was the outer shelf. With the beginning of
the A. jukesbrownei zone (TST of sequence 4),
Pithonelloideae abundance increases considerably.
The sea level-controlled increased overall abun-
dance of P. ovalis would also explain the low rel-
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ative abundance of the S-assemblage (3%) in the
e-marl (M1 of EscB, Fig. 4). In addition to the
in£uence of sea level change on the sedimentary
preservation of orbitally forced signals, non-linear
dynamics in the sedimentation have to be consid-
ered an important factor that may have obscured
the re£ection of the Milankovitch signal (Smith,
1994).

4.4. The palaeoenvironmental model

Simulation of Cretaceous climate shows that
the largest e¡ect of precession-controlled climate
forcing is the modulation of the atmospheric (e.g.
monsoonal) circulation (Park and Oglesby, 1990).
Thus, the relation between orbital cycles, climate
change and light/dark sedimentary cycles can be
generally explained by two di¡erent mechanisms
of wind-driven changes in sub-surface water cir-
culation: (i) a monsoonal, salinity-driven model ;
and (ii) an anti-monsoonal, temperature-driven
model (Herbert and Fischer, 1986).

Dark layers, which are organic-rich, can be
thought to represent episodes of increased mon-
soonal intensity and enhanced atmospheric circu-
lation in general, during which high terrigenous
in£ux of freshwater and nutrients caused strati¢-
cation (a freshwater surface layer) and very high
bioproductivity, respectively (model (i)). This
mechanism of eutrophication of the surface water
is thought to have controlled, for example, the
Pliocene/Pleistocene sapropel formation of the
Mediterranean (e.g. Rossignol-Strick et al.,
1982; Versteegh, 1994) and various Upper Creta-
ceous light/dark sedimentary cycles (e.g. Watkins,
1989; Boyd et al., 1994; Caron et al., 1999). As
discussed in Sections 4.1 and 4.2, marls of the
studied section represent periods of low produc-
tivity and constant terrigenous in£ux, so this
model cannot be applied here. Mitchell and
Carr (1998) combined sea level change with this
eutrophication model. In their ‘strati¢ed water
column model’ for the Cenomanian of the An-
glo^Paris Basin, they suggest that under peak oce-
anic in£uence, increased nutrient in£ux (supplied
by £ooding of shelf areas) led to high production
which in turn caused oxygen depletion of the bot-
tom waters. The problem with this mechanism is

that it applies oxygen depletion to force strati¢ca-
tion, which is not possible. Oxygen depletion fol-
lows as a consequence of reduced circulation and
strati¢cation caused by density contrast between
water layers.

Neither signi¢cant sea level changes nor varying
terrestrial input by alternations between a humid
and arid climate can be reconstructed in the
present study. Therefore, we think that an anti-
monsoonal mechanism, controlling basin circula-
tion via wind stress instead of terrestrial run-o¡,
caused the light/dark rhythmicity and its bundling
(model (ii)). In this model, decreased energetic
in£uence of wind systems, which at the investi-
gated palaeogeographic position would be the
Westerlies (e.g. Voigt, 1996), is considered to be
the dominant factor controlling water column
strati¢cation. Thus, in an ‘anti-monsoonal’ model,
deposition of dark layers took place during peri-
ods of low seasonal contrast, i.e. weakened atmos-
pheric dynamics.

The energetic in£uence of the local wind system
on the sea surface can control the circulation of a
shelf basin in a coupled atmosphere^ocean system
(Barron, 1983; Bottjer et al., 1986). Global tem-
perature variation modi¢es the rate of precipita-
tion (Barron et al., 1989) and the intensity of the
wind systems in general. During times of high
seasonality, wind systems such as the monsoon
are stronger due to stronger pressure gradients
between continents and oceans (De Boer and
Smith, 1994). It is likely that the Cretaceous cli-
mate was generally characterised by intense mid-
latitude depressions (Price et al., 1998) which
would intensify the atmospheric circulation.
Stronger winds lead to a more intense mixing of
the surface waters, whereas low seasonality weak-
ens this process. This can result in an intensely
strati¢ed upper water column during periods of
low seasonality and reduced circulation in the ba-
sin. It is possible that saline, warm, oxygen-de-
pleted, nutrient-poor surface water forms which
can be subject to occasional downwelling if it be-
comes too dense. On a global scale, the latter is
thought to have predominantly caused the pro-
duction of warm, saline bottom water in low lat-
itude shelf areas, leading to a deepening of the
redoxcline that in turn caused the anoxic sedimen-
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tation during the mid-Cretaceous (Brass et al.,
1982; Bralower and Thierstein, 1984; Roth and
Krumbach, 1986; Thierstein, 1989).

The relation between seasonality, the wind sys-
tem, oceanic mixing and its in£uence on the c-
dinocyst distribution is illustrated in Fig. 10. Or-
bital forcing ampli¢es seasonality in the northern
hemisphere when our planet passes through peri-
helion during the northern summer. This situation
is de¢ned as the precession minimum (Berger,
1978; Hilgen et al., 1995; ten Veen and Postma,
1996). At this position, Earth receives the most
summer insolation. During aphelion in the north-
ern winter, when the irradiation angle is lowest,
the Sun^Earth distance is highest and causes long,
cold winters. In addition, the perihelion and ap-

helion distances are modi¢ed by the eccentricity
cycle, which modulates the intensity of the season-
ality. Consequently, lowest seasonality occurs
during intervals of winter perihelion (precession
maximum) and high eccentricity, which are the
periods of e-marl deposition (i.e. the bundle boun-
daries). Well developed chalks, on the contrary,
would represent peak seasonality at the summer
perihelion, during which a well-mixed basin pro-
moted high productivity. Organic matter was ef-
fectively recycled in the well-oxygenated water,
leading to the deposition of a light, carbonate-
rich limestone. In the eccentricity minima (for ex-
ample the middle part of the bundle EscA), litho-
logical changes are less distinct, and the c-dino-
cysts are very abundant in marls as well as in

Fig. 10. Model of shelf basin circulation changes related to orbital forcing for the mid-Cenomanian of the Anglo^Paris Basin.
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chalks. Thus, we suggest that during times of de-
creased eccentricity with both summer and winter
perihelion being less pronounced, i.e. without
strong variations in seasonality, strati¢cation oc-
curred only temporarily and did not hamper bio-
production.

4.5. Double peaks ^ obliquity signal or negative
biological feedback?

Several high-abundance peaks of Pithonelloid
species appear as double peaks in the thickest
chalks (i.e. peaks ‘A’ in EscA and ‘C’ and ‘D’ in
EscB: Figs. 3 and 4). These double peaks may
re£ect (i) the additional in£uence of the obliquity
cycle; or (ii) a negative ecological feedback to the
precession minima. An expression of the obliquity
cycle would be realistic, as this could well have
bu¡ered the precession signal (due to the modu-
lation of insolation into an irregular sum-curve
containing double peaks: see, for example, House,
1995), and could lead to the production of a ‘hid-
den marl’ within a chalk. Especially peak ‘C’ in
EscB is related to a weak peak of paratabulated
cysts, suggesting a short-term development of
conditions typical for marl formation. It is strik-
ing that all three double peaks occur in exception-
ally thick chalks, indeed suggesting that a ‘marl’
may be hidden. Theoretically, the obliquity signal
could be present at the mid-latitudinal position of
the section, but it was not found to be signi¢cant
in time series analysis in the study area (e.g. Gale,
1999). In contrast, the Lower Cretaceous of the
even more southward positioned Vocontian Basin
is made up of carbonate cycles that are dominated
by the obliquity cycle (Giraud et al., 1995). Thus,
it is possible that a weak obliquity signal might be
recorded in the investigated material.

The presence of a negative ecological feedback
would be supported by the analysis of Pithonella
sphaerica diameters in EscA (Fig. 3). The distinc-
tive decrease in diameter at the double peak ‘A’
suggests environmental pressure, possibly due to
competition with the other organisms that £our-
ished during these episodes of generally enhanced
bioproductivity. Thus, although the environmen-
tal conditions during the precession minima seem
to have favoured productivity, a negative feed-

back in the size of P. sphaerica cysts can be ob-
served which may indicate a decreased intensity of
biomineralisation. Interestingly, a drop of mean
as well as maximum test sizes in the middle of
Cenomanian chalks has also been observed in
benthic foraminifera (Leary and Hart, 1992).
These authors assumed enhanced rates of gameto-
genesis or dwar¢sm due to an enhanced carbonate
rain‘, i.e. ecological stress being the reason. No
decrease in abundances was recorded for the
benthic foraminifera. A temporary decrease of
abundances of both benthic foraminifera and Cal-
cispheres’ ( = Pithonelloideae) in the middle of
chalks of the Cenomanian from Folkstone/GB
was also recorded by Ditch¢eld (1990). Although
the double peaks may re£ect an obliquity signal,
the most straightforward explanation, because of
the absence of size-decrease in the two analysed
marls (M1 and M2 in EscA), is a negative biolog-
ical feedback to enhanced productivity.

5. Conclusions

Precession-controlled light/dark couplets of the
Middle Cenomanian show ampli¢cation and buf-
fering by the superimposed eccentricity cycle.
1. Bundling of couplets can be recognised by c-
dinocyst association changes that are in phase
with variations in gamma ray and carbonate con-
tent. Bundles are de¢ned by di¡erent marl types.
The cyclicity in the micropalaeontological data
clearly points to a palaeoecological origin of the
signal.
2. Couplets showing strongest contrast in cyst as-
sociation are interpreted as bundle boundaries
that mark the eccentricity maxima, whereas
weak couplets developed during eccentricity mini-
ma.
3. Orbitally forced climate change during the ec-
centricity cycle primarily controlled the basin cir-
culation patterns but did not cause signi¢cant
changes in terrestrial run-o¡ or sea level.
4. The variations in oceanic circulation are re-
£ected in the sediment by the chalk^marl cou-
plets. Marls can be interpreted as the sedimentary
expression of strati¢ed surface water masses while
chalks are representative of a well-mixed shelf sea
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environment. Reduced oceanic mixing due to low
seasonality during strong precession maxima at
the eccentricity maxima caused periods of water
column strati¢cation that in turn led to nutrient
depletion and decreased productivity in the sur-
face water masses (e-marls). As a consequence,
slightly increased surface temperatures in contrast
to the well-mixed chalk episodes can be assumed.
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Appendix. Taxonomy

The classi¢cation of calcareous dino£agellate
cysts is based on the four types of wall crystal
orientation of these microfossils (Keupp and Mut-
terlose, 1984; Keupp, 1987; Janofske and Keupp,
1992). The four wall types of the Calciodinelloi-
deae (Fensome et al., 1993) after Young et al.
(1997) are: pithonelloid, oblique, radial and tan-
gential.
Division: DINOFLAGELLATA (Bu«tschli, 1885)

Fensome et al., 1993
Subdivision: DINOKARYOTA Fensome et al., 1993
Class: DINOPHYCEAE Pascher, 1914
Subclass: PERIDINIPHYCIDAE Fensome et al.,

1993
Order: PERIDINIALES Haeckel, 1894
Family: PERIDINIACEAE Ehrenberg, 1831
Subfamily: CALCIODINELLOIDEAE Fensome et

al., 1993

1. P-assemblage

Cenomanian assemblages of c-dinocysts are

dominated by Pithonelloideae, commonly called
‘calcispheres’. Pithonelloideae are double-walled
cysts, each wall consisting of pithonelloid orien-
tated calcite crystals (uniquely oblique, linear
rows between apex and antapex on the cyst sur-
face); (for detailed information on biomineralisa-
tion see Keupp and Kienel, 1994).

Genus
Pithonella Lorenz, 1902; emend. Bignot and Lezaud, 1964;
emend. Villain, 1977 Pithonella sphaerica Kaufmann, 1865

Shape : Sphaerical cysts 20^120 Wm diameter,
cysts s 70 Wm rare; height/width ratio 0.9 to 1;
mostly round archeopyles, 4^14 Wm diameter ; a
row of crystals occasionally surrounds the open-
ing.

Stratigraphic range : Upper Barremian (Keupp,
1987) to Lower Danian? (Kienel, 1994).

Pithonella ovalis Kaufmann, 1865

Shape : Ovoid, apically^antapically elongated
form of the genus Pithonella.

Stratigraphic range : as P. sphaerica

Pithonella discoidea Willems, 1992

Shape : Disc-shaped; apical^antapically £at-
tened cysts of the genus Pithonella with a height/
width ratio below 0.5 and an equatorially running
suture line (similar to Normandia circumperforata
Zu«gel, 1994); 29^70 Wm in equatorial diameter.

Stratigraphic range : mid-Cenomanian to Maas-
trichtian (range extended from originally only
Maastrichtian to the mid-Cenomanian due to
the ¢ndings of the present study).

The following species are characterised by a
cyst wall with an oblique crystal orientation.
The most abundant species are Cubodinellum renei
and Pentadinellum vimineum, which show a re-
duced paratabulation. Having a wide lateral and
stratigraphical range and speci¢c ecological de-
mands, they are not of biostratigraphic value
but are very suitable for the study of cyclical en-
vironmental changes. Due to their distinctive par-
atabulation, they are easy to determine with the
binocular microscope and used for countings
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without extensive SEM-studies being necessary.

Genus Pirumella Bolli, 1980

The most abundant oblique spherical cysts in
the studied material all belong to the same species
whose exact a⁄nity is not unequivocally determi-
nable. The two possibilities are: (i) Pirumella car-
teri Bolli, 1974; or (ii) remains of double-walled
cysts (Pirumella multistrata group) with the outer
wall having been mechanically removed (as de-
scribed by Keupp, 1989).

Shape : 29^55 Wm in diameter, most likely with
oblique wall crystal orientation. Only one thin
wall is present. Surface crystals are lath-shaped
and obliquely oriented. Appearance in the light
microscope: transparent, slightly re£ective surface
in contrast to Pithonella spp. The archeopyle di-
ameter varies from 7 to 15 Wm, commonly about
of the cyst diameter. The archeopyle is often elon-
gated or slightly 8-shaped and frequently has an
elevated rim.

Rare species:
Normandia circumperforata Zu«gel, 1994
Pithonella cardiiformis Zu«gel, 1994

2. S-assemblage

Cubodinellum renei Keupp, 1987

Shape : 20^35 Wm in size, showing a paratabu-
lation pattern giving it a cubic shape. The para-
tabulation is formed by perpendicular edges of
coarser crystals on a sphaerical inner cyst body.
The single wall consists of thin, needle-shaped,
obliquely orientated crystals.

Stratigraphic range : mid-Albian to Late Ceno-
manian.

Pentadinellum(?) vimineum Keupp, 1987

Shape : Carinate, hat-shaped cyst; paratabula-
tion consists of an occasionally asymmetric pen-
tagonal cingular ridge, 20^53 Wm in diameter.
This ridge is attached to a sphaerical inner cyst
body, 15^22 Wm in diameter. The archaeopyle is

7.4^17 Wm in diameter. The single wall consists of
thin, needle-shaped, obliquely orientated crystals.

Stratigraphic range : mid-Albian to Maastrich-
tian (Wendler and Willems, submitted)

Rare species:
(oblique wall type)
Gonellum kurti Keupp, 1987
Pirumella labyrinthica Zu«gel, 1994
Pirumella cf. porosa (P£aumann and Krasheninnikov, 1978)
Pirumella scobidota Zu«gel, 1994
Saumuria sp. Zu«gel, 1994
(radial wall type)
Orthopithonella cf. gustafsoni Bolli, 1974
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