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Abstract

Calcareous nannoplankton appeared in the Late Triassic and rapidly edotiregithe Jurassic
and Cretaceous, reaching a diversity maximum in the Late Cretaceous. The widespread
distribution, the high abundance and assemblage diversity of Late Cretaceous nannofloras make
calcareous nannofossils a very effective biostratigrapbat for highresolution dating and

correlations.

This study is focused on the revision of nannofossil biostratigraphic events in the Upper
Cretaceous. The major objective isr&dine the biostratigraphic schemes available for the latest
Albian-earliestCampaniartime interval by the investigation of eight selected sections. These are
located in different sedimentary basins in order to assess nannofossil bioevents in different
paleoceanographic regimes and/or latitudes and evaluate the applicabilitg dfrée major

nannofossil zonations.

Sites and sections studied are: DSDP Site 463-fdicific Mountaing Pacific Ocean), ODP
Site 763 (Exmouth Platedulndian Ocean), ODP Site 1138 (Kerguelen Plafedndian Ocean),
ODP Site 1261 (Demerara RiseAtlantic Ocean), Monte Petrano (Umbharche Basiri Italy),
Clote de Chevalier (Vocontian BasinFrance), Rock Canyon, Pueblo (Western Interior Basin

Colorado), Tarfaya Core (Tarfaya BasiiMorocco).

Biostratigraphic investigation was performed on altatf 564 smear slides analyzed using
standard light microscope techniques under cross polarizers and transmitted light, at 1250X
magnification. | produced semuantitative range charts of all taxa providing information on their

preservation, total andrgile taxon abundance.

Taxonomic revision was applied to cases of potential misidentification and discrepant
attribution. Taxonomic notes and remarks based on personal observation are provided. Also,

photographic plates illustrate all zonal/subzonal mar&kedssome other common species.

The results were compared to those from other sections published in literature to test reliability
of biozonations and discriminate global, regional or local events. Nannofossil biohorizons were

also examined in the contextf stage boundary definition. More specifically, for each stage
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boundary the data documented for GSSP sections and/or presented for GSSP proposals were
analyzed and the result of my investigation were used to provide information about the
applicability ofnannofossil events.

Adopting the three zonations, a total of 17 zonal and 4 subzonal markers were recognized as
potentially cosmopolitan biohorizons. The achieved resolution is comparable for the three
biozonations and higher subdivision is possible ortlyreional level and in restricted time
intervals. Moreover, nannofossil events were proved to be extremely useful to biostratigraphically
constrain paleoceanographic events of the Late AlBey Turonian interval. Namely, Oceanic
Anoxic Event 1d, the hdi-Cenomanian Event and Oceanic Anoxic Event 2 were successfully

characterized in the studied sequences.



Chapter 1

Introduction

The term calcareous nannoplankton was first introdubg Lohman (1909) to describe
planktonic organism very small (< 63 microns). The term calcareous nannofossils nhow is used for
fossil remains smaller than 30 microns, and is referred to the remains of haptophyte algae, i.e. the
group of calcareous nannopldon known as coccolithophores. These organisms are marine,
unicellular, flagellate phytoplankton, characterized by awall covering of coccoliths (forming a
coccosphere), which are readily preserved as fossils, either completely or in a disagtpbeate

individual coccoliths (Bown & Young, 1998

The oldest nannofossil is of Middle Triassic age (Erba et al., 2013) and calcareous
nannoplankton became diversified and abundant and thereforéoratkg since Jurassic times.
Due to their great abdiance, rapid evolutionary lineages and cosmopolitan life of calcareous
nannoplankton, nannofossils are exceptionally useful for biostratigraphic analysis. Moreover,
because of their small size, they can be studied from minute rock fragments. Upper Gsetaceo
lithologies like limestone, chalk and marlstone are rich in nannofossils, geographically widespread

and well preserved.
Objectives and general outline of this study

My Ph.D. project is focused on the revision of nannofossil biostratigraphic evehts Wpper
Cretaceous. More specifically, it aimsrafine the uppermost Albiatowermost Campanian zonal
schemes by the investigation of selected sections from different sedimentary basins in order to
assess nannofossil bioevents across latitudes. Thisregll be compared to those from other
sections to test reliability of bioevents and discriminate global, regional or local events. | also
correlate and calibrate nannofossil bioevents with other fossil groups (in particular planktonic
formaniferal biobnes) and discuss the use of nannofossil biostratigraphy across Late Cretaceous

stage boundaries.



2 1. Introduction

To perform this study, samples from different parts of the world have been analyzed in order to
obtain a record of the variability in calcareous nannofossiémblages across latitud&gtes and
sections studied ardSDP Site 463Mid-Pacific Mountainsi Pacific Oceajy ODP Site 763
(Exmouth Plateail Indian Oceajy ODP Site 113¢Kerguelen Plateau Indian Ocea)y ODP Site
1261 (Demerara Ris& Atlantic Ocean), Monte PetrandUmbria-Marche Basiri lItaly), Clote de
Chevalier(Vocontian Basiri Franc@, Rock Canyon, Puebl@Vestern Interior Basiin Coloradg,
Tarfaya CorgTarfaya Basiri Morocc. These localities have been chosen also because they are
datedwith various stratigraphic tools| i K3€ cuives and/or other fossil groups like planktonic

foraminifera and macrofossiisproviding the means for nannofossil calibrations.

In Chapter 2 present an overview of the available calcareous nannofiegibnations for the

Late Cretaceous time interval.

In Chapter3 | describe the sample preparation techniques and the abundance and preservation

criteriaadopted for calcareous nannofossil investigations.
In Chapter 4 results are reported separately fcin sfudied sectidsite

In Chapter5 | discuss calcareous nannofossil data, testing the reliability of bioevents through
different sections. A comprehensive discussion of the literature is also aimed at the assessment of

nannofossil biohorizon in the Lafdbiani earliest Campanian interval.
The conclusions are compiled in Chapter 6.

In the Appendices present a short description of every species encountered in my samples
with principal diagnostic characters and observations from my own (Appendikel)axonomic
list of all taxaencounteed in this studyAppendix2); calcareous nannofossil platéppendix 3).

Tabesand @lcareous nannofossil range charts of every investigated sésppandces4-13)
are compiled in the attached CD.



Chapter 2

Calcareous nannofossil biozona-
tions of the Upper Cretaceous

First studies on Upper Cretaceous calcareous nannofossils have been performed since the
beginning of he twentieth century. Arkhangelsky (1912) was the first who focused on the
systematics of this fossil group followed, almost 40 years later, by Deflandre (1952, 1959), Gorka
(1957) and Vekshina (1959). In the 1960s, first attempts to compile an Uppercdons
biostratigraphy were done by Stradner (1963), Stover (1966) and Reinhardt (1966) in European
sections and Stratotypes, whilst in the US Gartner (1968), Bukry (1969) and Cepek & Hay (1969)
published tentative biozonations using calcareous nannafeseilyzed irstagestratotype sections
of the Upper Cretaceous. The first complete analysis of Upper Cretaceous nannofossil assemblages
was done by Manivit (1971). She proposed a zon;
sections from Franceyith a tentative correlation between Europe and the United States using also

ammonite and planktonic foraminiferal zones.

The Deep Sea Drilling Project (DSDP) started a new era also for calcareous nannofossil
biostratigraphy. The data collected from theimas oceans at all latitudes provided a systematic
knowledge of nannofossil distribution and new zonations were established as a function of
bioevents (Roth, 1973; Thierstein, 1974; Martini, 1976). Thierstein (1976), using a dataset based
both on land an@SDP sections, presented a detailed zonation for the Early Jurassic through Late
Cretaceous time interval, suggesting a tentative correlation with the magnetic reversal scale. He
also recognized that certain taxa showed evidence of paleoenvironmernititiorst which caused

diachroneity.

Contributions from Verbeek (1977) and Sissingh (1977, 1978) completed the investigations of
European Stratotypes suggesting new zonations based on the section of El Kef in western Tunisia,

calibrated with nannofossil assemblages of $tagestratotypes. Rth (1978), compiled his
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biozonation based on DSDP material, focusing his attention on oceanic speti@groducing
Oceanicstags.

In the 1980s and 1990s, calcareous nannofossil studiegpedoemedby several authors who
analyzed sections from diffent parts of the world, thus giving a wide geographic coverage both
offshore and onshore. Crux (1982) worked on sections from SE England providing a sort of
correlation between nannofossil bioevents and macrofossil zones of northern Europe. Perch
Nielsen(1985) implemented Sissingh (1977) zonation with a number of useful events. Monechi &
Thierstein (1985) correlated nannofossils and lgtamic foraminifera with magnetostratigraphy in
the CampaniaiMaastrichtian interval of the Gubbio area. Bralower (1988lyzed the
CenomaniafTuronian boundary interval in different regionstbé Western Interior, Europe and
Tunisia.In 1995, Bralower et al. produced a combined scheme for the entire Upper Cretaceous by
integrating nannofossils with planktonic foraminmifa ; t hey revised Rot hés
integrating additional nannofossil data, Western Interior bentonite isotopic ages and the

geomagnetic polarity timescale.

After the Symposium on Cretaceous Stage Boundaries held in Copenhagen in 1983 and the
follow-up conference of Brussels in 1995, nannofossil studies focused on the refinement and
integration with other fossil groups and proposed stage boundaries (see summary of Burnett,1996).
Burnett (1998) presented an Upper Cretaceous zonation correligte8wopean and American
macrofossil zones. She integrated old and new bioevents from diehnic and shelf
paleoenvironments and separated three paleobiogeographical areas (provinces), highlighting
provincialism of species particularly during the CampaaiMaastrichtian. Her studies were
implemented in a successive paper (Lees, 2002) where she reanalyzed samples from DSDP and
ODP sites in the Indian Ocean.

The abovementioned zonations have been applied to several sections/sites and nannofossil
biostratgraphy was calibrated, in many cases, with isotopic stratigraphy, ammonite and planktonic
foraminiferal zonations A summary of papers documenting Upper Cretaceous calcareous

nannofossils is presented in Tab.2Apgendix 4,see CD attached)

Biozonationsof Sissingh (1977) and Roth (1978), implemented by PHrietsen (1985) and
Bralower et al. (1995) respectively, and the scheme of Burnett (1998) are widely applied but they
left several open questions about calibration of events, correlation with ofisdr gooups and
provincialism of different species. Here | present the analysis of the four available biozonations for

nannofossil biostratigraphy of the Late Cretaceous.
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2.1 Sissingh, 1977

Sissingh (1977) presented a zonation for the Upper Cretacecuspaly based on the
Tunisian section of Dyr el Kef, correlating nannofossil bioevents with data from French
Stratotypes. He integrated his data with nannofossil assemblages of several sections from France
and New Jersey (U.S.) and also on industrial gditsamples from Oman, Turkey and the North
Sea region. He also noticed the incomplete nature of the stratotype sections. Biozones follow an
alphanumerical notation (CC#) and are predominantly based on earliest occurrences of selected
taxa, identifiablewith light microscope, with relatively high abundance. Total range of species are
used, where possible, to define zonal or-sobal boundaries. Less reliable events are used for
subzones (Fig.2.1.1).
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Fig.2.1.1 Biozonation of Sissingh (1977) with the studied sections. Zonal markers are indicated in bold. Age
assignements after Sissingh (1978). Nannofossil zones are arbitrarily given equal lengths/duration and,
therefore, Stages are not in scale
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He correlated nannofossil bioevents with planktonic forgfetial zones based on the analyses
of foraminiferal contents in the same samples from el Kef he used for his own results (Postuma,
1971 and unpublished data). In 1978, Sissingh presented a partial revision of some events and
zonal dating based on the reed ages of planktonic foraminiferal zones of Van Hinte (1976).

Events

The nannofossil events used by Sissi@877) as zonal and subzonal markers are here
discussed, reporting the occurrence in the studied sections, the age assignements and tbe correlat
with planktonic foraminiferal bizonation {§&ingh , 1977; 1978).

1 FO of Microrhabdulusdecoratug(base CC10): El Kefage assignment: Late Cenomanian;
planktonic foraminiferakone:R. cushmani.

1 FO of Tetralithus pyramidus(= Quadrumagartneri i base CC11): El Kef, Cher Valley,
Kansas (Cepek & Hayl969); age assignment: Early Turoniamlanktonic foraminiferal
zone:R. cushmanG. helvetica

T FO of Lucianorhabdusmaleformis(base CC12): El Kef, Central Pacific (Rpth973),
Indian Ocean (Thietsin, 1974); ageassignment: Late Turoniapjanktonic foraminiferal
zone:G. helvetica.

FO of Eiffellithus eximius(base CC12): mentioned but not documented

LO of Lucianorhabdusompactugbase CC12): LO in the basal Turonian Stratotype.
FO of Marthastertes furcatus (base CC13): El Kef, Central Pacific (RpttB73), Indian
Ocean (Thiersteinl974); ageassignment: Early Coniaciaptanktonic foraminiferakone:
G. schneegansi.

1 FO of Micula staurophora(base CC14): El Kef, Indian Ocean (Thierstel974); age
assignment: Late Coniacigplanktonic foraminiferakone:G. schneegansi

1 FO of Reinhardtitesanthophorugbase CC15): El Kefageassignment: Early Santonian,;
planktonic foraminiferakone:G. concavata/G. carinata.

i FO ofLucianorhabdusayeuxii(base CC16): El Kef, Saintes, Javresac, St.Ladenizac,
Gimeux, Alabama (Cepek & Hayl969); age assignment: Late Santoniaplanktonic
foraminiferalzone:G. concavata/G. carinata.

1 FO of Calculites obscurus(base CC17): El Kef, Netherlands, Oman, Alabg@apek &
Hay, 1969); ageassignment: earliest Campanigtanktonic foraminiferakone:G. elevata
(basal).
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1 FO of Aspidolithusparcus (base CC18a): El Kef, Genté, Oman, Great Britain, Alabama
(Cepek & Hay 1969), Central Pacific (Roth1973); ageassignmen earliest Campanian;
planktonic foraminiferakone:G. elevata.

1 FO ofBukryasterhayi (base CC18b): El Kehgeassignment: Early Campanigsianktonic
foraminiferalzone:G. elevata.

1 LO of Marthasteritesfurcatus (base CC19a): El Kef, Oman, Alabama (Cepek & Hay
1969), Central Pacific (Roth1973); age assignment: Early Campaniamlanktonic
foraminiferalzone:G. elevata.

1 LO of Bukryasterhayi (base CC19b): El Kehgeassignment: Early Campanigsianktonic
foraminiferalzone:G. elevata.

1 FO of Ceratolithoidesaculeus (base CC20): Toms River, Aubeterre, Oman, Alabama
(Cepek & Hay 1969), Central Pacific (Roth1973); age assignment: Early Campanian;
planktonic foraminiferakone:G. elevata.

T FO of Tetralithus nitidus (= Uniplanarius gothicusi base CC21a): El Kef, Aubeterre,
Gironde, Estuary, Montmoreau, Brossac, Turkey, Oman, Central Pacific, (l®@8); age
assignment: Late Campanigriianktonic foraminiferakone:G. elevata.

1 FO of Ceratolithoidesarcuatus(base CC21b): El Kefageassignment: Late Campanian;
planktonic foraminiferakone:G. elevata.

1 LO of Ceratolithoidesarcuatus(base CC21c): El Kefageassignment: Late Campanian;
planktonic foraminiferakone:G. elevata.

1 FO ofTetralithustrifidus (= Uniplanarius trifidus i base CC22a): El Kef, Gironde/Estuary,
Aubeterre, Toms River, Turkey, Oman, Central Pacific (Rb#i3); ageassignment: Late
Campanianplanktonic foraminiferakone:G. elevata.

1 FO ofR. levis(base CC22b): El Kef, Toms River, Bet; ageassignment: Late Campanian;
planktonic foraminiferakone:G. calcarata.

1 LO of Reinhardtitesanthophorus(base CC23a): El Kef, Toms River, Netherlands, Great
Britain, Central Pacific (RotH973), Alabama (Cepek & Hayl969); ageassignment: latest
Campanianplanktonic foraminiferakone:G. calcarata.

1 LO of Aspidolithusparcus (base CC23b): El Kefage assignment: Early Maastrichtian
planktonic foraminiferakone:G. ganssetiRemarks: present in one sample at El Kef above
LO T. phacelosugbase CC24)

1 LO of Tranolithus phacelosugTranolithus orionatusi base CC24): El Kef, Aubeterre,
Denmark, Great Britain, Central Pacific (Rp1l973); ageassignment: Early Maastrichtian;

planktonic foraminiferakone:G. gansseti
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1 LO of Reinhardtites levis (base cc25a): El Kef, Denmarkage assignment: Early
Maastrichtian planktonic foraminiferakone:G. mayaroensisRemarks: present in a sample
with A. cymbiformigbase CC25b) k. quadratugbase CC25c) at El Kef

1 FO of Arkhangelskiellacymbiformis(base CC25b): El Kef, Denmarageassignment: Late
Maastrichtianplanktonic foraminiferakone:G. mayaroensis.

1 FO of Lithraphidites quadratus (base CC25c): El Kef, Toms River, Maastriclage
assignment: Late Maastrichtigoianktonic foranmiferal zone:G. mayaroensis.

1 FO of Nephrolithusfrequens/Ntula murus(base CC26): El Kef, Toms River, Maastricht;

ageassignment: Late Maastrichtian, boreal and tropical preference respegilaektonic

foraminiferalzone:G. mayaroensis.

PerchNielsen (1979, 1985), implemented Sissingh (1977) zonation by adding numerous events

to extend the application of his zonation to a large variety of areas and latitudes (Fig.2.1.2).

AGE * THIERSTEIN (1978) ROTH (1978) SISSINGH (1977) PERCH-NIELSEN (1979a,1983)
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Fig.2.1.2 Correlation of Cretaceous zonal schemes and their correlation with the stratotypes of the Stages
(Perch-Nielsen, 1985)

She added:

1 five events defining three subzones within the CC9 around the Albian/Cenomanian

boundary: LO ofHayesites albiensithase ofCC9b), FO ofCalculites anfractugbase of
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CC9b), FO ofCorollithion kennedyi(base of CC9c), LO oBraarudosphaera africana
(base of CC9c), LO diVatznaueria britannicgbase of CC9c),

1 one event in the CC10 around the Cenomanian/Turonian boundary: H€ewfea chiastia
(base of CC10b)

1 one event in the CC13 zone around the Turonian/Coniacian boundary: [EBastrinus
septenariugbase of CC13b).

She also suggested FO laothastrinus grillii, LO of L. septenariusand LO ofL. grilli as
additional markers for bases of CC15, CC16 and CC22b, respectively.

2.2 Roth, 1978

Roth (1978), presented a zonation for the Upper Cretaceous principally based on data collected
during DSDP Legs and following data of Roth (1973), Thierstein (1973,, 189726), Bukry
(1975), and Verbeek (1976). His selection of zonal and subzonal marker species was principally
based on the bioevents evaluated by Thierstein (1976). Biozones follow an alphanumerical notation
(NC#) and are predominantly based on earliesuwences of marker taxa (Fig.2.2.1). He also
introduced Oceanicstages, correlated, although with a wide emamge, to classical Upper
Cretaceoustages comparing his data with those presented by Manivit (1971), Thierstein (1976)
and Verbeek (1976).

The Oceanistages of Late Cretaceous age are:

I Tenerifian: corresponding to Cenomani&arly Turonian intervallt includes nannofossil
zones NC11, NC12. From FO bf acutunto FO ofT. pyramidugQ. gartner).

9 Naturalistian: corresponding to Middieate Turonian interval It includes nannofossil
zones NC13, NC14. From FO of pyramidugQ. gartner) to FO ofM. furcatus

1 Howlandian: correspondingo ConiaciarSantonian intervalt includes nannofossil zones
NC15, NC16, NC17. From FO ®. furcatusto FO ofB. parca

1 Bermudan: corresponding to Campanidaastrichtian intervallt includes nannofossil
zones NC18, NC19, NC20, NC21, NC22, NC23. From F®.gbarcato the extinction of

Cretaceous nannofossils.
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Stages | Zones | Events Sections
NC23
FO N. frequens
FO M. murus
Ma NC22
FO L. quadratus
NC21
— FO L. praequadratus
LO T. trifidus
NC20
<y
FO T. trifidus 2
me
Qw
Ca NC19 2 )
FO T. aculeus < n Eﬂ 9
el Rt M5
oo -
NC18 S E G nf
23 i 9
FO B. parca (R 2 £ 5
o
2
0
NC17 g o
FO T. obscurus — g =3
Sa FO M. concava R 02
FO L. helicoidens nS =
NC16 mE
)
FO B. lacunosa a 2
Co NC15
FO M. furcatus
FO E. eximius
NC14
FO K. magnificus
Tu
NC13
FO M. staurophora
FO T. pyramidus
NC12
— FO G. obligum
LO L. acutus = P
Ce NC11 —g
LB
=
FO L. acutus na
58 @
2 o
NC10 - oo
=2 wm
Al FO E. turriseiffelii ng g :;:

Fig.2.2.1 Biozonation of Roth (1978) with the studied sections. Zonal markers are indicated in bold. Age
assignment after (Roth, 1978). Nannofossil zones are arbitrarily given equal lengths/duration and, therefore,
Stages are not in scale

Events

The nannofossil events used by Roth (1978)aml and subzonal markers are here discussed,
reporting the occurrence in the studied sections and the age assignements (Roth, 1978).

1 FO ofLithraphiditesacutis (base NC11): DSDP sites 167, 258, 305, 3f&assignment:
basal Cenomanian

1 LO of Lithraphidites acutws (base NC12): DSDP sites 167, 258je assignment: Late
Cenomanian



2. Calcareous nannofossil biozonations of the Upper Cretaceous 11

1 FO of Gartnerago obliquum (basal NC12): DSDP sites 167, 171, 258 assignment:
Early Turonian

1 FO of Tetralithus pyramidug= Quadrum gartnerii base NC13)DSDP sites 167171,
258;ageassignment: Early Turonian.

i FO of Kamptnerius magnificus (base NC14): DSDP Site 25&ge assignment: Late
Turonian.

1 FO of Eiffellithus eximius (base NC15): DSDP sites 167, 17&ge assignment:
Turonian/Coniacian boundary interval.

1 FO of Marthasterites furcatus (base NC15): DSDP sites 167, 258ge assignment:
Turonian/Coniacian boundary interval.

1 FO of Broinsonialacunosa(= Aspidolithusparcus expansiydase NC16): DSDP Site 258;
ageassignment: Coniacian.

1 FO of Tetralithus obscurus(= Calculites obscurug base NC1)y DSDP Site 167age
assignment: Middle Santonian.
FO ofMicula concavalbase NC17)ageassignment: Middle Santonian.
FO of Lithraphidites helicoidens(base NC17): DSDP Site 258ge assignment: Middle
Santonian.

1 FO of Broinsoniaparca (base NC18): DSDP sites 167, 170, 171, 3de assignment:
basal Campanian.

1 FO of Tetralithusaculeus(= Ceratolithoides aculeus base NC19): DSDP sites 165, 167,
170, 171,ageassignment: Early Campanian.

1 FO ofTetralithustrifidus (base NC20): DSDP sites 165, 167, 170, 171, 305, 310, 313, 390;
ageassignment: Late Campanian.

1 LO of Tetralithustrifidus (base NC21): DSDP sites 165, 167, 171, 305, 310, 313,a8@0;
assignment: Campanian/Maastrichtian boundary interval

1 FO of Lithraphidites praequadratus(lower NC21): species defined in Roth, 19%gje
assignment: Campanian/Maastrichtian boundary interval.

1 FO of Lithraphiditesquadratus(base NC22): DSDP sites 165, 171, 388eassignment:
Middle Maastrichtian.

1 FO of Nephrolithus frequens/idula murus(base NC23): DSDP sites 165, 167, 305,,310

390 ageassignment: Late Maastrichtian
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2.3 Bralower et al., 1995

Bralower et al. (1995) presented an integrated scheme with nannofossil and planktonic
foraminiferal bioevents, principally basedooRhés (1978) zonation and
of numerous DSDP/ODP and land sections as well as partial reinvestigation of parts of these
sequences. Improved stratigraphic resolution of Upper Cretaceous zones, additional nannofossil
events were intragted in the biozonazion of Roth (1978) to define subzones (indicated by the

alphanumerical notation NC*#Fig.2.3.1).

Stages | Zones Events Sections
NC23
FO M. murus
NC22
Ma
FO L. quadratus
b*
NC21 —LOR. levis
a*
LO T. trifidus
NC20
FO T. trifidus
b*
NC19 [—1FO T. gothicus
a*
Ca FO C. aculeus
b*
NC18 Lo L. grillii
a*
FO B. parca
*
NC17 E‘—ﬁ 5
Sa " ~E &
FO L. cayeuxii P 3 8 W5
o st
NC16* @ SEE
Lo
FO M. decussata oM =
o [*]
a
Co NC15 s
FO M. furcatus
NC14
FO K. magnificus
Tu vo .. 3
NC13* guEtbds
SE5Ezs
5 LO P. asper Eg“:g‘;g
o =28E54
NC12* —LO M. chiastius %Eﬁ.ﬁ'}?ﬁq
a ) 3g-e=g
LO A. alb ggfg T58
Scaoo
NCll*_LO C. kennedyi Ei—-‘%%ﬁ
Ce —|FO V. octoradiata 2 § BR&5ZE
FO L. acutum e O] sl
b o M3t
NC10 +—FO C. kennedyi NE NE
a Lo 2o
Al FO E. turriseiffelii A nr

Fig.2.3.1 Biozonation of Bralower et al. (1995) with the studied sections. Zonal markers are indicated in bold.
Age assignements after Bralower et al. (1995). Nannofossil zones are arbitrarily given equal lengths/duration
and, therefore, Stages are not in scale
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Correlations between Late Cretaceous calcareous nannofossil and planktonic foraminiferal
zones are based on investigations aftisas in the South Atlantic, South Pacific, eastern Indian
Oceans (Leckie, 1984; Wiegand, 1984; Bralower & Siesser, 1992) and Western Interior Basin
(Leckie, 1985; Bralower, 1988). Analyzes of the Gubbio sequences allowed correlations between
calcareousmannofossil bioevents and magnetochrons and planktonic foraminiferal zones (Monechi
& Thierstein, 1985; Premoli Silva & Sliter, 1995). Correlations with macrofossil zones, stage
designation, andAr/*Ar ages foll ow Obr adovindrtefocsBagill @9 3) an
several cases, correlations between Western Interior macrofossil zones and European stage
boundaries are indirect, for this reason fourteen of the seventeen original localities discussed in
Obradovich and Cobban (1975) were investigdt® calcareous plankton assemblages, although

no range charts were published.
Events

The nannofossil events used by Bralower et al. (1995) as zonal and subzonal markers are here
discussed, reporting the occurrence in the studied sections, thesaggements and the correlation

with planktonic foraminiferal bizonation (Bralower et al., 1995).

1 FO of Corollithion kennedyi(base NC10b): ODP sites 762, 768je assignment: basal
Cenomanianplanktonic foraminiferazone: middleR. brotzeni.

1 FO of Lithraphidites acutis (base NC11*): ODP Site 763age assignment: Early
Cenomanianplanktonic foraminiferazone: uppeR. brotzeni.

1 LO of Axopodorhabduslbianus(base NC12a*)Rock Canyon, Riding Mountain, Lohali
Point, South Ferriby, Elsham Quarry, Shakesp Cliff, Wunstorf Quarry, Séhide Quarry,
Hannover Quarry, Danish Graben, Cismon, Bahloul, DSDP SiteGBP sites 762, 763;
age assignment: latest Cenomaniaptanktonic foraminiferal zone: R. cushmani/W.
archeocretaced®oundary interval.

1 LO of Microstauruschiastus (base NC12b*)Rock Canyon, Riding Mountain, Blue Point,
Lohali Point, South Ferriby, Elsham Quarry, Shakespeare Cliff, Wunstorf Quarry, Séhide
Quarry, Hannover Quarry, Cismon, Bahloul, DSDP Site 3BDP sites 762, 763age
assignment: Cearmanian/Turonian boundaryntervat planktonic foraminiferal zone:
middleW. archeocretacea.

1 LO of Parhabdolithusasper(= Rhagodiscus aspér base NC13*):)Rock Canyon, Riding
Mountain, Blue Point, Lohali Point, South Ferriby, Elsham Quarry, Shakespeare CIiff,

Wunstorf Quarry, Sohlde Quarry, Hannover Quarry, Danish Graben, Cismon, Bahloul,
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DSDP Site 551,0DP sites 762, 763age assignment: Early Turonianplanktonic
foraminiferalzone:W. archeocretacea/H. helvetibt@undary interval.

FO of Kamptneriusmagnificus(base NC14): ODP sites 762, 768je assignment: Late
Turonian;planktonic foraminiferakone:H. helvetica/M. sigalboundary interval.

FO of Marthasterites furcatus (base NC15): ODP sites 762, 768ge assignment:
Coniacianjplanktonic foraminiferakone:M. sigali.

FO of Micula decussatd= Micula staurophorai base NC16*): ODP sites 762, 768je
assignment: ate Coniacianplanktonic foraminiferakone: loweD. concavata.

FO of Lucianorhabdusayeuxii(base NC17*): ODP sites 762, 768jeassignment: ate
Santonianplanktonic foraminiferakone:D. asymetrica.

FO of Broinsonia parca (base NC18a*): ODP sites 761, 762, 763, Bottacciauys
assignnent: basal Campaniarplanktonic foraminiferalzone: coincident with LO oD.
asymetrica.

LO of Lithastrinus grillii (base NC18b*): ODP sites 761, 762, 763, Bottaccicage
assignment: Early Campaniaplanktonic foraminiferakzone:G. elevata Remarks:in all
sections the species is still present after FO.adculeus base NC19a*.

FO of Ceratolithoides aculeus (base NC19a*): ODP sites 761, Zf6Bottaccione;age
assignment: &ly Canpanian planktonic foraminiferakone: middleG. ventricosa.

FO of Tetralithus gothicus(= Uniplanarius gothicug base NC19b*): ODP sites 761, 762,
763, Bottaccioneageassignment: &ly Canpanian planktonic foraminiferakone: upper
G. ventricosa.

FO of Tetralithus trifidus (base NC20): ODP sites 761, 762, 763, Bottacciaue
assignment: ate Campanianplanktonic foraminiferalzone: coincident with FOG.
calcarata.

LO of Tetralithustrifidus (base NC21a*): ODP sites 761, 762, Bottacci@agzassignment:
Early Maastrichtan; planktonic foraminiferakone: middleG. gansseri.

LO of Reinhardtiteslevis (base NC21b*): ODP sites 761, 76&2ge assignment: &ly
Maastrichtianplanktonic foraminiferakone: uppefs. gannsseri.

FO of Lithraphidites quadratus (base NC22): ODP sites 761, 762, Bottaccioage
assignment: &ly Maastrichtianplanktonic foraminiferakone: lowerA. mayaroensis.

FO of Micula murus(base NC23): ODP sites 761, 762, Bottacci@geassignment: ate

Maastrichtianplanktonic foramiiferal zone: uppeA. mayaroensis.
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2.4 Burnett, 1998

Burnett (1998) presented a zonation defined by an high number of events recognized in
different paleobiogeographic areas and from both oceanic and shelf paleoenvironments. Biozones
follow an alphanumera notation (UC#) and are based on first and last occurrences of selected
species. She distinguished provincialisnseferal taxand presented three different zonations for
separate regions (tethyamermediatei TP; australi AP; boreali BP). Her TP zonation is a
compilation of literature data, principally from Sissingh (1977) and Peielsen (1985)
(Fig.2.4.1). Her nannofossil data come from numerous sections, including: Belgium, Bulgaria,
Czech Republic, Denmark, England, France, Germany, TheeNmmids, North Sea, Poland,
Russia, South Africa, USA, Australia, Pakistan, Indian, Atlantic and Pacific oceans (Burnett, 1988;
Burnett et al., 1992 [ Kennedy et al., 1992; Gale et al., 1996; Burnett & Whitham, 1999; Lees,
2002 and unpublished data).liBeation is obtained by direct correlations with macrofossil zones in
Europe and United States which were used to define Upper Cretagagas andsubstages
(Burnett, 1996).

Events

The nannofossil events used by Burnett (1998) as zonal and subzorkarsmare here
discussed, reporting the occurrence in the studied sections, the age assignements and the correlation

with macrofossil bizonations (Burnett, 1998).

1 FO of Corollithion kennedyibase UC1a): Trunch Borehole, Mont Risou, DSDP and ODP
sites 258,/65; age assignment: basal Cenomanieacrofossil zoneM. mantellj subzone
N. carcitanensgplanktonic foraminiferazone:R. globotruncanoides.

T LO of Watznaueria britannica (base UC1b): DSDP and ODP sites 258, 788g
assignment: Early Cenomanianacrofossil zoneM. mantelli subzone\. carcitanense.

1 LO of Gartnerago chiasta (base UC1c): DSDP Site 25&ge assignment: Early
Cenomanianmacrofossil zoneM. mantelli subzoné\. carcitanense.

1 FO of Kamptneriusmagnificus(base UC1d): Trunch BoreholDSDP and ODP sites 258,
550, 765;ageassignment: Early Cenomanian (in S Englantjcrofossil zoneM. mantellj
subzoneN. carcitanenseRemarks: in all sites this taxon has its FO in Early Turonian.

I FO ofHelicolithus ancep¢base UC1d): Trunch Boreley Kent, DSDP and ODP sites 258,
550, 765; age assignment: Early Cenomanian; macrofossil kbnetantellj subzoneN.

carcitanense.
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Fig.2.4.1 Biozonation of Burnett (1998) with the studied sections. Zonal markers are indicated in bold. Age
assignements after Burnett (1998). Nannofossil zones are arbitrarily given equal lengths/duration and,
therefore, Stages are not in scale

1 FO of Gartnerago sgmentatum(base UC2a): DSDP and ODP sites 258, 765; age
assignment: Early Cenomanian; macrofossil zone: iAsdixoni
1 LO of Zeugrhabdotusxenotus(base UC2b): not present in published range chags;

assignment: Early Cenomanianacrofossil zoneM. dixoni.
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1 FO of Cylindralithus sculptus (base UC2c): ODP Site 765ge assignment: Early
Cenomanianmacrofossil zoneM. dixoni

I FO ofLithraphiditesacutus(base UC3a): Trunch Borehole, DSDP and ODP sites &,
assignment: basal Middle Cenomaniargcrdossil zone basalA. rhotomagense

1 LO of Gartnerago theta (base UC3b): DSDP Site 258ge assignment: Middle
Cenomanianmacrofossil zoneA. rhotomagense.

1 LO of Saurolithitesgausorhethiunfbase UC3c): not present in published range chages;
assignment: Late Cenomanianacrofossil zoneC. guerangeri

1 LO of Gartheragonanum(base UC3d): Trunch Borehole, Kent, DSDP sites 258, 549, 550;
ageassignment: Late Cenomanianacrofossil zoneC. guerangeri

1 LO of Corollithion kennedyi(base UC3e): Timch Borehole, Kent, DSDP and ODP sites
258, 765;ageassignment: Late Cenomanianacrofossil zoneC. guerangeri

1 FO of Cylindralithus biarcus (= Rotelapillus biarcusi base UC4a): Trunch Borehole,
DSDP and ODP sites 550, 7@tgeassignment: Late Cena@mian;macrofossil zoneM.
geslinianumRemarks: reported from latest Albian at DSDP Site 258.

1 LO of Cretarhabdus striatus (base UC4b): ODP Site 765age assignment: Late
Cenomanianmacrofossil zoneM. geslinianum

1 LO of Lithraphiditesacutus(base UC5pa Trunch Borehole, Kent, DSDP and ODP sites
258;ageassignment: Late Cenomanianacrofossil zoneM. geslinianum

1 LO of Axopodorhabdusalbianus(base UC5b): Trunch Borehole, Kent, DSDP and ODP
sites 258, 765ageassignment: Late Cenomanianacrofossizone M. geslinianum

T FO of Quadrumintermediumb (base UC5c): NE England, DSDP and ODP sites 258, 765;
ageassignment: latest Cenomaniamgcrofossil zoneN. juddii.

1 LO of Heleneachiastiabase UC6a): KenDSDP and ODP sites 25849, 550, 765age
assgnment: basal Turoniamacrofossil zond. labiatus- W. devonense

1 FO of Eprolithus moratus(= Eprolithus eptapetalu$ base UC6b): Kent, NE England,
DSDP and ODP sites 258, 549, 550, 7&8g assignment: Early Turoniamnacrofossil
zone |. labiatus

1 FO of Quadrumgartneri (base UC7): Trunch Borehole, Kent, NE England, DSDP and ODP
sites 258, 549, 550, 738, 7&fgeassignment: Early Turoniamacrofossil zond. labiatus

1 FO of Eiffellithus eximius(base UC8a): Trunch Borehole, Kent, NE England, DSDP and
ODP sites 258, 549, 550, 738, 7@ffjeassignment: Early Turoniamacrofossil zonel.
labiatus

1 FO of Thierstenia ecclesiastica(base UC8bAP): DSDP and ODP sites 258, 7age

assignment: Middle dronian; not identified in an MBated sequence
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FO of Lucianorhabdusquadrifidus (base UC8b): Trunch Borehole, Kent, NE England,
DSDP and ODP sites 549, 550, 7388passignment: Middle Turoniamacrofossil zoneT.

lata.

FO of Lithastrinusseptenariugbase UC9a): NE England, DSDP and ODP sites 258, 738
(species present in one sample), 7&feassignment: Middle Turoniamacrofossil zone

T. lata

FO of Z. biperforatus(base UC9b): Trunch Borehole, Kent, NE England, DSDP and ODP
sites 258, 549, 550 (sges present in two samples), 7@fgeassignment: Late Turonian;
macrofossil zoneH. planus

FO of B. parca expansébase UC9c): NE England, DSDP and ODP sites 258, 738ag6é5;
assignment: Early Coniaciamacrofossil zoneM. cortestudinarium

FO of M. staurophoralbase UC10): Trunch Borehole, Kent, NE England, DSDP and ODP
sites 258, 549, 550, 738, 76&ge assignment: Middle Coniaciamacrofossil zoneM.
cortestudinarium

LO of Z. kerguelensislbase UC10bAP): DSDP and ODP sites 258, 738, #sfé
assignment: Middle Coniacian; not identified in an Jd&ted sequence.

FO of Lithastrinusgrilli (base UC11a): Trunch Borehole, Kent, NE England, DSDP and
ODP sites 549, 550, 761, 768ge assignment: Late Coniaciamacrofossil zone M.
coranguinum

LO of Q. gartneri(base UC11b): Trunch Borehole, Kent, Lagerdorf and Kronsmoor, NE
England, DSDP and ODP sites 258, 549, 550, 738, 761, a§®assignment: Late
Coniacianmacrofossil zoneM. coranguinum

FO of Lucianorhabduscayeuxii(base UC11c): Trunch Bdmnele, NE England, DSDP and
ODP sites 549, 550, 738, 761, 7@geassignment: Late Coniaciamacrofossil zoneM.
coranguinum

LO of Lithastrinusseptenariugbase UC12): NE England, ODP sites 738, 761, Z6®;
assignment: Early Santoniamacrofossil zae uppermosi. coranguinum

FO of Arkhangelskiellacymbiformis(base UC13): Kent, NE England, DSDP and ODP sites
550, 761, 765age assignment: basal Campanianacrofossil zoneG. granulata- G.
quadrata- O. pillula.

FO of Broinsonia parca parca(baseUC14a): Trunch Borehole, NE England, DSDP and
ODP sites 549, 550, 738, 761, 7@fgeassignment: lower Early Campanianacrofossil
zone lingua/quadrata O. pillula.

FO of Broinsonia parca constricta(base UC14b): ODP sites 761, 7@&ge assignment:

lower Early Campaniammacrofossil zondingua/quadrata- O. pillula.



2. Calcareous nannofossil biozonations of the Upper Cretaceous 19

1 FO of Bukryaster hayi (base UC14cTP): not present in published range chags;
assignment: lower Early Campanian; not identified in anddted sequence.

1 FO of Ceratolithddes verbeeki(base UC14dTP): ODP sites 761, 7@f§e assignment:
lower Early Campanian; not identified in an M&ted sequence.

1 FO of Misceomarginatugpleniporus(base UC15a): ODP sites 738, 73®8e assignment:
upper Early Campaniamacrofossil zoneO. pillula/G. senonensisG. quadrat®.

1 LO of Cylindralithus biarcus base (UC15bBP): Trunch Borehole, DSDP and ODP sites
217, 549, 758, 76lage assignment: upper Early Campaniamacrofossil zone G.
senonensis

i FO of Heteromarginatusbugensis(base UC15cB): Trunch Borehole, Lagerdorf and
Kronsmoor;ageassignment: upper Early Campaniargcrofossil zoneconica/gracilis.

1 FO of Praediscosphaerastoveri (base UC15dBP): Trunch Borehole, Lagerdorf and
Kronsmoor, DSDP and ODP sites 549, 550, g assignment: lower Late Campanian;
macrofossil zonebasiplana/spiniger B. mucronata

1 LO of Orastrum campanensis(base UC15eBP): Trunch Borehole, Lagerdorf and
Kronsmoor;ageassignment: upper Late Campaniargcrofossil zoneB. polyplocum B.
mucronata

1 FO of Ceratolithoidesaculeus(base UC15bTP): DSDP and ODP sites 217, 549, 550, 761,
765;ageassignment: upper Early Campanian; not identified in ardstEd sequence.

1 FO of Uniplanarius sissinghi(base UC15cTP): not present in published range chagts;
assignment: Early/Late Campanian boundary interval; not identified in ardaltéd
sequence.

1 FO of Uniplanariustrifidus (base UC15dTP): DSDP and ODP sites 217, 241, 401, 549,
550, 738, 758, 761, 76%ge assignment: Early/Late Campanian boundary intenvat
identified in an Mdated sequence.

1 FO of Eiffellithus parallelus (base UC15eTP): DSDP and ODP sites 217, 249, 758, 761,
765;ageassignment: lower Late Campanian; not identified in anddfed sequence.

1 LO of Biscutum dissimilis (base UC15bAP): DSP and ODP sites 217, 73&ge
assignment: upper Late Campanian; not identified in ard&tEd sequence.

1 LO of Eiffellithus eximiugLO of Reinhardtitesanthophorugbase UC16): Trunch Borehole,
Lagerdorf and Kronsmoor, DSDP and ODP sites 217, 241, 4015589,738, 758, 761,
age assignment: upper Late Campanianacrofossil zonegrimmensis/granulosus B.

mucronata
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LO of Heteromarginatusbugensisbase (UC16bBP): Trunch Borehole, Lagerdorf and
Kronsmoor; age assignment: upper Late Campanianmacrofossil zone
grimmensis/granulosusB. mucronata

LO of Tortolithus caistorensis base (UC16c¢BP): Lagerdorf and Kronsmoage
assignment: upper Late Campaniargcrofossil zoneB. lanceolata

LO of Misceomarginatugquaternarius(base UC16dBP): not present inbtished range
charts;ageassignment: upper Late Campaniargcrofossil zoneB. lanceolata

LO of Broinsoniaparca constricta(base UC17): DSDP and ODP sites 217, 758, @§#&;
assignment: latest Campaniamacrofossil zoneB. lanceolata

LO of Tranolithus orionatus/LO of Uniplanarius trifidus (base UC18): Lagerdorf and
Kronsmoor, DSDP and ODP sites 217, 401, 549, 550, 738, 758agé&dssignment: upper
Early Maastrichtianmacrofossil zoneB. sumensisZone 4.

LO of Biscutumcoronum(base UC18bAP)DSDP and ODP sites 217, 738, 758, 7&de
assignment: upper Early Maastrichtiamacrofossil zoneB. sumensis

LO of Reinhardtiteslevis (base UC19): DSDP and ODP sites 401, 549, 550, 738,a0€1;
assignment: upper Early Maastrichtiamacrofossil zoneB. sumensisZone 5.

FO ofLithraphiditesquadratugbase UC20): DSDP and ODP sites 217, 401, 549, 550, 761,
ageassignment: lower Late Maastrichtianacrofossil zonetegulatus/junior- Zone 8.

FO of Nephrolithusfrequens(base UC20bBP): DSDP and OBRes 217, 401, 549, 550,
761;ageassignment: lower Late Maastrichtianacrofossil zoneargentea/junior Zone 8.

FO of Arkhangelskiellamaastrichtiana(base UC20cBP): DSDP and ODP sites 217, 761;
ageassignment: lower Late Maastrichtianacrofossizone argentea/junior- Zone 8.

FO of Cribrosphaerelladaniae (base UC20dBP): DSDP and ODP sites 217, &k
assignment: upper Late Maastrichtiamgcrofossil zonebaltica/danica- Zone 10.

FO of Micula murus(base UC20bTP): DSDP and ODP sites 217, 8@9, 550, 761age
assignment: upper Late Maastrichtian; not identified in ardsiied sequence.

FO of Ceratolithoideskamptneri(base UC20cTP): DSDP Sites 2Hfgeassignment: upper
Late Maastrichtian; not identified in an Mfated sequence.

FO of Micula prinsii (base UC20dTP): DSDP sites 401, 5%@e assignment: latest

Maastrichtian; not identified in an Méfated sequence.
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2.5 Comparison between the four nannofossil zonations

The nannofossil zonations are here considered relative to the time scatadste@ et al.
(2012) (Fig.2.5.1). Out of a total &2 events used in the zonations by Sissingh (1977), Roth
(1978) revised by Bralower et al. (1995) and Burnett (1988),bioevents are present in all
zonations, namely: the FO & turriseiffeli the FO of C. kennedy]this species was defined by
Crux (1981) after publication of Sissingh (1977) and Roth (1978) zonations and then added to
Sissingh (1977) zonation by Perblielsen (1985)], the FO d¥l. staurophorathe FO ofA. parcus
parcus the FO ofC. aculeusthe FO ofU. trifidus, the LO ofU. trifidus, the FO ofL. quadratus
the FOs oN. frequenandM. murus

The FO ofQ. gartneriis used by all Authors exce@ralower et al. (1995), although this
bioevent was added by Tsikos et al. (2004)ineavi sed zonation foll owing

Four events are present in three zonations, namely: the EQacfitus the LO ofH. chiastig
the FO ofM. furcatusand the LO oR. levis

Most other zonal markers can be correlated between at least two zendgtiothe exception of
six events FO of G. segmentatunO ofR. biarcus FO of L. septenariusLO of L. septenarius
FO of A. cymbiformis FO of M. pleniporug adopted exclusively by Burnett (19980 evens
(FO of M. decoratusLO of M. furcatug areused exclusivelpy Sissingh (1977), and one (LO of
R. aspeYin the zonation of Bralower et al. (1999)ab.2.2 Appendix 5see CD attached)

Looking at the resolution, it is possible to notice that Roth (1978) and Bralower et al. (1995)
adopted less bevents to separate their zones and subzones compared to Sissingh (1977) and
Burnett (1998). Burnett (1998) added numerous events observed in the North Sea area, trying to
achieve a higher stratigraphic resolution expecially of time intervals charactdrzedw
nannofossil events such as the Early Cenomanian and the Late Campanian. It is also interesting to
notice the high number of bioevents reported in the Cenomanian/Turonian boundary interval.
(Fig.2.5.1). For the Early Turonian to Late Campanian imtrval, zonations of Sissingh (1977)
and Burnett (1998) are comparable, probably because Burnett (1998) incorporated in her zonation
the data presented by Sissingh (1977) and Feielsen (1985). The resolution of the zonation of
Roth (1978) revised bBralower et al. (1995), remains lower except in the Cenomanian/Turonian

boundary interval and in the Maastrichtian.

The zonation of Burnett (1998) include the majority of the events present in the other zonations

with the exception of few zonal and sosubzonal markers, namely: the LORf asperand the
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the FO of. obscurusand the LO ofE. floralis in the
Santonian; the LOs d¥l. furcatus B. hayij L. grilli and the FO and LO of. arcuatusin the

FO of K. magnificusin the Turonian;

Early-Middle Campanian.
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Chapter 3

Materials and methods

3.1 Studied sections

To perform this study, samples from different parts of the world have been analyzed in order to
assess nannofossil biostratigraphy in various sedimentary basins across |fi8ekl): Mid-
Pacific Mountains (DSDP Leg 62, Site 463)xntouth Plateau (ODP Leg 122, Site 763),
Kerguelen Plateau (ODP Leg 183, Site 1138), Demerara Rise (ODP Leg 207, Site 1261); Umbria
Marche Basin (Monte Petrano), Vocontian Basin (Clote de Chevalier), Western Interior Basin
(Pueblo),and Tarfaya Basin (Tarfga Core). The stratigraphical interval sampleith individual

section is shown ifig.3.12.

-~
y

Fig.3.1.1: Location of the studied sections in a paleogeographic reconstruction at 90 Ma
(Time Scale Creator, https://engineering.purdue.edu/Stratigraphy/tscreator/index/index.php)
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Fig.3.1.2: Summary of the stratigraphic intervals studied
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3.2 Sample preparation technique

Calcareousnannofossil biostratigraphic investigation has been performed on a total of 564
smear slides analyzed using standard light microscope techniques under cross polarizers and
transmitted light at 1250X magnificationmgar fides from DSDP Site 463, ODP Site61, Clote
de Chevalier, Pueblo and Tarfaya Core were already available at the University ofAvtibéal. of
275 smearslides were prepared following the procedures described in Rgetden (1985) and

Bown & Young (1998). Two different methodologidsave been used:

1 Samples from ODP Site 1138 and Monte Petrano were prepared powdering into a mortar a
small amount of rock material with few drops ofditilled water and posed onto a glass
coverslip. Using a toothpick, the suspension was repeatedigradhalong the coverslip
until the required thickness of smear is achieved and dried rapidly on a hotplate. The
coverslipwasaffixed to a glass slide with Norland Optical Adhesive, and cured by exposure
to UV light for a few minutes.

1 Samples from ODP Sit763, almost entirely consisting of chalk, were prepared scraping a
few grams of rock from a cleaned sampigface onto a glass covslip. After adding a
drop of bidistilled water the suspension was treated as described above.

3.3 Preservation and abundance analysis

Abundances of all the nannofossil taxa identified in this study, provided on the nannofossil
rangecharts, were determined over two traverses of each slide and coded as follows (Bown &
Young, 1998; Lees, 2002):

A = abundant (more thalil specimens per field of view)
C = common (110 specimens per field of view)

F = few to frequent (1 specimen peR@ fields of view)

R =rare (1 specimen per more than 20 fields of view)

Due to calcite dissolution and/or overgrowth, preservation of calcareous nannofossils may vary
significantly. Thus, to characterize preservation, a simple code system has been adopted as
described (Lees, 2002; Tremolada, 2002):

VG = very good preservatiofmo evidence of dissolution and/or overgrowth, no alteration of

primary morphological characteristics. All specimens are identifiable to the species level)
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G = good preservation (littte or no evidence of dissolution and/or overgrowth, primary
morphologicé characteristics only slightly altered, most specimens are identifiable to the species
level)

M = moderate preservation (some evidence of dissolution and/or overgrowth, primary
morphological characteristics somewhat altered, most specimens are identibiaihle species
level)

P = poor preservation (overgrowth and/or dissolution is extensive, making identification of
some specimens difficult)

VP = very poor preservation (severely etched and/or overgrown, primary morphological
characteristics largely destred, fragmentation has occurred, and specimens are often

unidentifiable at the species and/or generic level)

Estimates of the total calcareous nannofossil abundance, compared to that of other biogenic
particles and inorganic components, were recordedoldmsng (Lees, 2002; Tremolada, 2002,
Hardas & Mutterlose, 2006):

H = high (more than 51% of all particles)

M = moderate (11%0% of all particles)

L = low (1%-10% of all particles)

VL = very low (less than 1% of all particles)



Chapter 4

Results

4.1 Monte Petrano i Italy

Geographical setting and lithology

The Monte Petrano section is located not far from the toghefPetrano Mountain and the
Moria village (43A300624. 89 éMalkthe Bdsin(AR461d¥The 02 6 6 E)
Mesozoic UmbriaMarche Basin is exposed in the Central Apennines fold and thrust belt and
evolved from a carbonate shelf setting in $si@Early Jurrassic time into a pelagavironment
which extended to the Paleogene (Alvarez et al., 1977).
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Fig.4.1.1: Location of Monte Petrano section 1 Italy
(after Giorgioni et al., 2012)

The studied interval is 70 m thick and corresponds to tloalded Scaglia Bianca Formation, a
calcareous pelagic sequence resulting from lithification of nannofdasiktonic foraminiferal

oozes deposited at a water depth of about PRIDmM (Arthur and Premoli Silva, 1982; Kuhnt,
27



28 4. Results

1990). It consists mostly ofeflowish gray limestones, with a few pink to reddish limestone beds,
numerous chert bands, and several black marlstone layers (Gambacorta, 2014). The most
prominent feature of this section is the presence of orgamicblack shales constituting the
Bonaelli Level that represents the Oceanic Anoxic Event 2 (GAEStudied samples were
collected by Gambacorta (2014) for his Ph.D. thesis.

Previous studies

This outcrop has never been studied in detail, exceiisftawermost part studied by Giorgioni
et d. (2012). They presented a highsolution carbonate carbon isotope record of the Albian
interval of the Marne a Fucoidi Formation (Central Apennines, Italy) which underlies the Scaglia
Bianca Formation.

Results

Nannofossil investigation was performed btD samples from the interval between 0 and 70 m
above the base of the Scaglia Bianca Formation. | produced ajsantitative range chart of all
taxa Tab4.1, Appendix 6,see CD attachéd Preservation of nannofossils is generally poor
moderate and toteabundance varies from very low to medium. Zonal and subzonal markers

identified are listed below from the oldest to the youngest:

FO of M. decoratugsample MP2424 m above the base of the Scaglia Bianca Formation)
FO of C. sculptugsample MP33.533.5m above the base of the Scaglia Bianca Formation)
FO of C. kennedy{sample MP3434 m above the base of the Scaglia Bianca Formation)
FO ofH. ancepgsample MP34.534.5 m above the base of the Scaglia Bianca Formation)
FO ofL. acutugsample MP3838 m above the base of the Scaglia Bianca Formation)

LO of S. gausorhethiungsample MP47.547.5 m above the base of the Scaglia Bianca

= =4 -4 -4 A A

Formation)

1 LO of C. kennedy{sample MP6565 m above the base of the Scaglia Bianca Formation,
uppermost sample befoiteet BonarelliLevel)

1 LO of A. albianus(sample MP6565 m above the base of the Scaglia Bianca Formation,
uppermost sample before the Bonairedivel)

1 LO of L. acutus(sample MP6565 m above the base of the Scaglia Bianca Formation,
uppermost sample befottee BonarelliLevel)

1 LO of H. chiastia(sample MP6565 m above the base of the Scaglia Bianca Formation,
uppermost sample before the Bonaredlivel)

1 FO of Q. intermediunb (sample MP66.566.5 m above the base thife Scaglia Bianca

Formation, lowermost sampébove the Bonarelli Level)
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1 FO ofQ. gartneri(sample MP66.566.5 m above the base of the Scaglia Bianca Formation,
lowermost sample above the Bonarelli Lgvel

1 FO ofE. eptapetalugsample MP6868 m above tk base of the Scaglia Bianca Formation)

All these events were used to determine biozones and subzones after the three zonations
adopted (Figt.1.2. In particular:

Following Burnett (1998), zones and subzones WTBd and UC7 were recognized. The
absence focarbonate in the Bonarelli Level prevented the identification of zones and subzones
UC3eUC6. UC0a/UC0Ob and UCOb/UCOC subzonal boundaries were approximated using the total
range ofC. stenostaurioras reported by Burnett (199&Rarity of subzonal marke®. chiasta
prevented the placement of the UC1b/UC1lc boundahe FO ofH. ancepsallowed to place
UClac/UC1d2 subzonal boundargs. segmentaturaccuss above FO ofQ. gartneri ata higher
level than reported by Burnett (1998), thus preventing theeplant of UC1d/UC2 boundarZ.
xenotusand G. nanumwere not recorded in the studied interval, their absence prevented the
subdivision of subzones UC2a/UC2b and UC3c/UG3dsculptusoccurs belowthe FO of C.
kennedyj at a lower level than reported by Burnett (1998), thus preventing the placement of
UC2b/UC2c boundary.

Following Bralower et al. (1995), zones and subzones N@201* and NC12b*NC13**
were identified. The absence of carbonate in the Bonarelli Level prelvdmgedentification of
zone NC12*.

Following Sissingh (1977), zones CCT11 were identified. Zonal markéf. decoratushas
its FO below FO ofC. kennedyiat a lower level than reported by Sissingh (1977) and Perch
Nielsen (1985), thus preventing thiagement of CC9b/CC9c subzonal boundary. Burnett (1998)

noticed that a thin form dfl. decoratusoccurs sporadically in the Albian.
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Fig.4.1.2: Calcareous nannofossil bioevents and zones/subzones of the Monte Petrano section.
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Calcareous nannofossil assemblages

A total of 110 taxawere observed in the studied sectiBased on semiquantitative abundances,
nannofossil assemblages were characterized to separate the following intervals)diestnto
youngest:

Interval A: from sample MPO to sample MP33.5. The first part of this interval (samples MPO to
MP12) shows an assemblage characterized by a low number of calcareous nannofossils and only
few taxa occurs frequentlfa. constanandW. banesiaeare the most common taxa and frequent
R. crenulata, R. achlyostaurion, W. maniviteedZ. diplogrammusre present. Moving upwards
B. constans, W. barnesia®y. manivitiae become common antiecomethe dominant taxa.
FrequentC. nudus, E. turrisei¢lii, R. crenulata, R. achlyostaurion, Z. diplogramnaunsl rare to
frequentE. gorkae, D. ignotus, R. surirella, T. orionatusdZ. embergerivere observedC. cf. C.
percensisC. ehrenbergii, H. chiastia, M. pemmatoidea, R. angustus, R. asper, WalapdiZ.

howeiare rare but occur regularly in the assemhlage

Interval B: from sample MP34 to sample MP40. This interval is still dominated by the same
taxa ofInterval A, but an increase in abundancé&ofloralis, L. carniolensi@ndR. angustiforata
was observedA. terebrodentarius, C. kennedyidC. sculptusstart to occur in the assemblage

this interval.

Interval C: from sample MP40.5 to sample MP@. constans, W. barnesiad/. manivitiae
remain the dominant taxa, but large specimenB.abnstansbecome rarer and more sporadic as
well as D. ignotus, R. angustuand Z. noeliae C. nudus, E. turriseiffelii, R. crenulata, R.

achlyostaurion, Z. diplogrammuase still frequent.
Bonarelli Level: without carbonate.

Interval D: from sample MP66.5 to the top of the studied sectidh.barnesiaeand W.
manivitiae are the dominant taxa. A sharp decrease in abundanezordedprincipally by B.
constansbut also R. surirella R. achlyostaurionand R. asper. Frequent E. floralis, Z
diplogrammusand rare to frequerA. terebrodentarius, C. nudus, E. turriseiffelii, E. octopetalus,

P. cretacea, P. ponticula, R. crenulata, Z. embergedZ. howeiwere observed.
Chronostratigraphy

Stage boundariesere placed using calcareous nafussil events and'*C isotopic stratigraphy

presented by Gambacorta (2014). The comparison is summarizeddiri g.

The Albian/Cenomanian boundary was placed following ttf@ anomalyasdiscussedor the
Cenomanian GSSP Ktont Risou(Francé by Kennedy et al(2004).
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As discussed by Tsikos et al. (2004) the Cenomanian/Turonian boundary, in absence of
ammonite biostratigraphy, can be placed using #WE isotopic anomaly across OAEZ2.
Specifically, at the GSSP Pueblo section, the base of the Turonian closely correlates with the end of
the C isotopic pl at eau clpskhafsllewsthel GenompanianfTuroniare t h e
boundary. Also the FO @. gartnerihas been proved to occur in the basal Turonian (e.g. Tsikos et
al., 2004).

4.2 DSDP Site 463

Geographical setting and lithology

DSDP Site 463 is situated in the western part of the-Réidific Mountains (21°21.01' N;
174°40.07' E; present water depth 2525 Fig.4.21). The MidPacific Mountains consist of
several segments thought to be part of an ancient fraotmexidge-crestsystem that separated
the North and South Pacific Plates during the Early Cretaceous and constitute one of the large
aseismic rises in the central and northern Pacific Ocean (Larson, 1976).

Fig.4.2.1: Location of DSDP Site 463. Other sites drilled on the Mid-Pacific Mountains are also reported
(Shipboard Scientific Party, 1981)

At DSDP Site 463 a 822 4thick sequence of Pleistocene to Barremian sediments was
recovered; the igneous basement was not reached. The studied interval goes from 252 to 424 mbsf,

of middle Turonian to latest Albian age (Shipboard Scientific Party, 1981). The Cretaceous

=1}
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sediments analyzed in this work belong to the lithologic Subunit IB, consisting of white to very

light grey foraminifer and nannofosdikaring chalk (Shipboard Scidit Party, 1981).
Previous studies

Previous studies on nannofossils of DSDP Site 463 were presented in the Volume of Leg 62 by
Lepek (1981) and Roth (1981). Lepek (1981) pe
calcareous nannoplankton BEDP Site 463 recognizing a Turonian to Santonian assemblage from
Core 25 to Core 37, but zones were not identified for the lack of index species. A latest Albian to
Cenomanian interval was recognized in Cores 38 to 50 and assignedLiththphidites alatus
nannofossi l zone as defined by Roth (1973) and
presented a study on paleoceanographic implications eCneithceous calcareous nannoplankton
recovered during Leg 62. He also suggested that Cores 38 to 48 belbis NC11 zone of latest
Albian to basal Turonian age. Foramin#dkinvestigation was performed by Boersma (1981), who
describd faunas occurring aDSDP Site 463. Sliter (1995) compared the Cretaceous record of
sites drilled during ODP Leg 143 togences recovered at selected sites in the central Pacific
Ocean. He noticed a similar pattern of pelagic sedimentation and determined hiatuses in the

Albian/Cenomanian boundary interval, in the Middle Cenomanian and in the Late Turonian.
Results

Nannofosa investigation was performed on 37 samples from the interval between 424.67 and
252.78 mbsf. | produced a sequantitative range chart of all tax@ap 4.2, Appendix 7,see CD
attacheldl Preservation of nannofossils is generally moderate and total atendiaries from
medium to high. Zonal and subzonal markers identified are listed below from the oldest to the
youngest:

LO of G. chiasta(sample 62463481, 51-53; 424.01 mbsf)

FO of C. sculptugsample 62463-43-5, 6365; 382.63 mbsf)

FO ofL. acutug(sample 6246343-5, 6365; 382.63 mbsf)

LO of S. gausorhethiurtsample 6246343-1, 2022; 376.20 mbsf)
LO of C. striatus(sample 6246343-1, 20622; 376.20 mbsf)

FO of Q. intermediunb (sample 62463431, 2022; 376.20 mbsf)
FO of M. decoratugsample 62463-38-1, 3-6; 328.53 mbsf)

LO of A. albianugsample 62463-38-1, 3-6; 328.53 mbsf)

LO of L. acutugsample 62463-38-1, 3-6; 328.53 mbsf)

LO of H. chiastia(sample 62463-38-1, 3-6; 328.53 mbsf)

FO of R. biarcus(sample 62463-35-1, 1-3; 300.01 mbsf)

FO of E. eptapetalugsample 62463-35-1, 1-3; 300.01 mbsf)

= =4 -4 A4 -4 -4 -8 -_a -5 -8 -2 -2
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1 FO ofQ. gartneri(sample 62463-35-1, 1-3; 300.01 mbsf)
1 LO of R. aspel(sample 62463-33-1, 8391; 281.89 mbsf)
1 FO of E. eximiugsample 62463-30-2, 3335; 254.33 mbsf)

All these events havb een i ntegrated with previous dat a

determine biozones and subzones after the three zonations adap®#@.Q). In particular:

Following Burnett (1998), zones and subzones UCO, Ug;30C5a and UCBa were
recognized. Scargitof recovery made impossible a better accuracy and other zonal boundaries

(zones and subzones) were approximated.

Following Bralower et al. (1995), all the zonal markers were recognized and zones NC10
NC13** were identified. As far as subzones are core@rrihe absence @. kennedyin the
studied interval prevented the subdivision of zone NC10 into subzones NC10a and NC10b.

Following Sissingh (1977), all the zonal and subzonal markers were recognized and zones CC9
CC12 were identified.

Calcareous nannofossil assemblages

In total 135 species of calcareous nannofossil were observed in the studied section. Based on
semiguantitative abundances, nannofossil assemblages were characterized to separate the following

intervals, from oldest to youngest:

Interval A: from sample 62463481, 117126 to sample 6463-38-1, 36. The assemblage is
characterized by common to abundBntconstans, W. barnesia@/. manivitiae representing the
dominant taxa, and frequent to comnt@nehrenbergii, C. nudus, E. turriseiffelii, P. columnata, R.
crenulata, R. surirella, R. achlyostauriamdZ. diplogrammusOther frequent taxa afe. gorkae,

E. floralis, L. carniolensis, M. pemmatoidea, P. ponticula, R. angustus, R. asper, T. ariamctu
Z. embergeri.Core 48 contains rare to freque@t stenostaurion, G. chiasta, L. alatasd S

mutterlosei

Interval B: from sample 62163-35-1, 1-3 to the top of the studied interval. This interval is still
dominated byw. barnesiaavith commonP. cretaceaand frequent to commda. turriseiffelii, E.
floralis, P. ponticula, R. crenulatand W. manivitiae.A sharp decrease in abundance Bof
constans, C. ehrenbergii, F. oblongursdR. surirellais noticed A. terebrodentarius, B. ambiguus,
C. exiguum E. eptapetalus, M. decoratuand Q. gartneri become consistently present and

frequent in the assemblage. From Core 30 upwards freguertmiusoccur in the assemblage.
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Fig.4.2.2: Calcareous nannofossil bioevents and zones/subzones at DSDP Site 463.
Lithostratigraphy after Shipboard Scientific Party (1981); planktonic foraminiferal zones after Boersma (1981)

Chronostratigraphy

To place stage boundaries | integrated my own

Boersma (1981). The comparison is summarizdegrmt.2.2
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The Albian/Cenomanian boundary was placed between F@. afjandolfiand FO of M.
decoratusFO of R. ganalfi was reported below the Albian/Cenomanian boundary at the GSSP
section for the base of the Cenomanian Stage (Kennedy et al., 2004).

The Cenomanian/Turonian boundary was placed at the FQ. @fartneri as suggested by
Tsikos et al. (2004)End of rotalporids, in Core 38, is another useful datum to place the
Cenomanian/Turonian boundary in thke lehmanizone (zonation of Van Hinte, 1976) which
corresponds to thé/. archaeocretacezone (Bolli, 1966; Caron, 1985; Kennedy et al., 2005).

4.3 Rock Canyon i Pueblo

Geographical setting and lithology

The Rock Canyon section is located in south central Colorado near Pueblo, along the Arkansas
River (Fig.4.31). During the Cretaceous, this locationddyn the Western Interior Seaway, a
shallow inland sea thak&nded from the Gulf of Mexico to the Arctic Ocean, with water depths
ranging to about 1500 m (Kauffman & Caldwell, 1993; Kennedy et al., 2005).

0 1% 200 mies

0 100 200 300 kilometres

Fig.4.3.1: Location of Rock Canyon section near Pueblo - Colorado
(after Kennedy et al., 2005)
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The studied intervatorresponds to the Bridge Creek Limestone Member of the Greenhorn
Limestone Formation andonsists in 10.20 m ofyray shalylimestones, interbedded with
calcareous shale and bentorégers(Kennedy et al., 2000; 2005). Studied sarapiere collected
by Snow et al. (2005) for their work on trace element abundances in the Rock Canyon Anticline

Previous studies

The section at the Rock Canyon Anticline was ratified in 2003 as the global boundary stratotype
section and point (GSSP) for the base of the Turonian Stage on account of its completeness and
well-established bio and chemostratigraphy (Kennedy et al., 200Brevious studies on
nannofossilsin the Pueblo sectiomvere publishedby Watkins (1985), Bralower (1988) and
Watkins et al (1993). Watkins (1985) performed a biostratigraphic and paleoecological study,
highlighting that the Bridge Creek Member belotgshel. acutumQ. gartnerizones of Manivit
et al. (1977). He noticed also the scarcity of several biostratigraphically important taxa, suggesting
that freshwater influx was an important factor in restricting nannofossil occurrence and diversity.
Bralower (1988) studied the Cenomanian/Turonian boundary interval in humerous sections from
Europe, North America and Tunisia. He proposed a detailed nannofossil zonation for this interval
consisting of three zones, two subzones and nine additional biohorZbRock Canyon, he
reportedthe FO of Q. gartneriwell below the beginning of the isotopic positive shifttioé i**C
anomaly Watkins et al. (1993) presented a synthesis of nannofossil studres\Vidéstern Interior
Basin, recognizing eight biostratigrapic events occurringacross the Cenomanian/Turonian
boundary. Tsikos et al. (2004) plactek FO of Q. gartneriat Pueblo, just above the end of the
positi v &C,iathdldwermasFuronian.

Results

Nannofossil investigation was performed onsa2nples from the interval between 30 and 1020
cm from the base of the Bridge Creek Limestone Member. | produced ajsentitative range
chart of all taxaTab4.3, Appendix 8,see CD attach@dPreservation of nannofossils is generally
poor to moderate ral total abundance varies from very low to medium. Zonal and subzonal

markers identified are listed below, from the oldest to the youngest:

LO of C. striatus(sample RC50, 0.5 m above the base of the Bridge Cigedt. Member)
LO of H. chiastia(sample R@00, 4 m above the base of the Bridge Cigelst. Member)
FO of Q. gartneri(sample RC500, 5 m above the base of the Bridge Qieedt. Member)
FO of E. eptapetalugsample RC670, 6.7 m above the base of the Bridge riges.
Member)

1 LO of R. aspel(sample RC870, 8.7 m above the base of the Bridge Qrizest. Member)

= =4 —a -2
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All these events have been integrated with previous data presented by Watkins (1985), Bralower
(1988) and Tsikos et al (2004) to determine biozones and subzones after the three zonations
adopted Fig.4.3.2. In particular:

Following Burnett (1998), all the zonal markers were recognized and zonesJOT4vere
identified. Only in zone UC4 subzonal boundary event could be identified. The abseAce of
albianus and Q. intermediunb in my sample prevented the subdivision of zone UCS5 into
subzones UC5a, UC5b and UC5c. LOAofalbianuswas recorded by Bralower (1988) and Tsikos
et al. (2004) below LO of. acutus this sequence of events is different relative to the scheme of
Burnett (1998). FO PoE. eptapetalusoccurs above FO o. gartnerj higher than reported by
Burnett (1998), thus preventing the placement of UC6a/Uc6b subzonal boundary.

Following Bralower et al. (1995), all the zonal and subzonal markers were identified and zones
NC11-NC13* were identified.

Following Sissingh (1977), all the zonal and subzonal markers were identified and zones CC10
CC11 were identified.

Nannofossil Nannofossil N | " ;

o ’ annofossil Nannofossil Nannofossil | 8
Litholoaic | £ zonal and subzonal | additional ¢ " t Nannofossi Isotope K]
ithologic |z events events events . §9l59| 2

. £ events events 20nes Stratigraphy £5|56
units |3 ; (Watkins, 1965) |  (Bralover 1988) | (Tskosetal, 2004) gHER<
(this study) (this study) 3 i N UC| NC"| I (Snow et al., 2005)
Not Z: HEIREEE R
zoned |3
: : i,
ol R. asper r R. asper r g|2|8
§ : R. planus ™ ey NC|CC g|¢ g
[ ) 134 11 s|T|E
£ M 5.? aenigma " 3
E|pE eptapetalus =
. o -
% , s
8 3.- Q. gartneri o ineri b Q. gartneri PR % !
H . gartneri g + S|o
ol L £, octopetalus ]' H. chiastia 1264 10b | » ls19l |
g i H. chiastia | = petaly i 3 3 75
HH C. kennedyi r E. eximius Ues | e 3 §

. A ;

. s E. perchniels. L. acutus rm L. acutus r La ICOCa 8 o % %

. e < [T |8

A. albianus | A. albianus rU0b - o 8|%|G

§i| c striatus - C. kennedyi = 11 5|5 e

Cla | |&
- ° |9 |
L] g vz g
£ E S
" P Not i N
E E. eptapetalus soned 3§ E ‘é 0
2 b Q. gartneri g E @
T g, z

3
I:’ Calcareous ~ F=F=r] t:;'im%setggeeé, E Bentonite
shale He=lr thick-bedded layers

Fig.4.3.2: Calcareous nannofossil bioevents and zones/subzones of the Rock Canyon section.
Lithostratigraphy, ammonites and planktonic foraminiferal zones and ages after Kennedy et al. (2005);
isotope stratigraphy after Snow et al. (2005)
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Calcareous nannofossil assemblages

A total of 108taxawere observed in the studied section. Based on semiquantitative abundances,
nannofossil assemblage can be separated in the following intervals, from oldest to youngest:

Interval A: from sample RC30 to sample RC400he assemble comprises frequent to
commonB. constans, P. cretacea, W. barnesiae, W. maniyitare to frequenD. ignotus, E.
gorkae, E. turriseiffelii, E. floralis, H. trabeculatus, P. columnata, P. ponticula, R. angustiforata,
R. crenulata, R. surirella, R. alyfostaurion, T. minimus, T. orionatus, T. salillum, Z.
diplogrammus, Z. embergeri, Z. hoywi&i scutula

Interval B: from sample RC420 to sample RC570. The assemblage is similar to thedreél
A, but anincrease in the relative abundancéHotrabealatusandP. columnatavas observed.

Interval C: from sample RC670 to the top of the studied interval. The assemblage is still
dominated by the same taxalotervak A and B, although it records an increase in the relative

abundance of. ehrenbergii, Gsegmentatum, T. minimushilst Z. embergerbecomsrarer.
Chronostratratigraphy

The Cenomanian/Turonian boundary was placed 4 m above the base of the Bridge Creek
Limestone Member, at the lowest occurrence of the ammbuvétitnoceras devonengboundary

event for the base of the Turonian) as reported by Kennedy et al. (2005) and Snow et al (2005).

4.4 Clote de Chevalier 1 France

Geographical setting and lithology

Calcareous nannofossil biostratigraphic investigations of Clote de Chevalier section are part of
an integrated lithg cheme and biostratigraphic study of this section located in the Vocontian
Basin (France). The study is still on going, and no informatiabout lithostratigraphy are
available.Samples were provided by Hugh Jenkyns (Dept. of Earth Sciences, Oxford University,
UK) to E. Erba and M.RPetrizzo (Univ. of Milan) to investigate nannofossil and planktonic
foraminiferal biostratigraphyl'he Vocaitian Basin forms a part of the hemipelagic intrashelf basin
of the European Tethyan passive margin (Wilpshaar et al., 1997). Major tectonic changes occurred
in this basin at the beginning of the Late Cretaceous, with transition from dominant extensional
regime until the Albian, to dominant compression or trarsgioa from the Cenomanian (ekgies
and Parize, 2003).
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Results

Nannofossil investigation was performed on 37 samples from an interval of 34.80 m. | produced
a semiquantitative range chart of didxa (Tab4.4, Appendix 9see CD attach@dPreservation of
nannofossils is generally peoroderate to moderate and total abundance varies frormisgium
to mediumhigh. Zonal and subzonal markers identified are listed below from the oldest to the
youngest:

LO of C. kennedy{sample slt3603.6 m)

FO of R. biarcus(sample slt4804.8 m)

LO of C. striatus(sample slt7807.8 m)

LO of L. acutug(sample slt126012.6 m)

LO of A. albianugsample slt147014.7 m)

LO of H. chiastia(sample slt174017.4 m)

FO of Q. intermediunb (sample slt237023.7 m)
FO of E. eptapetalugsample slt249024.9 m)
FO of Q. gartneri(sample slt249024.9 m)

= =4 -4 A4 -4 -8 -8 -2 -2

Zones and subzones after the three zonations adopted are reported-lgpfbd 1):

Following Burnett (1998), zones @rsubzones UC3WC7 were identified. All the zonal and
subzonal markers were recognized adifferent sequence of eventhd FO of Q. intermediurrb
occurs aboveéhe LO of H. chiastig andE. eptapetalufas its FO in the same sampletivd FO of
Q. garmneri) related to Burnett (1998) scheme prevented the subdivision of subzones UC5b/UC5c
and UC6a/UC6b.

Following Bralower et al. (1995), all the zonal and subzonal markers were recognized and zones
NC11-NC13** were identified.

Following Sissingh (1977)all the zonal and subzonal markers were recognized and zones
CC10CC11 were identified.

Calcareous nannofossil assemblages

A total of 119taxawere observed in the studied sectiBased on semiquantitative abundances,

nannofossil assemblage can be sepdrat the following intervals, from oldest to youngest:

Interval A: from sample sltO to sample slt570. The assemblage comprises coNwnon
barnesiaerepresenting the dominant taxa, and frequent to conBnoonstans, E. turriseiffelii, R.

achlyostauriorand W. manivitiae Other frequent taxa age floralis, H. trabeculatus, P. cretacea,
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P. ponticula, R. angustiforata, R. crenulata, T. orionatus, Z. diplogrammus, Z. embergeri, Z. howei

andZ. noeliae.

Interval B: from sample slt690 to sample slt1980. Theeasblage is similar to that &riterval
A, but shows a decrease in the abundaoic®. signata C. fossilis C. cf. C. percensis, G.
segmentatum, S. horticaedT. minimusIn this intervalT. gabalusandZ. erectuglarge form) are

present in a more cantious way.

Interval C: from sample slt2070 to the top of the studied interval. The assemblage is still
dominated by the same taxa loftervak A and B, althoughther isan increase in the relative
abundance of. brooksii, E. gorkaek. perchnielseniae, Hrabeculatus, M. decoratus, S. horticus

andT. orionatus
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Fig.4.4.1: Calcareous nannofossil bioevents and zones/subzones of the Clote de Chevalier section.
Lithostratigraphy, isotope stratigraphy after Gale and Jenkyns (unpublished data); planktonic foraminiferal
zones after Falzoni and Petrizzo (unpublished data)

Chronostratigraphy

The Cenomanian/ Turonian boundary wi&suvehbhsaced a

discussed by Tsikos et al. (2004) dmghlighted at the Turonian GSSP (Kennedy et al., 2005).
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4.5 Tarfaya Core (S57) i Morocco

Geographical setting and lithology

The Tarfaya Core (S57) is located in Seukst Morocco Fig.4.51). It was drilled by Shell
during exploration in the late 1970s to early 1980s and logged and sampled in October 2001 at the
Ocean Drilling Program Core Repository in Brementn@my, where it is currently stored (Tsikos
et al., 2004). The Mesozoic Tarfaya Basin extends along the coast of southern Morocco between
28° N and 24° N and is part of the western margin of the Sahara platform, which has been

tectonically stable since tlgretaceous (Keller et al., 2008).
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Fig.4.5.1: Location of Tarfaya Core section i Morocco (after Tantawy, 2008)

The studied interval comprises 37 m of orgaitib calcareous sediments, characterized by
rhythmic alternations of decimetseale, darkandlight-coloured layers separated by gradational
contacts (Tsikos et al., 2004). Studied samples were collected by Tsikos et al. (2004) for their work
on carborsotope stratigraphiy the OAE2interval.

Previous studies

Tsikos et al. (2004) presented detailed catisotope stratigraphy for OAE2 from three
localities (Eastbourne, England; Gubbio, Italy; Tarfaya, Morocco) compared with data from
Pueblo. At Tarfaya they recognized the LOAofalbianusin the first part ofthe positive shift of
U*C curve and they usdtie FO of Q. gartneri,just above the end of the C isotopic anomaly, to

approximate the Cenomanian/Turonian boundary.
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Results

Nannofossil investigation was performed on 67 samples from the interval betwdéna@a.
59.61 mbs. | produced a sequantitative range chart of all tax@ap4.5 Appendix 10see CD
attachefl Preservation of nannofossils is generally pooderate to moderate and total abundance
varies from very lowow to mediumhigh. Zonal and suwonal markers identified are listed below,
from the oldest to the youngest:

LO of C. kennedy{sample T20, 56.00 mbs)

LO of A. albianugsample T30, 54.08 mbs)

LO of L. acutug(sample T43, 51.47 mbs)

FO of Q. intermediunb (sample T58, 48.42 mbs)
FO of E. eptapetalugsample T59, 48.23 mbs)
LO of H. chiastia(sample T73, 42.27 mbs)

FO of Q. gartneri(sample T74, 42.07 mbs)

= =4 4 A4 A -8 -

All these events have been integrated with previous data presented by Tsikos et al (2004) to

determine biozones and subzones aftertteetzonations adopteig.4.5.2. In particular:

Following Burnett (1998), zones and subzones UO8BY were identified. The boundary
between zones UC3 and UC4 could not be placed for the absence of the Rndiegcusin the
assemblage. As far as subes are concerned, only the boundaries between subzones UC3d/UC3e
and UC5b/UC5c could be identifiedlso, the occurrence df. striatusin one sample prevented
the subdivision of subzones UC4a/UC4b. The boundary between subzones UC5a/UC5b is
indicated bythe LO of A. albianus | found this event belowhe LO of L. acutusin a reversed
sequence relative to the scheme of Burnett (1998 FO of E. eptapetalusccurs before the LO
of H. chiastig at lower level than reported by Burnett (1998), thtsventing the placement of
UC6a/Uc6b subzonal boundary.

Following Bralower et al. (1995), all the zonal and subzonal markers were identified and zones
NC11-NC13** were identified.

Following Sissingh (1977), all the zonal and subzonal markersidenéfied and zones CC10
CC11 were identified.
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Fig.4.5.2: Calcareous nannofossil bioevents and zones/subzones in the Tarfaya Core section.
Lithostratigraphy, isotope stratigraphy and planktonic foraminiferal zones after Tsikos et al. (2004).

Calcareous nannofossil assemblages

A total of 105taxawere observed in the studied sectiBased on semiquantitative abundances,

nannofossil assemblage can be separated in the following intervals, from oldest to youngest:

Interval A: from sample T1 to sample T28hd@ assemblage comprises frequent to comvion
barnesiae, Z. howgfrequentE. floralis, W. manivitiagrare to frequenB. constans, E. gorkae, E.
turriseiffelii, H. trabeculatus, P. cretacea, R. planus, R. angustiforata, R. crenulata, R.

achlyostaurion;T. orionatus, Z. bicrescenticus, Z. diplogrammus, Z. scutula

Interval B: from sample T30 to sample T73. The assemblage shows a decrease in total
abundance of nannofossivith a reduction of species richne¥¥. barnesiae, W. manivitendZ.
howeiremain the dominant taxathoughbecome less commoS8. halfaniiandT. decorusecome

rarer and sporadic.

Interval C: from sample T74 to the top of the studied interval. The assemblage is similar to that
of Interval B and is still dominated by the samaga, althoughthere isa decrease in species

richnessA. terebrodentarius, A. enormis, C. ehrenbergii, L. armilla, P. columnata, P. ponticula, P.
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spinosa, R. angustiforata, R. crenulata, R. surirella, R. angustus, R. asper, S. ellipticus, S. laffittei,

S achylosus, T. gabalus, Z. embergeri, Z. erearasstill present in the assemblage but become

rarer and sporadic.

Chronostratratigraphy

The

Cenomani

an/ Turoni an

reported by Tsikos etl.g2004).

4.6 ODP Site 1138

Geographical setting and lithology

ODP Site 1138 is situated dhec e nt r a |

boundary

Kerguel en Pl ateau

wisure hsaced a
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depth 1141 mFig.4.61), a large igneous province (LIP) formed in Cretaceous tBmgpboard
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Other sites drilled on the Kerguelen Plateau are also reported

Fig.4.6.1: Location of ODP Site 1138.

(after Shipboard Scientific Party, 2000)

In Hole ODP 1138A a 689 4thick sequence of Pleistocene to Cenomanian sediments overlying

144 m of volcanic basement was recovered. The studied interval goes from 580 to 700 mbsf, of

Early Campanian to Late Cenomanian a@higboard Scientific Party2000). The youngest
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Cretaceous sediments analyzed in this work belong to the lithologic SubBnitonsisting of
white to very light grey foraminifebearing chalk. The underlying Unit IV consists of cyclic
alternations of light grey foraminifdrearing chalk with grey through greengtey to black
intervals of nannofossil claystone. The dareygto black nannofossil claystone beds become
increasingly prominent in the lower portion of Core 67R and increasingly black andotiay
toward the base. The darkest interval, occurring at the base of Unit IV (Coré) 68k a high
organic carbon coant (2.24% total weight), seems to represent the sedimentary expression of the
CenomaniasTuronian Oceanic Anoxic Event (OAE 2). Unit V consists of glaucdrei@ing to
glauconitic calcareous sandstones. Unit VI consists predominantly of dark browaolayyone
with interbedded sandstone and conglomerate with no nannofossil capbgoibqard Scientific
Party 2000).

Previous studies

Paleontological data from ODP Site 1138 have been presented in the ODP volume of Leg 183,
indicating a Maastrichtian toufonian assemblage of nannofossils and foraminifers from Core 52
to Core 71 (Shipboard Scientific Party, 2000). The nannofossil zonation used for the Upper
Cretaceous during Leg 183 is the one of Watkins et al. (1996), ddtigle scheme developed
for the Southern Ocean based on DSDP/ODP successions throughout this region. Foraminifer
zonation is based on Cita et al.é6s (1997) Upper
Petrizzo (2001) and Holbourn & Kuhnt (2002) presented data on plankedc benthic
foraminifera, respectively, to improve the Southern Ocean foraminifer biozonation and to evaluate
how faunal changes are linked to sedimentary and palaeoenvironmental changes on the Kerguelen

Plateau.
Results

Nannofossil investigation was permed on 43 samples from the interval between 689.78 and
592.96 mbsf, the same studied by Petrizzo (2001) to determine planktonic foraminiferal
biozonation. | produced a sefwpuantitative range chart of all taxéap4.6, Appendix 11see CD
attachell Preservation of nannofossils is generally modegated and total abundance varies from
low to medium. Zonal and subzonal markers identified are listed below, from the oldest to the

youngest:

LO of A. albianugsample 1831138A69R-6, 7577; 657.82 mbsf)

LO of L. acutugsample 183L1138A69R-6, 7577; 657.82 mbsf)

LO of C. kennedy{sample 183.138A-69R-6, 7577; 657.82 mbsf)

FO of A. octoradiata(sample 183 138A-69R-5, 1315; 655.70 mbsf)

FO of Q. intermediunb (sample 183138A69R-4, 119120; 655.29nbsf)

= =4 -4 -4 -
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FO of E. eptapetalugsample 183L138A69R-6, 119120; 655.29 mbsf)
FO of Q. gartneri(sample 1831138A69R-4, 51-53; 654.60 mbsf)

LO of R. aspel(sample 1831138A-69R-3, 41-43; 653.00 mbsf)

FO of K. magnificugsample 183L1138A68R-4, 2527; 644.91Imbsf)

FO of E. eximiugsample 183L1138A68R-1, 119121; 641.59 mbsf)

FO ofL. septenariugsample 183L138A67R-2, 6870; 632.79 mbsf)

LO of L. septenariugsample 183L138A67R-1, 7679; 631.46 mbsf)

FO of A. parcus expansysample 1831138A66R-4, 7275; 626.32 mbsf)
FO of M. staurophorgsample 183L138A66R-4, 7275; 626.32 mbsf)
FO of R. anthophorugsample 183 138A66R-4, 72-75; 626.32 mbsf)
FO ofL. cayeuxii(sample 1831138A-66R-4, 7275; 626.32 mbsf)

FO of A. parcus parcugsample 1831138A65R-1, 7578; 612.25 mbsf)
FO ofR. levis(sample 183L1138A65R-1, 7578; 612.25 mbsf)

FO of A. parcus constrictugsample 183 138A-63R-1, 7678; 592.96 mbsf)

= =4 4 A4 -4 -4 -8 -2 -2 -8 -2 -2 -3 -°

All these events have been integrated with previous data presented by Shipboard Scientific
Party (2000) to determine biozones and subzones #ftethree zonations adoptedgB.6.2. In

particular:

Following Burnett (1998), zones and subzones UC3b, U@B8a, UC11dJC12 and UC14
were recognized. Sample 18338A69R5, 1315 is attributed to subzes UC3eUC6a: the
absence of markers preveatbetter subdivision of this interv@ubzones UC3/C11b werenot
recognized ashe uppermost sample fro@ore 67 belongs to subzone UC&adthe lowermost
sample of Core 66R contaiths cayeuxiiwith no L. septenarius which define zone UCA The
boundary between zones UC12 and UC13 could not be placed for the absence of thdmarker

cymbiformisin the assemblage.

Following Bralower et al. (1995), zones NGMTC15 and NC172NC18 were recognized. Zone
NC16 wasnot recognized ashé uppermost sample from Core 67 belongs to zone NC15 and the
lowermost sample from Core 66R belongs to zone NC17. The boundary between zones NC14 and

NC15 could not be placed for the absence of the matk&urcatusin the assemblage.

Following Sissingh (1977), zones CCOC13, CC16 and CC18 were recognized. Zones €C14
CC15 were not recognized dwetuppermost sample from Core 67 belongs to subzone CC13b and
the lowermost sample from Core 66R belongs to zone CC16. The CC12/CCTXaftCC17
zonal boundaries could not be placed for the absence of mdtk&rscatusandC. obscurusn the

assemblage.
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Fig.4.6.2: Calcareous nannofossil bioevents and zones/subzones at ODP Site 1138.
Lithostratigraphy after Shipboard Scientific Party (2000); planktonic foraminiferal zones after Petrizzo (2001)

Calcareous nannofossil assemblages

Samples 183138A73R-2, 4750 and 1831138A72R-1, 57 do not contain calcareous
nannofossils. Fronsample 183 138A-69R6, 7577 upwardsl60 taxa were observed in the

studied section. Based on semiquantitative abundamze®)ofossil assemblages can be separated

in the following intervals, from oldest to youngest:
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Interval A: sample 183l138A69R-6, 7577. The assemblage is characterized by comBion
constans, R. parvidentatum, Z. noelisspresenting the dominant taxa, and freqiergorkae, E.
turriseiffelii, E. floralis, H. trabeculatus, W. barnesia#, manivitiae, Z. noeliaand Z. scutula.
This sample contains also rare to frequé@ntalbianus, C. kennedyi, G. nanum, L. acutus, S
gausorhethiunandC. naturalisteplateauensis

Interval B: from sample 183138A69R5, 1315 to samplel83-1138A68R-1, 7578. The
assemblage is characterized by frequent to comiotrabeculatus, P. cretacea, W. barnesiae, W.
manivitiae,and Z. scutulawhich become dominant taxa as well Bisconstansand Z. noeliae,
whilst R. parvidentatumshows a low decrease in abundanCgher frequent taxa aré.
octoradiata, E. gorkae, G.egmentatunmand T. salillum K. magnificusbecome frequent in the
assemblage from sample 18338A-68R-3, 120122.

Interval C: from samplel831138A67R2, 6870 to samplel83-1138A67R-1, 7679. The
asemblage is similar to that ofterval B and still doinated by the same taxa. Howeuer

eximiusandL. septenariusire frequent in this interval whilE. gorkaebecome rare and sporadic.

Interval D: from sample 183138A66R-4, 7275 to the top of the studied interval. Changes in
the assemblage comprisit. staurophorais the dominant taxoni. parcus expansusecomes
consistently present and frequent in the assemblage as wéll. amceps. E. eximius, G.
segmentatum, P. cretacea, W. barnesiad W. manivitiaeare still frequent andk. magnificus
increasein abundance whilsB. constansZ. noeliaeand Z. scutulabecome rarer. No morE.

floralis, E. eptapetalus, L. septenarius, S. achyl@susT. salillumhave been noticed.
Chronostratigraphy

Nannofossil investigation was performed on the same sampldied by Petrizzo (2001) to
determine plantonic foraminiferal biozonatioiiFig.4.6.2. To place stage boundaries | integrated
my own data with those presented by Petrizzo (2001):

The Cenomanian/Turonian boundary was placed at FQ ghrtnerias suggded by Tsikos et
al., (2004). In the same samptbe LO of G. bentonensisvas reported by Petrizzo (2001): this
event may be used approximateghe Cenomanian/Turonian boundary as indicated by Kennedy et
al., (2005).

The Turonian/Coniacian boundary wakqged in the neecovery interval of Core 66R as
suggested by the presence &f achylosusand by the absence @éf. parcus expansuand M.
staurophoran the uppermost sample of Core 67R. The uppermost rarf§ieachylosus given as

Early Cenomanian byPerchNielsen (1985), but it has been recorded in the Turonian of the



50 4. Results

Naturaliste Plateau at DSDP Site 258 by Thierstein (1974), Watkins et al. (1996), Burnett (1998)
and Lees (2(®).

The Coniacian/Santonian boundary was plaaeavethe FO of L. cayeuxii(Gale et al., 2007;
Howe et al., 2007; Melinte & Lamolda, 2007) in tke marginataplanktonic foraminiferal zone
after the FO of H. papula a useful event to identify the Coniacian/Santonian boundary in the
Southern Ocean record (Petrizzo, 2003).

The Samnian/Campanian boundary was placethat~O of A. parcus parcusvhich falls very
close to the end of Chron 34N as reported by Bralower et al. (1995).

4.7 ODP Site 1261

Geographical setting and lithology

ODP Site 1261 is situated on the dippimgprthwestfacing slope of Demerara Rise.
(9A2. 9168NjN, 54A19. 0384 Njw4.71p DamsraraRise iz a praminend e pt h 1
submarine plateau located at ~5°N off the coasts of Suriname and French Guyana and is built on
rifted continental crustf Precambrian and early Mesozoic age (Shipboard Shientific Party, 2004).
ODP Site 1261 is the shallowest site of those forming the paleoceanographic depth transect across
Demerara Rise.

T57°W 56° 55° 54° 53° 52°

Fig.4.7.1: Location of ODP Site 1261.
Other sites drilled on the Demerara Rise during Leg 207 are also reported
(after Hardas & Mutterlose, 2006)
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In Hole 1261A a 478 rhick sequence of Pleistocene to Cenomanian sediments was recovered,;
the igneous basement was not reached. The upper 28@nmval was only recoveredybsix spot
cores. The studieguccessiomgoes from 564.20 to 635.40 mbsf, of Late Cenomanian to Santonian
age (Shipboard Scientific Party, 2004). The Cretaceous sediments analyzed in this work belong to
the lithologic Unit 1V, consisting of black, finelyiminated claystone with organic matter to olive
gray laminated clayey limestone and clayey chalk with nannofossils. The two major lithologies in
Unit IV, laminated claystone and laminated nannofossil chalk and limestone, show cyclic
alternations and gradahal contacts over a centimeter to decimeter scale (Shipboard Scientific
Party, 2004).

Previous studies

The shipboard examination of calcareous nannofossils and planktonic foraminifera from core
catcher samples was supplemented by additional samplesheooares, thus allowing to identify
an apparently continuous Upper Cenomanian to Santonian interval from Core 50R to 41R. The
Sissingh (1977) zonation was applied and zones €X1D4 were identified. The zonation used
for Cretaceous planktonic foraminifeis based on the tropical zonal schemes of Caron (1985) and
Sliter (1989) (KS Zones) with modifications by Bralower et al. (1993, 1995, 1997) and Premoli
Silva and Sliter (199, 1999). Previous studies on the sediments from ODP Leg 207 were also
presentedby Erbacher et al. (2005) on carbon isotope stratigraphy across the Cenomanian/Turonian
boundary interval and by Hardas & Mutterlose (2006, 200@p performed higkresolution
biostratigraphic analysis and paleoecological studies on calcareous nansoifosgie same

interval.
Results

Nannofossil investigation was performed on 116 samples from the interval between 635.40 and
564.20 mbsf, the same studied by Tamagnini (2007). | integrated her data with rtty praduce
a semiquantitative range chart afl taxa Tab4.7, Appendix 12see CD attach@dPreservation of
nannofossils is generally moderate and total abundance varies from vdonlder mediumhigh.

Zonal and subzonal markers identified are listed below from the oldest to the youngest:

FO of E. eptapetalugsample 207126 1A47R-5, 140141; 628.57 mbsf)
FO of Q. intermediund (sample 20-4261A47R-5, 146141, 628.57 mbsf)
LO of H. chiastia(sample 2071261A-47R-5, 140141; 628.57 mbsf)

FO of Q. gartneri(sample 2071261A47R-5, 5051; 627.57 mbsf)

FO of K. magnificugsample 2071261A46R-1, 4041; 612.20 mbsf)

FO of E. eximiugsample 2071261A45R-2, 9091; 604.60 mbsf)

FO ofL. septenariugsample 2071261A45R-1, 83-81; 603.00 mbsf)

= =4 -4 A4 -—a -—-a -
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FO of A. parcus gpansugsample 2071261A-44R-3, 120-121; 596.80 mbsf)
FO ofZ. biperforatugsample 2071261A43R-2, 5051; 585.00 mbsf)

FO of M. furcatus(sample 2071261A43R-1, 6061; 583.60 mbsf)

FO of M. staurophorgsample 2071261A42R5, 100101; 580.40 mbsf)
FO d R. anthophorugsample 2071261A42R-3, 140141; 577.80 mbsf)
FO ofL. grillii (sample 2071261A41R-7, 2021; 573.00 mbsf)

LO of Q. gartneri(sample 2071261A41R-5, 6061; 570.40 mbsf)

FO ofL. cayeuxiiisample 2071261A41R-3, 143141; 568.20 mbsf)

= =4 4 A4 -4 -—a - -2

All these events have been integrated with previous data presented by Shipboard Scientific
Party, (2004) and by Hardas & Mutterlose (2006) to determine biozones and subzones after the

three zonations adopted (FdZ.9. In particular:

Following Burnett (998), all the zonal markers were recognized and zonesUW{3 were
identified. The UC6a/UC6b subzonal boundary could not be pldmtbuseE. eptapetalusndH.
chiastiaoccurin the same sample. The occurrenc& obiperforatusabovethe FO of A. parcus
expansusat a higher level than reported by Burnett (1998), prevented the subdivision of subzones
UC9a and UC9b.

Following Bralower et al. (1995), all the zonal and subzonal markers were recognized and zones
NC11*NC17* were identified.

Following Sissigh (1977), all the zonal and subzonal markers were recognized and zones
CC10CC16 were identified.

Calcareous nannofossil assemblages

A total of 142taxawere observed in the studied sectiBased on semiquantitative abundances,
nannofossil assemblageses@ characterized to separate the following intervals, from oldest to

youngest:

Interval A: from sample207-1261A-48R-3, 140-141.5t0 sample207-1261A-46R-1, 8081
The assemblage is characterized by frequent to conBnoonstans, C. signum, turriseiffelii, P.
cretacea W. barnesiaeZ. howeiand Z. noeliae representing the dominant taxa and frequent

floralis, P. ponticulaP. spinosa, R. angustus, S. elliptieuslZ. diplogrammus
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Interval B: from sample207-1261A46R-1, 4041 to sample 201261A43R-4, 1011 The
assemblage is similar to thatloterval A althoughZ. howeiandZ. noeliaeshow a low decrease in
abundance, remaining frequent but no more dominanT asdlillumstarts to become continuously
frequent to common in the assembla@glmng with previously recorded taxa, this interval shows a
decrease in the occurrencesQf litterarius, E. keio, G. coronadventiR,. planus,R. asper, R.

crenulatusandT. stradneriwhich become more sporadic whifst segmentatunh.. quadricuspis,

Fig.4.7.2: Calcareous nannofossil bioevents and zones/subzones at ODP Site 1261.
Lithostratigraphy and planctonic foraminiferal zones after Shipboard Scientific Party (2004);
isotopic stratigraphy after Erbacher et al. (2005)

Q. aartneri, R. coronatuandT. orionatusare present in a mofeequent anadontinuous way.
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Interval C: from sample 20-4261A43R-3, 100101 to sample 201261A-42R-6, 5051 This
interval shows an increase of total abundasce a rise in species richne8s,cretaceaand W.
barnesiaebecone common to abundanfhe assemblage is still dominated by the same taxa of
Intervak A and Bandit records an increase in the relative abundanca. déirtivus, A. parcus
expansus@. obliquumL. armilla, M. simplexandO. robinsonii.M. furcatusstarts to occuin this
interval becoming frequent soon after its FHB) eptapetalusL. quadricuspis S. ellipticusand S.
halfaniinstead, show a decrease in their relative abundance.

Interval D: from sample207-1261A-42R-5, 140-141 to the top of the studied intervalhe
assemblage is characterized by frequent to com@osignum M. staurophora,P. cretaceaP.
spinosaand W. barnesiaaepresenting thelominant taxaA. parcus expansu$. constans, B.
ambiguous, E. eximiusg. gorkae, E. turriseiffelii, G. segmentatum, L. septenarius, M.
pemmatoidea, M. belgicus, M. decoratus, T. miniamcT. salillumare consistently present and
frequent in the assemblage as wellGsobliquumand L. armilla whilst B. signataand S. crux

becomemoresporadic.
Chronostratratigraphy

To place stage boundaries | integrated my own data with those presented by Shipboard
Scientific Party (2004), Erbacher et al. (2005) and Hardas & Muttgj2066)

The Cenomanian/Turonian boundary was platdgteaend of the positive shift i C cur ve as
discussed by Tsikos et al. (2004) dmghlighted at the Turonian GSSP (Kennedy et al., 2005).

The Turonian/Coniacian boundary was placed betwleeRO of M. furcatusandthe FO of M.
staurophoraafter theLO of S. achylosui the G. elevataPF zone as suggested by Lees (2008),
Walaszczyk et al. (2010) and Gradstein et al. (2012).

4.8 ODP Site 763

Geographical setting and lithology

ODP Site 763B is situated on the western par:t
112A126E; present Figvadtl)ea thirohedpdullsided 8n@ Bedimsterved
continental block about 20 km thick, representing a passive continental nwethira wide

continent/ocean transition (Wilcox & Exon, 1976; Haqg et al., 1992).

In Hole 763B a 653.5 fthick sequence of Eocene to Berriasian sediments was recovered; the
igneous basement was not reached. The studied interval goes from 313 to 364 rilasly of

Campanian to Late Turonian age (Shipboard Scientific Party, 1990). The Cretaceous sediments
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analyzed in this work belong to the lithologic Subunits 1lIB and HlIC. The upper IlIB Subunit
consists of greegray to light greergray foraminifernannofosil chalk, the underlying Subunit

IIIC consists of graygreen and greegray colourbanded nannofossil chalk with clay. The contact
between Subunits IlIB and IlIC at 353.0 mbsf corresponds approximately to a condensed interval
or a hiatus (Shipboard Scidit Party, 1990).
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Fig.4.8.1: Location of ODP Site 763. Other sites drilled on the Exmouth Plateau are also reported
(after Shipboard Scientific Party, 1990)

Previous studies

Previous studies on nannofossils of Site 763 were presbpt&dalower & Sieser (1992)in
the ODP volume of Leg 122. They performed a biostratigraphic study of Cretaceous calcareous
nannofossils of Exmouth and Wombat Plateaus. An apparently continuous Upper Aptian to Upper
Campanian interval was recognized in Hole 763B, from @8deto Core 8X. The Sissingh (1977)
and Roth (1978) zonations were applied and zones@CT2Z2 and NCANC20, respectivelywere
identified. Foraminiferal investigation was performed by Wonders (1992), who described faunas
occurring atODP Site 763. Petrizz¢2000) presented new data on planktonic foraminifera from
this site and from other southern nfighh latitudes sections to improve the Southern Ocean

planktonicforaminiferal biozonation.
Results

Nannofossil investigation was performed on 92 samples thamnterval between 364.22 and
313.72 mbsf, the same studied by Petrizzo (2000) to determine planktonic foraminiferal

biozonation. | produced a sewpiantitative range chart of all taxéap4.8, Appendix 13see CD
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attachell Preservation of nannofossits generally moderate and total abundance varies from low
to mediumhigh. Zonal and subzonal markers identified are listed below from the oldest to the
youngest:

FO of M. furcatus(sample 122763B-20X-2, 56:58; 363.06 mbsf)

FO ofL. septenariugsample 12-763B-20X-2, 4042; 362.92 mbsf)

FO ofZ. biperforatugsample 122763B-19X-CC, 1517; 360.97 mbsf)
FO of A. parcus expansysample 122763B-19X-5, 140142; 358.92 mbsf)
FO of M. staurophorgsample 122763B-19X-2, 7678; 353.78 mbsf)

FO ofL. grillii (sample 122763B-18X-2, 7072; 344.22 mbsf)

LO of L. septenariugsample 122763B-17X-4, 86:88; 337.88 mbsf)

FO ofL. cayeuxii(sample 122763B-17X-1, 1921; 332.71 mbsf)

LO of E. floralis (sample 122763B-16X-4, 139141; 328.91 mbsf)

FO of A. cymbiformigsample 122763B-16X-2, 1618; 324.68 mbsf)

FO of A. parcus parcugsample 122763B-15X-6, 13-12; 320.92 mbsf)
FO ofR. levis(sample 122/63B-15X-4, 5658; 318.56 mbsf)

FO of A. parcus constrictugsample 122763B-15X-1, 86:88; 314.38 mbsf)

= =4 4 A4 -4 -4 -5 -2 -8 -8 -2 -2 -»

All these evats have been integrated with previous data presented by Bralower & Siesser
(1992) to determine biozones and subzones after the three zonations adiigpte8.2). In

particular:

Following Burnett (1998), all the zonal markers were recognized and zor@&)OCA were
identified. Only in zones UC9 and UC14 subzonal boundary events could be identified. As far as
subzones are concerned, the absencé. ékrguelensiprevented the subdivision of zone UC10
into subzones UC10a and UC10b. Subzones UC1lla, UCldHJ&ilc were not separated,

because the sequence of events is different relative to the scheme of Burnett (1998).

Following Bralower et al. (1995), all the zonal markers were recognized and zones NC14
NC18* were identified.

Following Sissingh (1977), zon&3C12CC18 were identified. The boundary between zones
CC16 and CC17could not be placed for the absence of the nGarkbscurusn the assemblage, |
therefore approximate this boundary at the extinction levé. dforalis, as suggested by Perch
Nielsen (1985).
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Lithostratigraphy after Shipboard Scientific Party (1990); planktonic foraminiferal zones after Petrizzo (2000).
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Calcareous nannofossil assemblages

A total of 117taxawere observed in the studied sectiBased on semiquantitative abundances,
nannofossil assemblages were characterized to separate the following intervals, from oldest to
youngest:

Interval A: from sample 12763B-20X-CC, 20-22 to sample 12763B-19X-2, 126122. The
assemblage is characterized by frequent to comioharnesiaeandW. manivitiaerepresenting
the dominant taxa and frequdateximiusE. floralis, P. cretacea, P. ponticundQ. gartneri

Interval B: from sample 12Z63B-19X-2, 7678 to sample 12Z263B-18X-4, 116118 The
assemblage is similar to thatloterval A and still dominated Byatznaueriahoweverthe genus
Micula become frequent soon after the first occurrendd.aftaurophora

Interval C: from sample 122Z63B-18X-4, 6264 to sample 12Z63B-17X-5, 91:93. W.
barnesiaeandW. manivitiae still dominate the assemblage white eximiusP. cretaceaandP.
ponticulaare frequent (similar to intervals A and K). ehrenbergiincrease in abundae from
rare to frequent as well ad. cubiformis M. staurophoraand M. swastika.ln this interval E.

floralis andQ. gartnerishow a decrease in abundance becoming rare and sporadic.

Interval D: from sample 12Z63B-17X-5, 5052 to sample 12Z263B-16X-5, 140142. The
assemblage is characterized by frequent to comiMoabarnesiaeW. manivitiae, M cubiformjsu.
staurophora, E. eximiysC. ehrenbergii, P. cretaceand P. ponticula,which become dominant
taxa.A. parcus expansuzecome consistently prageand frequent in the assemblage as well.as

grillii andG. segmentatunvhilst K. magnificusbecome sporadic.

Interval E: from sample 12763B-16X-5, 7072 to the top of the studied intervalv.
barnesiaeW. manivitiae P. cretaceaand M. staurophoraare the dominant taxa with frequeft
parcus expansus, H. anceg, ehrenbergii, E. eximius, L. grillii, M cubiformis, P. ponticuldae
regular occurrence @f. cayeuxij the increase dR.cf. R.levisand the decrease in abundanc#lof

furcatusandM. belgicushave been noticed.

Chronostratratigraphy

Nannofossil investigation was performed on the same samples studied by Petrizzo (2000) to

determine plankinic foraminiferal biozonation and data were integrabepldce stage boundaries

The Turonian/Coniacian boundary was placed betwierO of A. parcus expansuandthe
FO of M. staurophorain the F. maslakovaglanktonic foraminiferakone as suggested by Lees
(2008) and Walaszczyk et al. (2010).
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The Coniacian/Santonian boundary waacpd betweerthe FO of L. grilli andthe LO of L.
septenariusn the D. asymetricgplanktonic foraminiferakone.The FO of L. cayeuxiiis supposed
to be the last nannofossil event of the Coniafaale et al., 2007; Howe et al., 2007; Melinte &
Lamolda 2007)but in Hole 763Bit occursat ahigher level. Ifound this eventn sample 122
763B-17X-1, 1921, although other specimens possibly related to this speoigsur in lower
samples. High occurrence &f cayeuxiiin this section may be justified bye increasen
abundancef the species in Middle Santonian as indicated by Hampton et al. (2007).

The Santonian/Campanian boundary was placed at the eridl a@fsymetricaplanktonic
foraminiferalzone which corresponds to the beginning of Chron 33R imé¢hebyODP Site 762
(Petrizzo, 2000; Petrizzo et al., 2011).
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Chapter 5

Discussion

In this chapter my results are compared to the available nannofossil biozonation of the Late
Albian-Early Campanian time interval and relative to data documented in the literature. The
nannofossil events (zonal and subzonal markers are discussed toeettairateproducibility in
different sedimentary basins and/or at different p&éitudes. Moreover, additional potential
events are discussed in comparison with zonal and subzonal markers. Nannofossil characterization
of stage boundaries is examined foovide information for potential future application and

evaluation of reliability.

5.1 Calcareous nannofossil events: reproducibility and reliability

Summarizing my results, a total of 17 zonal and 4 subzonal markers have been recognized as
reported inFig. 5.1.1.

A few nannofossil biohorizons used in the zonal schemes were not identified due to their
absence or extreme rarity in the studied sections, or because were found at significantly different
stratigraphic level relative to the timing attributiomnadopted zonations. The following section is
the discussion (from oldest to youngest) of the reasons for not using such bioevents. Events used

for zonal boundaries are in bold.

1 LO of H. albiensis Due to potential taxonomic discrepancy, this taxon veasdentified in
the studied material. However, the LO ldf irregularis occurs in the studied section at
similar stratigraphic level. It might well be that the two apparently different biohorizons are
actually the same event.
FO of C. anfractus This taxon was never observed in the studied sections.
LO of W. britannica This taxon is extremely rare in the studied sections and, therefore,

considered not reliable as marker.
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Fig.5.1.1 Zonal and subzonal events recognized in the studied interval. Zonal markers are indicated in bold

LO of G. chiasta This taxon is extremely rare in the studied sections and, therefore,

considered not reliable as marker.

FO of H. anceps This taxon is extremely rare in the studied sections and, therefore,

considered not relidd as marker.

FO of G. segmentatumIn the studied sections, this taxon was consistently observed in

stratigraphic levels younger than early Cenomanian.

LO of Z. xenotusThis taxon was never observed in the studied sections.

FO of C. sculptus In the stdied sections this taxon was detected below the FQ.of

kennedyiiin stratigraphic levels older than late Early Cenomanian.

FO of M. decoratus Extremely rare specimens of this taxon were observed in the

lowermost Cenomanian of the Monte Petrano secsignjficantly before the known age of

its FO andtherefore was not used as marker. However, it should be noticed that after an

interval of absence, the beginning of the continuous range was detected at a stratigraphic

level consistent with the FO as refsal in biozonations.

LO of G. theta This taxon was never observed in the studied sections.

FO of A. octoradiata This taxon is extremely rare in the studied sections and, therefore,

considered not reliable as marker.
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1 LO of G. nanum In the studied matei this species displays sparse distribution and very
low abundances.

i FO of R. biarcus This taxon is extremely rare in the studied sections and, therefore,
considered not reliable as marker.

1 LO of C. striatus This taxon is extremely rare in the studigections and, therefore,
considered not reliable as marker.

1 FO of Q. intermediumThe FO of this taxon was found at different stratigraphic levels in
the studied sections and, consequently, is disregarded as subzonal event.

i FO of E. eptapetalus(= E. mordus). The FO of this taxon was found at different
stratigraphic levels in the studied sections and, consequently, is disregarded as subzonal
event.

1 LO of R. asper.This taxon becomes rare above the Albian and therefore its disappearance
level could not beletermined in sections just covering the Cenomanian/Turonian boundary
interval. MoreoverR. aspemwas found through the Turonian at ODP Site 1261.

1 FO of L. maleformis. This taxon is extremely rare in the studied sections and, therefore,
considered not rible as marker.

1 FO of L. quadrifidus.This taxon is extremely rare in the studied sections and, therefore,
considered not reliable as marker.

T FO of T. ecclesiasticaThis taxon is extremely rare in the studied sections and, therefore,
considered not redble as marker.

1 FO ofZ. biperforatusThis taxon is rare in the first portion of its stratigraphic range and the
FO was found at different levels in the studied sections.

FO ofZ. kerguelensis This taxon is absent in the studied sections.

LO of Z. kerguelensis This taxon is absent in the studied sections.

FO of M. concava This taxon is extremely rare in the studied sections and, therefore,
considered not reliable as marker.

1 LO of Q. gartneri The stratigraphic position of this event was indicated by Burnett (1998)
as Late Coniacian with the remark that this biohorizon has a local validity. However,
Burnett (1998) did not specify the area where she found the LQ. gfartneri In the
studiedsectionsQ. gartneriwas observed up to the lowermost Campanian.

9 FO of C. obscurusThis taxon is absent in the studied sections.

Most zonal and subzonal events have been identified and are here reported from oldest to
youngest. Events used for zonal boarmels are in boldrigure 5.1.2 illustrates the reproducibility
of zonal and subzonal events in the late Albian to early Campanian. The Cenomanian/Turonian

interval is characterized by several nannofossil events that are detailed in Figs. 5.1.3 and 5.1.4.
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1 FO of E. turriseiffelii. This events Late Albian in age and occurs before the analyzed time
interval. In fact this taxon is present from the lowermost sample studied.

1 FO of C. kennedyi.This event was found in coeval levels (earliest Cenomanian) in the
studied sections.

1 FO of L. acutus This event was found in coeval levels (Middle Cenomanian) in the studied
sections.

1 LO of S. gausorhethiunthis event was found in coeval levels (Middle Cenomanian) in the
studied sections.

1 LO of C. kennedyiThis event was found in coeval levels (Late Geanian) in the studied
sections. In particular the LO &. kennedyt or r el at es wi t'% pdsitive ons et
excursion associated with OAE 2. In one studied section, similarly to data reported for the
Lower Saxony Basin (Linnert et al., 2010), ttagon was observed in the interval above its
LO.

1 LO of L. acutusand LO of A. albianus These events were found in coeval levels (Late
Cenomanian) in the studied sections. In particular their LOs correlate with the first part of
t h €C pbsitive excursiomssociated with OAE 2, between peaks A and B. However, the
order of these two events is not systematically reproduced. In one studied section, similarly
to data reported for the Lower Saxony Basin (Linnert et al., 2040klbianuswas
observed in the terval above its LO.

1 LO of H. chiastia.This event was found in coeval levels (latest Cenomanian) in the studied
sections. In particular the LO df. chiastia correlates with the uppermost part of the
ipl at e au'¥ pasifive éxtussionlassociated WIOAE 2. In one studied section,
similarly to data reported for the Lower Saxony Basin (Linnert et al., 2010), this taxon was

observed in the interval above its LO.
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1 FO of Q. gartneri. This event was found in coeval levels (earliest Turonian) in the studied
sections. In particular the FO @f. gartnerii s observed slight®y above
positive excursion (peak C) associated with OAE 2.

1 FO of K. magnificus. This event was found in coeval levels (Middle Turonian) in the
studied sections.

I FO of E. eximius. This event was found in coeval levels (Middle Turonian) in the studied
sections.

1 FO of L. septenarius.This event was found in coeval levels (Middle Turonian) in the
studied sections.

1 FO of M. furcatus. This event was found in coeval levels (Laieronian) in the studied
sections.

1 FO of A. parcus expansudhis event was found in coeval levels (Late Turonian) in the
studied sections.

1 FO of M. staurophora.This event was found in coeval levels (Middle Coniacian) in the
studied sections.

1 FO of L. grilli. This event was found in coeval levels (Late Coniacian) in the studied
sections.

1 FO of L. cayeuxii. This event was found in the Coniacian/Santonian interval of the studied
sections. However, its position relative to th® of L. septenariugs variable (before or
after).

1 LO of L. septenarius.This event was found in coeval levels (earliest Santonian) in the
studied sections.

1 LO of E. floralis. This event was found in coeval levels (Middle Santonian) in the studied
sections.

1 FO of A. cymbiformis.This event was found in coeval levels (edrfte Santonian) in the
studied sections.

1 FO of A. parcus parcusThis event was found in coeval levels (uppermost Santonian or
base of Campanian, see discussion in chapter 5.2) in the studiedsec

1 FO ofA. parcus constrictus'his event was found in coeval levels (Early Campanian) in the

studied sections.

5.2 Calcareous nannofossil events and Cenomanian-Campanian

stage boundaries

Here the nannofossil events discussed in section 5.1 are exhminthe context of stage

boundary definitions. Specifically, for each stage boundary the data documented for GSSP sections
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and/or presented for GSSP proposals are reported. Then the result of my investigation are
compared to provide information about thpplicability of nannofossil events also based on

literature screening.
Albian/Cenomanian boundary interval

The Mont Risou section in southeast France was chosen as GSSP for the base of the
Cenomanian (Troger & Kennedy, 1996; Gale et al., 1996; Kennedy.,e2004). The basal
boundary criterion selected by the Cenomanian Working Group is the FO of the planktonic
foraminifer Thalmanninella globotruncanoidegRotalipora globotruncanoidesr Rotalipora
brotzeniof some studies Fig.5.2.1).
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Fig.5.2.1 Zonal (bold) and subzonal (regular) events recognized in the Albian/Cenomanian boundary interval.
Additional bioevents are indicated in red

In the Mont Risou section, nannofossil investigations allowed to recognize two bioevents below
the boundary and one allwnamely: the LO dfl. albiensis the FO ofC. anfractusand the FO of
C. kennedy(Fig.5.2.1). The LO oH. albiensis a rare species, occurs just below the isotopic point
A of Clpasitive shift associated with the Breistroffer Level, represettiagsedimentary
expression of the OAE1d (Gale et al., 1996; Kennedy et al., 2004).

In available zonations, the LO bf. albiensiswas reported by Perdlielsen (1985) as subzonal
marker for CC9a/CC9b boundary and used by Burnett (1998) in her zonasabdwide UCOa
from UCOb. At Mont Risou, this event is followed by the FOQf anfractusjust below the
Albian/Cenomanian boundary, between isotopic interval C and point D (Gale et al., 1996; Kennedy
et al., 2004). This bioevent is used by Burnett (1988place UCOb/UCOc subzonal boundary.
Above the Albian/Cenomanian boundary the first event recognized is the Ekennedyiabove
the isotopic point D, near the top of the Mont Risou section (Gale et al., 1996; Kennedy et al.,
2004). The FO ofC. kenndyi is used by Bralower et al. (1995) and Burnett (1998) as an earliest
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Cenomanian biohorizon. This species was defined by Crux (1981), after publication of Sissingh
(1977) and Roth (1978) wor ks and theNelssadded t o
(1985) to place CC9b/CC9c subzonal boundary.

Two of the studied sections comprise the Albian/Cenomanian boundary interval, but only
Monte Petrano shows a complete record, at DSDP Site 463 the boundary falls-iecavesy
interval. Compared to the Mont$Riu section, only the FO @f. kennedywas identified at Monte
Petrano, occurring above the isotopic point D (Fig.5.2.1). Three additional events were also
observed in the Monte Petrano section, namely: the FQ@.o$tenostaurionthe LO of H.
irregularis and the LO ofC. stenostaurionThe FO and the LO df. stenostaurionvere reported
at Mont Risou, the first below the isotopic point A and the second at the end of the interval that
represents the isotopic peak B (Gale et al., 1996; Kennedy et al., 2004). At Monte Petrano |
identified a slightly longer total range for thiaxon, due to the wider extension of the section
below OAE1d.

The LO of H. irregularis seems to have potential biostratigraphic significance, at least at
regional level in the Umbridarche Basin. At the Le Brecce section, studied by Tiraboschi (2009),
the extinction datum of this taxon falls slightly above the isotopic point A. At the same level,
f ol | o wi™g dgsotdpib eurvell this bioevent was observed at Monte Petrano (Fig.5.2.1). At
Mont Risou,H. irregularis was not reported, but looking at thetiagtion datum ofH. albiensisit
is possible that this difference is due to taxonomic discrepancy and that the same species was given
different taxonomic interpretation. If this is correct, then the extinction datu iofegularis (=
H. albiensi$ falls around the isotopic point A also at Mont Risou (Fig.5.2.1).

At low-latitudes, the FO ofC. stenostaurionthe LO of H. irregularis and the LO ofC.
stenostauriormight be reliable events. The OAE1d falls within the stratigraphic interval covered
by these three bioevents. At low latitudes, the LOHbfirregularis is of latest Albian age, just
before the Albian/Cenomanian boundary. The FQ okennedyis the first, widely adopted and
easily recognizable, pebbundary bioevent. The age of this biohorizshould be revised as

earliest Cenomanian.
Cenomanian/Turonian boundary interval

The Turonian Working Group placed the base of the Turonian at the FO of the ammonite
Watinoceras devonensks GSSP is at Rock Canyon Anticline, Pueblo (Coloradengtsonet
al., 1996; Kennedy et al., 2005). The major carbon isotope anomaly is characterized by a complex
cur ve, with ACO peak (coinciding with the end o

occurring just above the boundary. Tsikos et al. (200d)ppo s e d t &°C exaumsiontfon e U

stratigraphic characterization, and specificall\
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Previous studies on calcareous nannofossils in the Pueblo section were published by Watkins
(1985), Bralower (1988) ari/atkins et al. (1993) as discussed in chapter 4.3. Further information
were given by Kennedy et al. (2000; 2005) with the definition of the GSSP (Fig.5.2.2).

Base of the Turonian Stage of the Cretaceous System at Pueblo,
Colorado, USA.

—— LO Mytioides mytioides

813 Corg %o

Turonian

Nannofossil data after: Watkins, 1985;

g = Bralower, 1988; Watkins et al., 1993;
° = T ey sy Kennedy et al., 2000; Tsikos et al., 2004;
8 103 LO Myticids pusbloansis Kennedy et al., 2005
& ' D ——
2
3
c Q. gartneri
| H. chiastia
Legend
B Lii

n L. acutus
I:lm, n A. albianus
C. kennedyi

Cenomanian

Fig.5.2.2 Calcareous nannofossil data at the Turonian GSSP. Lithostratigraphy, isotope stratigraphy,
biostratigraphy from https://engineering.purdue.edu/Stratigraphy/gssp/logturon.htm

In the Pueblo section, nannofossil investigation allowed to recognize five bioevents: four last
occurrences and one first occurrence (Fig.5.2.2). The LG5 é&knnedyiand A. albianuswere
reported by Bralower (1988) and Tsikos et al. (2004) between the is@egks A and B of the
positive $% icurve. The fLO ofth acutuswas observed by Watkins (1985) and
Bralower (1988) slightly below the isotopic point B. The LOHf chiastiaand the FO ofQ.
gartneri were reported by Watkins (1985), Bralow@988), Kennedy et al. (2000; 2005) and
Tsikos et al. (2004) in the interval around the Cenomanian/Turonian boundary, in close proximity
of the isotopic peak C (Fig.5.2.2). All these bioevents were adopted by Sissingh (1977), Bralower
et al. (1995) and Buett (1998) in their zonations to characterize the Cenomanian/Turonian

boundary interval.

Seven of the studied sections comprise the Cenomanian/Turonian boundary interval, but only
three of them show a complete record as well as correlations with ¢hamdo planktonic
foraminiferal biastratigraphy (Pueblo, Clote de Chevalier and Tarfaya). @rbese sections is
the reinvestigation of the Turonian GSSP. All the five bioevents reported in the GSSP were
identified in the studied sections, additionally four zonal and subzonal markers and a secondary
bioevent reported in the three Cretaceous zonmsiwvere recognized within this time interval. They
are: the FO oR. biarcus the LO ofC. striatusand the FOs of). intermediunb, E. octopetalus
andE. eptapetalugFig.5.1.3).


https://engineering.purdue.edu/Stratigraphy/gssp/logturon.htm
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The correlation among the studied sections shows that only five ofptbkta@ bioevents occur,
rel at i V€ cutve, atthb samdistratigraphic position. They are: the LOsl#nnedyiA.
albianus L. acutus H. chiastiaand the FO ofQ. gartneri the same five events reported in the
GSSP sectionR. biarcusand C. driatus are too rare to be suitable as biostratigraphic markers,
whilst the FOs of). intermediunb, E. octopetalusndE. eptapetalutave been found at different
stratigraphic levels in the studied sections and in previous studies (Fig.5.1.4). A suohrtiegy
global and regional bioevents recognized in the Cenomanian/Turonian boundary interval is given in
Fig.5.2.3.
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Fig.5.2.3 Summary of zonal, subzonal and secondary bioevents in the Cenomanian/Turonian boundary
interval. The range of the position of secondary events shows their unsuitability as stratigraphic marker at
global scale

Turonian/Coniacian boundary interval

The proposed marker for the base of the Coniacian is the FO of inoceramid bivalve
Cremnoceramus deformis erec{i@ rotundatug sensulrdgernonFiegei of some studies). The
Coniacian GSSP is not yet defined, but a composite GSSP of SalZgiltker Quarry (Germany)
and Sgupia NadbrzeUna (Poland) was proposed
investigations in the GSSP proposed isestwere carried out by Lees (2008) and then summarized
by Walaszczyk et al. (2010) in the GSSP proposal. The nannofossil event closest to the boundary is
the LO of H. turonicus(Lees, 2008; Walaszczyk et al., 2010). At SalzgiBalder Quarry and
SjuNadbrzeUna, nannofossil assembl agR parces char act
expansusZ. biperforatusand M. furcatus these three taxa have their first occurrence below the
boundary whilstM. staurophorais absent in both successions (Lees, 2008; Walaszczyk et al.,
2010) (Fig.5.2.4). The FO d¥l. furcatuswas used by both Sissingh (1977) and Bralower et al.
(1995) to place CC12/CC13 and NC14/NC15 zonal boundaries, respectively. The FOs of
biperforatusand A. parcus expansusere used by Burnett (1998) as subzonal boundaries in her

UC9 zone. All these events were reported by Lees (2008) from different regions: she identified in
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sequence the FO &f biperforatusthe FO ofM. furcatus the FO ofA. parcis expansygshe LO of

H. turonicusbelow the boundary and the FOMf starophoraabove (in Czech Republic); the FO
of M. furcatus the FO ofA. parcus expansushe LO ofH. turonicusbelow the boundary and the
FOs ofZ. biperforatusandM. staurophoraabove (in England). At Bottaccione (Tremolada, 2002),
Z. biperforatusA. parcus expanswndH. turonicuswere not reported and the Turonian/Coniacian
boundary was approximate to the FQvbffurcatus
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Fig.5.2.4 Zonal (bold) and subzonal (regular) events recognized in the Turonian/Coniacian boundary interval.
Additional bioevents are indicated in red

Three of the studied sections comprise the Turonian/Coniacian boundary interval, but only ODP
Sites 763 and 1261 show a complete record whilst at ODP S& almost the entire Coniacian is
missing (Fig.5.2.4)H. turonicuswas not identified at ODP Site 763, and its absence from other
sections in the Indian Ocean (Lees, 2002) leads to argue that this taxon may be latitudinally
restricted and absent at Awdtpalaeolatitudes. | recognized the FQZobiperforatusat different
levels at ODP sites 763 and 1261. Lees (2008) reported this taxon below or above the boundary in
the different sections, so it should be used with caution to define the Turoniani@woiiagndary.

The FOs oM. furcatusandA. parcus expansusere always found below the boundary (Fig.5.2.4).

The sequence of these two events is not always the same, perhaps because of the rarity of both taxa
at the beginning of their range. Additionallynoticed the LO ofS. achylosusa taxon considered

to extinguish in the Middle Turonian (Thierstein, 1974; Watkins et al., 1996; Burnett, 1998), close

to the LO ofH. turonicusat ODP Site 1261 (Fig.5.2.4). A similar datum was reported by Lees
(2008) fom Langdon Stairs (England).

In sections wherél. turonicusis identified, its extinction datum seems to fall at, or really close
to, the Turonian/Coniacian boundary. At Austral palaeolatitudes, or where this taxon is absent, the
Turonian/Coniacian boundaiinterval may be constrained by the FOsMffurcatus A. parcus

expansugbelow) and the FO d¥l. staurophorgabove).
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Coniacian/Santonian boundary interval

The GSSP candidate for the Santonian Stage is the Olazagutia Quarry section (Spain); the
bounday marker is the FO of the inoceramtladoceramus undulatoplicatwshich appearance
datum is reported above the FOd ofyrillii andL. cayeuxiiand below the LO of. septenariusin
the Dicarinella asymetricaplanktonic foraminiferal zone, in particular in ti&galia carpatica
subzone (Lamolda & Paul, 2007) (Fig.5.2.5). The same sequence of events reported at Olazagutia
Quarry was determined in several sections (Gale et al., 2007; Howe et al., 2007; Melinte &
Lamolda, 2007; Melintdobrinescu, 2010). At Bottaccione (Tremolada, 2002) no specimdns of
grillii and L. septenariusvere reportedl. cayeuxiihas its first occurrence between FOsDof
asymetricaand Sigalia sp. (Premoli Silva & Sliter, 1995; Trenamla, 2002), which seems
correlatable with the proposed GSSP. The FO. ahyeuxiiwas reported in all available zonations,
whilst the two other events were not indicated by Bralower et al. (1995). The LGeptenarius
was added by Perdlielsen (1985 o0 Si ssinghdés (1977) schéme at

cayeuxii

Two of the studied sections comprise the Coniacian/Santonian boundary interval and one ends
just below the boundary (Fig.5.2.5). All the markers reported from the proposed GGSR sectio
were identified excepted at ODP Site 1138 wHergrillii was not observed (Fig.5.2.5). At ODP
Site 763 the FO df. cayeuxiihave been identified above the LOLofseptenariusind at ODP Site
1261, L. septenariugs still present in the uppermost sdmgFig.5.2.5). At ODP Site 1138 no
samples with both. cayeuxiiandL. septenariusvere observed. The FO bf cayeuxiiabove the
LO of L. septenariuseems to be confirmed at Austral palaeolatitudes by Lees (2002) who reported
the sequence of these tWimevents in the same order recognized at ODP Site 763 (this work).
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Santonian/Campanian boundary interval

The base of the Campanian Stage hayebbeen formally defined. Two boundary events were
proposed: the LO of crinoitlarsupites testudinariand the end of the normpblarity Chron
C34n (Alvarez et al., 1977, Gale et al., 2008; Petrizzo et al., 2011). In this study | use the
proposition ofthe end of magnetochron C34n to place the base of the Campanian. TheAFO of
parcus parcudas been widely used to approximate the Santonian/Campanian boundary as it falls
in close proximity of the magnetic boundary, near the LO of the planktonic fofaniicarinella
asymetrica(Thierstein, 1976; Roth, 1978; Monechi & Thierstein, 1985; Bralower & Siesser, 1992;
Bralower et al., 1995; Premoli Silva & Sliter, 1995; Tremolada, 2002; Petrizzo et al., 2011). In the
Bottaccione section (ltaly), where integrdtbicmagnetestratigraphy is available (e.g. Monechi &
Thierstein, 1985), the FO &f. parcus parcusgs preceded by the FO éf cymbiformigTremolada,
2002) and is followed by the FO Af parcus constrictuGardin et al., 2001) (Fig.5.2.6).
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Fig.5.2.6 Zonal (bold) and subzonal (regular) events recognized in the Santonian/Campanian boundary

interval

Two of the studied sections comprise the Coniacian/Santonian boundary interval (Fig.5.2.6).
The FO ofA. parcus parcusvas identified at ODP Site 763; this event is preceded by the FO of
cymbiformisand followed by the FO of\. parcus constrictusScarcity of recovery at ODP Site
1138 prevented the identification of the FO Aaf cymbiformisThe FOs ofA. cymbiformisA.

parcus parcusand A. parcus constrictusvere reported in the same order in South England
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(Hampton et al., 2007), thus giving a cosmopolitan value to these biostratigraphic markers, from

Austral to Boreal palaeolatitudes.

| recognized the FO dR. levisat ODP Site 763 slightly above the FOAfparcus parcusand
below the FO of Aparcus constrictugFig.5.2.6). This datum is different from what reported by
Sissingh (1977) and Perdtielsen (1985) and also from what reported by Gardin et al. (2001) at
Bottaccione who placed this event well above the FA.qfarcus constrictusAs also reported by
Bralower & Siesser (1992) for ODP sites 7833 and by Lees (2002) for ODP sites 217, 249,
738, 758R. levisseems to have its appearance datum quite eirlibe Indian Ocean.
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Conclusions

For the Late Cretaceous time interval three nannofossil biozonations are available. They were
originally established for different paleobiogeographic areas (Oceanic sites, Southern Europe and
Northern Africa sections, NorfWest Europe, high Southern taties) and have been applied to
several case studies. A total of 48 zonal and subzonal events constitute the base for up to 14
biozones in the Late Albian to Early Campanian interval. Screening of individual zonations
(Sissingh, 1977; Roth, 1978; Bralower al., 1995; Burnett, 1998) including analyses of range
charts (when available) and independent data used for age assignment, was preparatory for a detalil

comparison of individual events and zones/subzones.

The different time resolution of the three ztioas is mainly due to a higher number of
nannofossil biohorizons in Burnett (1998). Numerous events observed in the North Sea area, were
added to achieve a higher stratigraphic resolution especially in the Early Cenomanian and Late
Campanian interval chacterized by few nannofossil events in Roth (1978Bralower et al.

(1995) and patrtially in Sissingh (1977).

The Cenomanian/Turonian boundary interval is punctuated by several bioevents in all the
zonations. For the Early Turonian to Late Campanian timezval, zonations of Sissingh (1977)
and Burnett (1998) are comparable, probably because Burnett (1998) incorporated in her zonation
the data presented by Sissingh (1977) and Feielsen (1985). The resolution of the zonation of
Roth (1978) revised bRralower et al. (1995), remains lower except in the Cenomanian/Turonian
boundary interval and in the Maastrichtian.

The zonation of Burnett (1998) includes the majority of the events present in the other zonations

with the exception of few zonal and somézonal markers.

This study was focused on the nannofossil biostratigraphic analyses of eight sections covering

the Late Albian to Early Campanian interval. Sections/Sites were selected based orbichemo

75
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stratigraphy available to constrain the age ofnudossil events relative to stages,isGtope

anomalies and Oceanic Anoxic Events (OAE)s.

Nannofossil assemblages were investigated in smear slides using polarizing light microscope
and semquantitative characterization of preservation, total abundamzk individual taxon

abundance were compiled.

Most of the observed taxa are unambiguously described in the literature, but some taxonomic
revision has been applied to cases of potential misidentification and discrepant attribution.
Taxonomic appendices cqmse the list of all identified taxa and remarks based on personal
observation. Also, photographic plates are provided for all zonal/subzonal markers and some other

common Sspecies.

The detailed results obtained for each section/site were compared toupretudies of the
same successions (when available) and to biostratigraphic investigations of other areas documented
in the literature. This comparison resulted in an evaluation of the reproducibility, sinchroneity or

diachroneity of individual event.

Results were compared to the available nannofossil biozonation of the Late-Bévlgn
Campanian time interval. The observed nannofossil biohorizons (zonal, subzonal and secondary
markers) were evaluated to assess the applicability of biozonationssitudlyeareas. A total of 17
zonal and 4 subzonal markers have been recognized, whereas 26 biohorizons could not be used due
to their absence or extreme rarity in the studied sections, or because were found at significantly
different stratigraphic level refige to the timing attribution in adopted zonations. A few potential

additional events were recognized and further investigations will assess their applicability.

Nannofossil events were examined in the context of stage boundary definition. Specibically, f
each stage boundary the data documented for GSSP sections and/or presented for GSSP proposals
were analyzed and the result of my investigation were used to provide information about the

applicability of nannofossil events.

The major conclusion of my HD. work is the applicability of the three zonations and the
recognition of 21 zonal/subzonal events on a total of 48. The achieved resolution is comparable for
the three biozonations; higher subdivision is possible only at regional level and in resimeted
intervals. Moreover, nannofossil events were proved to be extremely useful to biostratigraphically
constrain paleoceanographic events of the Late AlBemty Turonian interval. Namely, OAE1d,

MCE and OAE2 were successfully characterized in all theiesti sequences.
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Appendix 1

Taxonomic description

KingdomCHROMISTA CavalierSmith, 1981
Division (Phylum)HAPTOPHYTA HibberdexCavalierSmith, 1986
ClassPRYMNESIOPHYCEAE Hibberd, 1976
SubclasPRYMNESIOPHYCIDAE CavalierSmith, 1986

In this chapter | present a short description of every species encountered in this study. Principal
diagnostic characters and observations from my own are providemlr level ordeffamily-genus
species classification is used, in addition, a set of ntedbgroupings (1. Heterococcoliths, 2.

Holococcoliths, 3. Nannoliths) are used to provide a major organization.

Heterococcoliths

This is the predominant group, usually defined as coccoliths formed of one or more radial cycles of

complex and variablghaped crystalnits (FigA.1.1).

Eiffellithales

)

Chiastozygaceae
Eiffellithaceae
Rhagodiscaceae

Stephanolithiales

ety

Parhabdolithaceae
Stephanolithiaceae

?Calciosoleniaceae

Podorhabdales

Axopodorhabdaceae
Biscutaceae
Prediscosphaeraceae

STRUCTURE UNCERTAIN
Cretarhabdaceae

Mazaganellaceae
Tubodiscaceae

Watznaueriales

=¥ I

Watznaueriaceae

Arkhangelskiales

(D)

Kamptneriaceae

STRUCTURE UNCERTAIN

Arkhangelskiellaceae

murolith coccoliths

placolith coccoliths

R-units
s
separate ceniral

Fig.A.1.1 Proposed heterococcolith orders. Sketches illustrate distal views, and side-views with interpreted cut-
away cross sections. Darker-shaded rim-cycles indicate V-units, and lighter-shaded cycles R-units; central-area

structures are given a different shade (after Bown & Young, 1998)
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These crystal units are termedudiit (the crystallographic-axes are vertically oriented) anduRit

(the crystallographic-axes are radially oriented) and may form clearly sepagpatts of the rim or

may be complexly intergrown, but they always originate as alternating crystal nuclei in the proto
coccolith ring (Bown & Young, 1998).

Order Arkhangelskiales

Tiered placoliths with® c | os el y ap pr e sasea stratires mdludd trdrsvierse b&g nt r a |
with proximal net; axial or near axial crosses with proximal net; and perforate plates crossed by axial
or near axial sutures (Fiy.1.2).
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Fig.A.1.2 Overview of the order of the Arkhangelskiales (after Perch-Nielsen, 1985)

Family Arkhangelskiellaceae:placoliths made up of a narrow to broad mtiéred rim and a central
area that may be spanned by crossbars or filled by a perforate plate divided by axial sutures.

GenusAcaenolithus This genus has a bicyclic rim withbaioad, bright inner cycle and narrow, dark
outer cycle. The central area is filled by a net with an axial cross supporting a knob.

A. cenomanicusPlate I, kg.A: type species of the genus.

Genus Arkhangelskiella This genus has a bright, unicyclic rim. The central area is filled by a
perforate plate with axial sutures. Each of the four segments of the central plate shows a less
conspicuous subdivision in two parts of different birefringence.

A. cymbiformis type gecies of the genus. The name cymbiformishas been used to include a
variety of forms, because of its large variability in coccolith length, width of the rim and number of
perforations.
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Remarks: several Authors suggested distinctions in diverse mgpgaisobr species based on
different morphological features (Lauer, #9PerchNielsen, 1985; Varol, 1989; Burnett, 1997;
Linnert & Mutterlose, 2009; Thibault, 2010). In this work | used the distinction suggested by
Thibault (2010) and summarized as follow:

A. cymbiformisvar. N (= A. confusaBur net t , 1997) : it corresponds
specimens with a relatively narrow central area and relatively wider rims in relation to the total
length of the coccolith. Thepening of the central area these specimens therefore tends to be
reduced. The ratio between the central area width and the rim width is less than 0.57.

A. cymbiformis var. SWit corresponds to mediusized (8.511 em length) specimens with a narrow
central area and a wide rim. Thatio between central area width and the rim width is less than
0.57.

A. cymbiformis var. W(= A. maastrichtiensis, Burnett, 1997): it corresponds to large §nilength)
specimens with a wide rim and a slightly more open central area. The ratio bdteveenttal area
width and the rim width is less than 0.62.

A. cymbiformis var. NT Plate |,Fig.B: it corresponds to small to very large specimens (6.5 to 14.5
em) with a widely open central area and a relatively thin rim in relation to the total lentith of
coccolith. The ratio betweethe central area width and the rim width is greater than 0.57 for
specimens |-keagthad fleamer than 0. ddadag.f or speci

Genus Aspidolithus This genus has a bright, bicyclic rim. Thentral area is filled by a perforate
plate with axial sutures. Each of the four segments of the central plate shows a less conspicuous
subdivision in two parts of different birefringence and appearing like the blades of a windmill.

A. enormis Plate |,Fig.B: species oAspidolithuswith a narrow rim and a central area filled by a
perforate plate crossed by axial sutures.

A. furtivus, Plate |,Fig.C: species oAspidolithuswith a broad rim and a narrow central area filled by
a plate crossed by axial sutures.

Remarks: the central plate may be perforate or imperforate. In very poor preserved specimens only
the part around the axial sutures is kept, giving a LM image of exdasbars. This species differs
from A. enormidor the dimension of the rim related to the central area.

A. parcus constrictusPlate I,Fig.D: A subspecies ofspidolithusparcuswith a very small central
area whose width in distal view is approximatetyual to or significantly less than the width of the
shield margin. It is spanned by a perforate plate divided by axial sutures. The one to three
perforations per quadrant lie approximately parallel to the major axis.

A. parcus expansusPlate I,Fig.E, F: A subspecies ofspidolithusparcuswith a large central area
whose width in distal view is approximately twice or more than twice the width of the shield
margin. It is spanned by a perforate plate divided by axial sutures. Central area perforations are
usually disposed along the major and minor axes. In at least one quadrant perforations extend out
along the periphery.

Remarks: | distinguished two morphotypes for this taxon, | céllgzhrcus expansuarge Fig.E),
specimens larger thane8n andA. parcus expansusmall Fig.F) specimens smaller thareg.

A. parcus parcusPlate |,Fig.G: A subspecies dkspidolithusparcuswith a width approximately one
to two times the width of the distal margin. It is spanned by a perforate plate divided by axial
sutures. Central area perforations lie parallel to the major and minor axes only.

Genus Broinsonia: This genus has a bright, bicyclic rim. The central area is spanned by axial
crossbars.

B. matalosa Plate I,Fig.H: species oBroinsoniawith a two tiered rim in plan view and an open
central area spanned by axial crossbhars that may support a short spine. The inner edge of the rim is
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faintly scalloped whilst the outer one is smooth. Each bar of the cross is composed of two pieces
easily reognizable in LM image.

B. signata Plate |,Figl: species oBroinsoniawith a two tiered rim in plan view and an open central
area spannedby axial crossbars. Each bar of the cross is composed of two pieces easily
recognizable in LM image.

Remarks: it dfers fromB. matalosdor the inner edge of the rim that is smooth as the outer one.

Genus Thiersteinia This genus is characterized byBeoinsonialike margin and a wide perforated
central area surmounted on the distal surface by a solid spinepiflbdsssupported by buttresses
which form a cross along the major and minor axes of the central area.

T. ecclesiasticatype species of the genus.

Family Kamptneriaceae Placoliths made up of a narrow to moderat®iyad thrediered rim and a
centralarea that may be spanned by a transverse bar, crossbars or plate, usually with axial sutures
and perforations. The rim consists in a narrow, dark outer cycle, a bright median cycle and a dark
inner cycle.

Genus Crucicribrum: This genus has a narrow riand a perforated central plate with a central
process.

C. anglicum Plate 1,Fig.J: species o€rucicribrumwith a narrow, slightly wavy and bright median
rim, the inner rim cycle shows lower birefringence. The central area is filled by a perforate plate
crossed by axial bars and sutures.

C. stenostaurionPlate |,Fig.K: species ofCrucicribrumwith a narrow, bright median rim cycle and
wide central area spanned by a perforated plate and bright, thin axial cross, which are longitudinal
and near transvergmtated by ~10°), and birefringent when the coccolith is at 45° to the polarizing
directions.

Remarks: this species was relate@toinsoniaby Hill (1976) and tdGartneragoby Bown (20®),
| decided to place it irCrucicribrum genus for the aspect ofahrim and for the presence of a
central cross process overlying a plate that is a typical asp€caticitribrum.

GenusGartneraga This genus has a narrow to moderatamigad rim and a central area that may be
spanned by a transverse bar, crossbapabe, usually with axial sutures and perforations. When
the central area is filled by a plate, this shield is convex distally and concave proximally.

G. chiasta Plate I, Fig.L: small and weakly birefringent species Ghartnerago with diagonal
crossbars.

G. margaritatus Plate |,Fig.M: species ofGartneragowith a thin rim structure and a delicate, axial
cross. The central plate contains a thin axial cross that extends to the inner part of the rim. The
crossbars may be slightly offset from the major amdor axes and are composed of two thin bar
elements.

G. nanum Plate I,Fig.N: small species oBartneragowith a moderatehbroad rim and a small sub
rhomboidal central opening which is filled by a plate surmounted by axial bars and may show a
few perfoations in each quadrant. The longitudinal bar is often poorly defined.

G. obliguum Plate I,Fig.O, P: species dbartneragowith a narrow rim and a large central area, filled
with a plate pierced by numerous pores; the plate is crossed by suturesnsirerse of which is
slightly oblique.
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G. praeobliguum Plate |, Fig.Q: species ofGartneragowith a thin rim and a open central area
spanned by axial crossbars. Each of the four bars making up the axial cross diverges near the inner
margin of the rim and shows a central sutures.

G. segmentatumPlate |,Fig.R: species oGartneragowith a mediunto moderatelybroad rim and a
central area spanned by a plate. The base plate is slightly arched distally and appears coarsely
granular under parallel nicols. It is divided into quadrants by axial sutures, the transverse suture
may be slightly oblique.

Genus Kamptnerius This genus has laroad rim that has an asymmetric flange forming a wing and a
central area spanned by a perforate plane plate.

K. magnificus Plate I,Fig.S, T: type species of the genus. The development of the asymmetric rim
flange and pores of the central area are extremely variable. The middle part of the central area may
show a longitudinal suture with different forms, from four points star (PJdimg.S, K. sculptus
Bukry, 1969 of some Authors) gimpleline suture (Platé Fig.T).

Order Eiffellithales

Elliptical coccoliths with a high walike rim composed by two crystahits (V-unit and Runit). The
distal/outer cycle (Munit), commonly dommant, is composed of imbricating elements but these
features, characterizing this order, are distinguishable only in SEM images. The term loxolith is
applied to this rim structure. The central area is spanned by different structures.

Family Chiastozygacea: loxoliths with variablydeveloped proximal/inner cycles {iit) and a
central area spanned by different structures. Rim may appear unicyclic or bicyclic in LM images.

GenusAhmuellerella This genus has a narrow unicyclic rim and a central gvaaned by a plate or
a complex axial cross structure. A spine may be present.

A. octoradiata Plate ll, Fig.A: species odAhmuellerellawith an axial cross structure displaying 8
axial bars diverging when they approach the rim.

Genus Amphizygus This genus has a bicyclic rim. The central area is spanned by a transverse bar
formed from laths which continue around the inner edge of the rim, delineating two circular
perforations.

A. brooksii Plate Il, Fig.B, C: type species of the genus. A stemheagbserved in the middle of the
transverse bar. Length of the | ong axis | ess 1t

GenusBukrylithus: This genus has a narrow unicyclic rim and a central area mostly covered by broad
and fibrous axial cross bars.

B. ambiguus Plate IlI, Fig.D: typespecies of the genus. A circular opening is present in the center of
Cross.

Genus Chiastozygus This genus has a rim which may be unicyclic or bicyclic and a central area
spanned by variably constructed diagonal bars.

C. amphipons Plate I, Fig.E species ofChiastozyguswith a relatively narrow and weakly
birefringent bicyclic rim and a wide central area spanned by diagonal crossbars.
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C. bifarius, Plate Il, Fig.F species ofChiastozygusvith a broad bicyclic rim and a small central area
spanned ¥ diagonal crossbars disposed at 45° about the long and short axis of the ellipse.
Crossbars are broad, with a median suture and support a small stem.

C. litterarius, Plate Il, Fig.G species ofChiastozygusvith a relatively broad bicyclic rim and a large
central area. Diagonal crossbars are thick and weakly birefringent. A median suture is present on
crossbars.

C. platyrhethus Plate I, Fig.H species ofChiastozygusvith a relatively narrow bicyclic rim and a
wide central area. Diagonal crossbarssinaghtand birefringent with a median suture.

C. synquadriperforatus species ofChiastozyguswith a relativelybroadbicyclic rim and a central
area spanned by narrow, asymmetrical crossbarssfidrearm of the cross makes a smaller angle
with the short axis of the ellipse than the long arm.

Genus Gorkaea This genus has a bicyclic rim. The outer cycle is bright and thin, the inner one is
broad and robust. The central area is spanned by a trankaeimstructed of few large elements.

G. pseudanthophorusPlate I, Fig.l: species dborkaeawith a wide central area. The transverse bar
is constructed of two to four elements.

Remarks: this form is distinguished froh embergerito be thinner and for the aspect of the
transverse bar, straight instead of diamehdped.

Genus Loxolithus: This genus is constructed by numerous imbricated plates forming an open ring
with a wide central area.

L. armilla, Plate I, Fig.J: type specieéthe genus.

Genus Placozygus This genus has a bicyclic rim exhibiting spiral interference pattern. The central
area is spanned by variably construdtadsverse bar.

P. fibuliformis, Plate Il, Fig.K: species of Placozygus with central area spanyea Hhipartite
transverse bar formed of two or three elements.

Genus Reinhardtites This genus has a broad rim and a small central area that may be spanned or
completely filled by calcite elements and a transverse bar.

R. anthophorus Plate I, Fig.L: spdes ofReinhardtiteswith the central area spanned by a bar formed
by numerous, small laths creating two circular opening. A massive central process may be present.
The stem is longer than the long axis of the coccolith and widens distally to form aedro@ne.

R. levis Plate I, Fig.M: species dReinhardtiteswith the central area filled by calcite elements
leaving sometimes two small openings at both sides of the central bridge structure. A short spine
with a bright, diamonghaped aspect overlies these elements.

GenusStaurolithites This genus has narrowm and wide central area spanned by axial crossbars. A
spine is usually present.

S.? aenigmasmall species obtaurolithiteswith a bicyclic rim and a central area filled by a weakly
birefringent plate. A small axial cross, composed of laths, lies opladte

S. crux very simple species @&taurolithiteswith narrow, unicyclic rim and axial crossbars bearing a
spine.

S. dicandidula Plate I, Fig.N: species @taurolithiteswith a weakly birefringent rim and a bright
axial cross divided by longitudihaxtinction lines. Arms of the axial cross are straight.
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S. ellipticus Plate Il, Fig.O: species @&taurolithiteswith a narrow bicyclic rim and a small central
area spanned by broad and tapering axial crossbars. A stem is present at the intersection of the
crossbars.

S. elongatussmall species ddtaurolithiteswith elongate outline. Axial crossbars are broadan tthe
rim. A stem is present at the intersection of the crossbars.

S. flavus Plate I, Fig.P, Q: species 8taurolithiteswith a unicyclic rim and a distinctively highly
birefringent axial cross, which become more evident when the coccolith is ratasd

S. gausorhethium Plate I, Fig.R: species @taurolithiteswith a relatively broad rim and a central
area spanned by narrow crossbars that may be slightly rotated from axial. The long bar curve when
reaching the rim.

S. glaber species ofstaurdithites with a narrow outer rim and a broad inner rim. The central area is
spanned by thin axial crossbars.

S. halfanii, Plate Il, Fig.S, T: small species 8taurolithiteswith a very narrow rim and dark axial
cross. A small spine is present with a distively birefringent spine top, which appears when the
coccolith is rotated.

S. imbricatus Plate lll, Fig.A: species d@taurolithiteswith a bicyclic rim and bright axial cross. The
inner rim is usually less conspicuous than the outer one. Crossisatayda distinct median
extinction line.

S. laffittei: species ofStaurolithiteswith a narrow rim forming a ledge in the inner part and tight,
cylindrical axial crossbars.

S. mielnicensisPlate 1, Fig.B: medium to large speciesSiaurolithiteswith aweakly birefringent
rim and an axial cross which widens to the inner edge of the rim. Asplaiged cross is present at
the intersection of the crossbars.

S. minutus small species oStaurolithiteswith a broad, highhbirefringent rim and a very small
central area with a dark axial cross.

S. mutterlosei Plate 11, Fig.C: medium to large sized speciesStdurolithiteswith a distinctive
bicyclic and equally birefringent rim. The axial cross is bright and may be slightly rotated from
axial.

Staurolithites sp. 2 Plate lll, Fig.D: species dbtaurolithiteswith a bicyclic rim exhibiting spiral
interference pattern in the inner one. The outer rim is darker and not always recognizable. Axial
crossbars are bipartite and widens approaching the rim.

Genus Tranolithus: This genus has an unicyclic to bycyclic rim and a central area spanned by
transverse structures made by 2 or 4 disjoint platelets. A spine may be present.

T. gabalus Plate lll, Fig.E: species ofranolithus with narrow rim and a central area spad
transversely by two platelets. Components of central structure and adjacent part of the rim have
same optical orientation.

T. minimus Plate I, Fig.F: small species @fanolithuswith narrow rim and a central area filled by
a central stem flanked by two triangular platelets which occupy the remaining area.

T. orionatus Plate Ill, Fig.G: species dfranolithuswith unicyclic rim and a central area spanned by
a transverse structuod four quadrangular platelets.

T. salillum, Plate lll, Fig.H: species dfranolithuswith unicyclic rim and a central area spanned by a
transverse structure of four triangular platelets.

GenusZeugrhabdotus This genus has a variably developed rim whigdy be unicyclic or bicyclic.
The central area is spanned by variably constructed transverse bar, that is usualigasmnge
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Z. acanthus Plate I, Fig.l: species dteugrhabdotusvith bicyclic rim exhibiting spiral interference
pattern.

Remarksthe inner rim is brighter than the outer one. The central area is spanned by a transverse
bar formed by numerous calcite crystals which create an effect of indistinct, tangled elements in
LM images under crossed nicols.

Z. bicrescenticus Plate 1ll, Fig.J:species ofZeugrhabdotusvith broad, bicyclic rim and narrow
central area spanned by a bipartite transverse bar.

Z. biperforatus Plate Ill, Fig.K: species aZeugrhabdotusvith a broad rim composed of strongly
imbricated elements. The central area isrlgealosed, spanned by a bipartite transverse bar
constructed of numerous calcite elements giving a bright image in LM under crossed nicols.

Z. diplogrammus Plate lll, Fig.L: species aZeugrhabdotuswith unicyclic rim and a central area
spanned by a biptite transverse bar with two bright elements appearing at both terminations of the
bar when the coccolith is rotated.

Remarks: It differs fronZ. bicrescenticu$or the bright elements of the transverse bar. | called

cf. Z. diplogrammuscoccoliths sirlar to Z. diplogrammuswith thinner transverse bar and
numerous platelets partially filling the rest of the central area. The occurrence of the two bright
elements allows to relate this specieg taiplogrammus

Z. embergeri Plate Ill, Fig.M: large anthighly birefringent species ateugrhabdotusvith a broad,
bicyclic rim. Large, diamondhaped transverse bar and small to no perforations occupy the central
area.

Z. erectus Plate Ill, Fig.N: small species @eugrhabdotusvith unicyclic narrow rim andx central
area spanned by a simple bar bearing a spine.

Remar ks: the holotype | ength is of 4.9 &gm, [
size for this species: the smaller one has tFh
specméés have a |l ength of more than 6 &m. I n | at
broader than the rim.

Z. howej Plate lll, Fig.O: species dfeugrhabdotusvith a bar which has a granular appearance when
orientated parallel with the polarising diresis. At 45° the bar becomes dark but four bright
protrusions from the rim may be visible.

Z. noeliae small species oZeugrhabdotuswith a relatively broad bicyclic rim. The outer rim is
broader than the inner one. The small central area is spanned by a transverse bar constructed of four
elements near the juncture with the inner rim margin and few other crystals that complete the
bridge.

Z. praesigmoidesPlate Ill, Fig.P: bicyclic species d@eugrhabdotusvith low birefringent outer rim
and wide central area spanned by a transverse bar composed of small blocks and a sigmoidal
appearance. The inner cycle is distinctively birefringard broader than id. sigmoidesit thins
close to the long axis of the ellipse. It is smaller tBasigmoides

Z. scutulg Plate Ill, Fig.Q: species aeugrhabdotusvith low birefringent rim and wide central area
spanned by a transverse bar constdiofenumerous laths.

Remarks: a brightly birefringent, elongate, diamshdped figure is observed on the central
portion of the bar when the coccolith is oriented parallel to the polarizing direction. As described
by Bergen (1994) it may be related t@ thenusReinhardtitesas the ancestral species of fRe
anthophorusR. levislineage.

Z. sigmoides species oZeugrhabdotusvith bicyclic rim and wide central area spanned by a spine
bearing bar that narrows at both ends. The inner cycle is narrow ightliborXPL and broadens
where the bar meets the rim.

Z. trivectis species oZeugrhabdotusvith bicyclic rim with equally developed cycles, the inner rim is
brighter than the outer one and exhibits spiral interference pattern. The central area islspanned
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transverse bar which consists of two or three element bundles oriented at slightly oblique angles to
each other.

Family Eiffellithaceae: Clearly bicyclic loxoliths with a well developed proximal/inner cycleuiit)
and a central area spanned byahto diagonal crossbars. A spine may be present.

GenuseEiffellithus: This genus has a broad and birefringent inner cycle. The central area is spanned
by differently oriented crossbars, which are fibrous and usually support a large stem. Crossbars
show amedian extinction line.

E. angustus Pl ate 111, Fig. R, S: me d i uffeliithos Thee r y | ar
central area is filled by broad and robust axial crossbars with evident bifurcations on all four
terminations. The stem base is qgmsed of four disjunct crystals that rise above the middle,
forming a large, diamond shaped opening through the center of the axial cross.

E. eximius Plate I, Fig.T: species diffellithus with the central area filled by axial crossbars (less
than 20°from the axes of the ellipse). Longitudinal crossbars may bifurcate at the end whilst along
the transversal axis, crossbars taper toward the rim. A stem is present, when it is absent a large
opening occurs in the middle of the coccolith.

E. gorkae Platel V, Fig. A: smal | ( |Edfdlihus with aymmetricakdmyonak pec i e
crossbars spanning or completely filling the central area. The-lbapssare of equal length and
taper toward the rim. It differs frof. turriseiffeliito be smaller.

E.? hancockij Plate 1V, Fig.B: small species Biffellithus The outer rim is dark while the inner one
is broad and highly birefringent. The central area is very small and spanned by an axial cross not
always recognizable.

Remarks: this species is doubtfullgsigned toEiffellithus because of its particular inner rim
construction that is quite different from other speciesiffellithus or Staurolithites(Burnett,
1997).

E. keig Plate IV, Fig.C: species diffellithus with a wide, open central area spanned by diagonal
crossbars with bifurcate to trifurcate terminatioAsong the major axis of the ellipse, angles
displayed by crossbars are more than 45°.

E. monechiae smal | (1 ess t tci#fallithug witle g cerdrgd areai spaned by
crossbars, the longitudinal one aligned within 20° of the major axis of the ellipse.

E. perchnielseniae Plate IV, Fig.D: species oEiffellithus with the central area spanned by
asymmetric, diagonal crossbars, the longitudama aligned between 20° and 40° of the major axis
of the ellipse and taper toward the rim.

E. turriseiffelii, Plate IV, Fig.E: species diffellithus with symmetrical diagonal crossbars spanning
the central area. The cresars are of equal length and terminal morphology, typically tapered to
blunt. A squareshaped opening may be observed within the central cross, and tapers away from the
center in wdkpreserved specimens.

GenusHelicolithus: This genus has bicyclic rim with a broad and birefringent inner cycle and narrow
central area. The central area is filled by broad, variably oriented crossbars.

H. anceps Plate 1V, Fig.F: species éfelicolithuswith similar birefringence for the two rim cycles.
The central area is spanned by symmetrical diagonal crossbars brighter than the rim. In the middle
of the coccolith, a perforation is often present.

H. compactus Plate IV, Fig.G species oHelicolithuswith cross bars slightly rotated from the axial
position. Each bar of the cross is formed by two elements.
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H. trabeculatus Plate IV, Fig.H: species dfielicolithuswith symmetrical diagonal crossbars. Each
bar of the cross is formed by two elements.

H. turonicus, Plate IV, Fig.l: species dflelicolithuswith axial crossbars. Each bar of the cross is
formed by two elements.

H. varolii, Plate IV, Fig.J: species dfelicolithus with axial cross composed of four overlapping
elements. These elements are trlargipaped and contains a median suture that does not span the
entire length of the crossbar

Genus Tegumentatum This genus has a strongly imbricate and birefringent inner rim cycle. The
central area is spanned by curving, diagonal eoass.

T. stradnei, Plate IV, Fig.K: type species of the genus. The rim appears wide and bright and each
crossbar consist of two elongate parts of different crystallographic orientation.

Family Rhagodiscaceaegenerally unicyclic loxoliths with a central area filled bplate of granular
calcite that may be spirteearing, perforate or massive.

GenusRhagodiscus This genus has an unicyclic low rim and a central area filled by a granular plate
which may be perforate and spibearing.

R. achlyostaurion Plate 1V, Fig.L: pecies ofRhagodiscusvith a large spine in the middle which
appears as a bright ring traversed by four sharply defined extinction gyres in the shape of a small
X-shaped cross.

R. angustus Plate 1V, Fig.M: elongated species Rhagodiscusvith subparalld flanks and a short
stem that spans the central area.

R. asper Plate IV, Fig.N: species dRhagodiscuswith a relatively wide central area filled by a
perforate granular plate. A spine is usually present.

R. indistinctus medium to large species &hagaliscuswith broad rim and narrow central area
spanned by a stem. This species exhibits low birefringence and the spine is often difficult to
discern.

R. reniformis, Plate IV, Fig.O: species &hagodiscusvith an irregularly thickened rim and a kidney
form.

R. splendensPlate IV, Fig.P: medium to large speciesRifagodiscusvith a broad spine, clearly
striated in plarview and with elicoidal arrangement in sidew.

Order Podorhabdales (Fig.A.1.3)

Plaoliths usually constructed from two superimposed, appressed shields joined by-ayclabe
(Bown & Young, 1997). Shields elements are typically jointed along radial sutures which display
generally no imbricationd.M images have typically low birefringendaut high relief in phase
contrast.

Family Axopodorhabdaceae placoliths with two thin shields and a wide central area, spanned by
crossbars or plates with variable numbers of perforations. A tall hollow spine is usually present in
the centre of theoccolith. Shields elements are often visible in LM images.

GenusAxopodorhabdusThis genus has a tadpinebearing axial cross.
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A. albianus Plate IV, Fig.Q, R; Plate XI, Fig.P: speciesfofopodorhabdusvith bars that flare when
they reach the rim. 1©ss bars also show a median extinction line.

Discorhabdus %

Sollasites

Cribrosphaerella Tetrapodorhabdus

Biscutum Seribiscurum
Axopodorhabdus Octocyelus

Biscutaceae
Axopodorhabdaceae

W-Crystal uni L

Pe0®9 |0~

Cretarhabdus Grantarhabdus Retecapsa .
Flabellites Helenea Prediscosphaeracae

Cretarhabdaceae

Fig.A.1.3 Genus overview of the Podorhabdales (after Bown & Young, 1997)

Genus Cribrosphaerella This genus has an elliptical to stgctangular rim and a central area
spanned by a highly perforated plate.

C. ehrenbergij Plate 1V, Fig.S: species @fribrosphaerellawith elliptical rim and a multperforated
central area net.

GenusOctocyclus This genus has a wide central area spanned by eight broad bars that delineate eight
large perforations that run bér sides of the longitudinal axis. A central spine may be present.

O. reinhardtii, Plate 1V, Fig.T: species @ctocycluswith no central spine.

GenusTetrapodorhabds: This genus has a tapinebearing diagonal cross or four offset cross bars.

T. decorus Plate V, Fig.A, B: species dfetrapodorhabdusvith central area spanned by relatively
high angle diagonal cross bars that bear a large, flaring and diagnostic spine.

Family Biscutaceae placoliths with two shields constructed of niombricate eéments. The relatively
narrow central areas are vacant, filled with granular calcite or spanned by variably oriented bars.
The LM image is generally dark, but bright insogrcles are common.

GenusBiscutum This genus has elliptical shields with a brighbecycle; the central area may be
imperforated or narrow and vacant or spanned by cross oBban(& Young, 1997). Elements of
the shield are usually recognizable.

B. constans Plate V, Fig.C, D, E: variably sized (185 ¢ m) S Bisautunengh narferous
elements in the two shields and without any discernible structure inside its birefringent central tube
cycle.

Remar ks: in this work three di mensional mor p hc
medium (46 & m) , Il ar ge ( moingethe thdlotype ddéscrigtiony, smalF spdcimensy
may be assigned ®. dubiumand large specimens may be assignédsl tellipticum
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B. coronum Plate V, Fig.F: species @&iscutumwith a large elliptical central area and a diagnostic
bright ring surroundingt. Elements of the distal shield are numerous and dextrally oriented,
proximal shield elements appear to be radial.

B. dissimilis species oBiscutumwith thick massive distal plates and thin, small proximal shield.
Long axis extremities are usually diovated by one or two exceptionally broad, massive elements.
The central area is small and may be filled or lined by a small number of thick plates.

B. magnum Plate V, Fig.G: large speciesBiscutumwith a wide central area occupied by numerous
inwardly projecting elements.

Remarks: in not welpreserved specimens the elements of the central area are rarely recognizable
and it may be distinguished froB. coronumfor the absence of the bright ring adjacent to the
central area.

B. melaniag Plate V, Fig.H, I: medium to large speciesBi$cutumwith a wide dark shield and a
small, highly birefringent, closed central area.

Genus Discorhabdus This genus has a circular rim and generally no ceatesd structures. Radial
elements of the rirare usually visible in the LM images.

D. ignotus Plate V, Fig.J; Plate Xl, Fig.R: small specie®afcorhabduswith closed central area.

GenusSeribiscutum This genus has elliptical shields and a central area spanned by broad platelets. A
bright innercycle is present.

S. primitivum, Plate V, Fig.K: highly elliptical species &eribiscutunwith central area spanned by
four platelets that zigag across the central area.

Genus Sollasites This genus has elliptical shields and a wide central openignegl by structures
including axial crossbars, multiple longitudinal bars and concentric bars.

S. horticus Plate V, Fig.L: species &ollasiteswith a central area spanned by three longitudinal bars
and one transverse bar.

Family Prediscosphaeraceaeound and elliptical placoliths with neimbricated elements in each of
the two shields. The central area is spanned by axial or diagonal bars supporting a tall and complex
spine. The LM image is bicyclic, with the outer cycle dark, and inner cycle bright.

GenusPrediscosphaer#@Fig.A.1.4): This genus has the typical aspects of the family description

‘ErEL Iy

P. columnata P. ponticula _P. cretacea P. grandis P. spinosa P. stoveri

Fig.A.1.4 Species of Prediscosphaera adopted in this work (after Perch-Nielsen, 1985)
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P.columnata Pl at e V, Fi g. M: s mal Prediséosphaeraith athimguter ci r cu
cycle. The central area is spanned by bars.

P. cretaceaPlate V, Fig.Nelliptical species oPrediscosphaeraDiagonal bars span the central area.

P. grandis Plate V, Fig.O | ar ge ( mo ellgtical $pecieof PrédisecosphagraDiagonal
bars span the central area.

Remarks: | calledP. cf. P. grandisfragments ofPrediscosphaerarelated toP. grandisfor their
dimensions.

P. ponticula, Plate V, Fig.Pcircular species dPrediscosphaeravith a thick outer cycle. The central
area is spanned by bars. In well preserved specimens, adjunctive bars span the central area.

Remarks: it is distinguishable frofh columnatdor larger elements of the external shield.

P. spinosa Plate V, Fig.Q: Wiptical species ofPrediscosphaeraAxial cross bars span the central
area.

P. stoveri elliptical species oPrediscosphaeravith a broad and bright inner cycle. Axial cross bars
span the central area.

Family Cretarhabdaceae placoliths with arelatively large rim formed by two shield and a central
area spanned by different structures. Usually cross bars with adjunctive oblique lateral bars or net.
Central spine or process may be present.

GenusCretarhabdus This genus has a central area spdnoye a net that often includes axial cross
bars. Spine may be present. Elements of the rim are radially arranged.

C. conicus Plate V, Fig.R: species @retarhabduswith a distinct axial cross and a central spine
overlying the central area net.

C. striatus, Plate V, Fig.S: species @fretarhabduswith a wide central area and narrow axial cross
bars which clearly divide four quadrant. In each quadrant a set of parallel bars extends from the
inner margin of the rim to the crossbars. The four quadrants ticaltypdiscontinuous.

GenusFlabellites This genus has a central area spanned by small, blocky diagonal cross. Elements of
the distal shield are elongated and often extend beyond the elliptical periphery of the coccolith.

F. oblongus Plate V, Fig.T: pecies offFlabelliteswith a relatively narrow central area spanned by
four blocky elements diagonally disposed.

GenusGrantarhabdusThis genus is characterized by a wide central area and diagonal crossbars.

G. coronadventis Plate VI, Fig.A, B: large [gecies ofGrantarhabduswith broad crossbars with
irregular edge.

GenusHelenea This genus has usually narrow central area, spanned by features which principally
display crossbars that may flare when reaching the rim. A stem may be presemniddiee The
inner part of the rim is clearly birefringent, creating a bicyclic image.

H. chiastig, Plate VI, Fig.C: broadly elliptical to subcircular speciesiefeneawith a narrow central
area spanned by an axial cross that bears a distinctly blockly sgfine. The long axis of the
central area is less than emalf of the coccolith length.
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GenusRetecapsaThis genus has a central area spanned by axial bars and adjunctive lateral bars. This
genus has similar characters @fetarhabdusfor that reasasm some authors include Retecapsids
within Cretarhabdusthis is not followed here.

R. angustiforata Plate VI, Fig.D: species dRetecapsavith axial crossbars and four additional bars
which divide each quadrant at 45°.

R. crenulatg Plate VI, Fig.E: spees of Retecapsawvith axial crossbars and two additional bars in
each quadrant.

R. ficula: species oRetecapsavith a small central area surrounded by numerous small calcareous
fragments displaying an opening in the middle.

R. schizobrachiataPlate VI, Fg.F: species oRetecapsavith a wide central area spanned by axial
crossbars which split in two or three branches at their junction with the disc.

R. surirella, Plate VI, Fig.G: species d&etecapsavith axial crossbars and three or more additional
bars n each quadrant.

Family Tubodiscaceae dliptical placoliths composed of two narrow shields and a third, narrow,
proximally-situated collar cycle that is variable in height. The cefatreh is broad and open; no
central structures have yet been observdt LM image is dark, although the collar cycle is
brighter (Bown & Young, 1997).

Genus Manivitella: This genus has a low proximal collar cycle and a wide vacant central area. The
outer edge of the rim is raised.

M. pemmatoideaPlate VI, Fig.H: typespecies of the genus.

Order Stephanolithiales (Fig.A.1.5)

Coccoliths with a low to high wallke rim composed by two crystahits (V-unit and Runit). The
distal/outer cycle (Munit) is composed of neimbricating elements but this feature, which
characterizes this order, is distinguishable only in SEM images. The term protolith is applied to this
rim structure. The central area is spanned by different structures.

STEPHANOLITHIALES

0 @] o

Fig.A.1.5 Genera of Stephanolithiales identified in this work. Darker-shaded rim-cycles indicate V-units, and
lighter-shaded cycles R-units; central-area structures are given a different shade (after Bown & Young, 1997)

cliosolenia
Rotelapifius

Family Stephanolithiaceae protoliths with low rim, the proximal/inner cycle {#it) is weakly
developed or vestigialThe central area is spanned by one to numerous bars which sometimes
support a central process.
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GenusCalciosolenia This genus has a rhombic form, a narrow rim and a small central area spanned

C.

by numerous transverse bars.
fossilis Plate VI, Fig.1 small and elongated speciesG#lciosolenia

GenusCorollithion: This genus has a polygonal form, bicyclic rim and a central area spannegl by 4

C.

C.

bars that may completely fill it.

exiguum Plate VI, Fig.J; Plate Xl, Fig.S: species Gbrollithion with hexagonal to sublliptical
outline and six radial bars spanning the central area.

kennedyj Plate VI, Fig.K: species ofCorollithion with subsquare, hexagonal or sabcular
outline and a central area filled by a broad axial cross.

. madagaskaensis Plate VI, Fig.L: small species o€orollithion with subelliptical to hexagonal

outline and a central area spanned by a thin diagonal cross.
Remarks: the external part of the rim is wavy which differs it from the sp&nfesctus harrisonii

. signum, Plate VI, Fig.M: species ofCorollithion with subsquare, hexagonal or sabcular

outline and a central area spanned by thin axial cross.

GenusRhombolithion This genus has a narrow, slightly birefringent, diamshadped rim with four

R.

or morecentratarea bars.

rombicum Plate VI, Fig.N: species ®@hombolithionwith central area spanned by 8 lateral bars
that meet at dongitudinal bar.

Genus Rotelapillus This genus has a circular to scibcular form with bicyclic, high, narrow rim.

The inner rim is clearly higher and more distinguishable than the outer one. Focusing on the outer
rim, short, lateral spines may be observed. The central area is wide anddspgrars.

. asymmetricusPlate VI, Fig.O: species &otelapilluswith a slightly elliptical central area spanned

by a 4bars structure making small angles (24° to 30°) with the short axis of the ellipse.

Remarks: | placed this species in the gaRatelapillusfor the aspect of the inner rim that is higher
than inStoverius Lees & Bown (2006) placel. biarcusin the genudkotelapillussaying that this
species has comparable rim structure to otRetelapillus coccoliths, whilst Cylindralithus
cocmliths have distinctly different rim structure, modified from the placdlithtznaueria group,

and no central area barStoveriushas a low rim, whereas that Botelapillusis high. Perch
Nielsen (1984) placeR. biarcus, R. coronatilendR. asymmetricum the genusStoveriudnstead

of Cylindralithusrestricting this latter genus to forms with an open central area. She also noticed
that these three species have an higher wall related toSithariuspecies.

. biarcus Plate VI, Fig.P: species ®Raelapillus with the central area spanned by two arched

crossbars.

. coronatus Plate VI, Fig.Q: species &otelapilluswith a central area spanned by-ba¥s structure

nearly perpendicular each other.

Remarks: | placed this species in the geRagelapllus for the aspect of the inner rim that is higher
than inStoveriusas well afR. asymmetricus

. crenulatus Plate VI, Fig.R, S: species Bbtelapilluswith the central area spanned by eight radial

bars.

Genus Stoverius This genus has a circular to saibcular form with bicyclic, low, narrow rim. The

central area is wide and spanned by crossbars.
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S. achylosusPlate VI, Fig.T; Plate Xl, Fig.T: species foveriuswith bright inner cycle and axial
crossbars that meet @0°.

Order Watznaueriales

Placoliths with proximal and distal shields formed by elements with opposite senses of imbrications.
The outer cycle of crystal elements is usually reduced and appears in LM images as a thin, dark line.
Central area structurese typically disjunct.

Family Watznaueriaceae Imbricating placoliths with two shields and a central area which is usually
closed or narrow and devoid of central structures or filled by a plug, spanned by bars, axial cross,
or grills (Bown & Young, 199). Highly-birefringent LM image.

GenusCyclagelosphaeraThis genus has circular outline and narrow or closed, round central area.

C. margerelij Plate VII, Fig.A: species dfyclagelosphaeravith closed central area slightly raised
over the shields stature.

C. reinhardtii: species oCyclagelosphaeravith closed central area raised over the shields structure.

C. rotaclypeataPlate VII, Fig.B: species dfyclagelosphaeravith closed central area recessed into
the shields structure.

Genus Cylindralithus. This genus has a rim modified from the placoltatznaueria group with
high, tubelike proximal shield and distinctive sidéew images. Central area is usually vacant.
Highly birefringent.

C. nudus Plate VII, Fig.C, D: species @ylindralithuswith a small and open central area. A smooth
outline may surround the central area.

C. sculptus Plate VII, Fig.E, F, G, H: species Gylindralithuswith a central area that seems closed
in proximal view and narrow and surrounded by a large and birefringent outline in distal view.

C. serratus species ofCylindralithus with a wide central area that in well preserved specimens is
closed by a delicatgorous plate.

Genus Watznaueria This genus has the typical aspects of the family descriptidn centratareas
that are typically closed or narrow but may be spanned by transverse bar, bars or grill.

W. barnesiagPlate VII, Fig.l, J; Plate Xl, Fig.M: species Wfatznaueriavith a closed central area.
In XPL the extinction gyres meet in the centre of the coccolith, forming a swékékaxtinction
pattern, and do not separate on rotation.

W. biportg Plate VII, Fg.K: large species dVatznaueriawvith two welldefined pores aligned in the
long axis of its central area. The pores are separated by a bridge that is optically continuous with
the rim.

W. britannica species ofWatznaueriawith a narrow central area spad by a transverse bar. The
bridge is optically discontinuous with the rend aligned with the minor axis of the ellipse

W. fossacinta Plate VII, Fig.N: species dfVatznaueriawith a narrow central area opening without
any structures.

W. manivitiag Plat e VI |, Fig. O: Large (more than 9 &m)
Watznaueriawith a closed central area.

W. ovata Plate VII, Fig.P: species ®Watznaueriawith a wide, vacant central area.
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W. spl,Plate VII, Fig.L, M: species dfVatznauerissimilar toW. britannicawith an oblique bridge
optically discontinuous with the rim.

Heterococcoliths incertae sedis

GenusHagius. This genus has circular outline, coccoliths are composed of two shields with 40 or
more slightly dextrally imbricated elants. The diffuse extinction figure is caused by the slight
amount of imbrication. The central area is aboutloal€ of the total diameter, with or without an
inner cycle of plates.

H. circumradiatus Plate VII, Fig.Q, R: type species of the genus.

Remaks: weakly birefringent. Under LM the shields appear pale gray crossed by radial extinction
lines, with a darker central region, the numerous individual elements are usually visible.

GenusMarkalius: This genus has circular outline, it is composed of $hvelds formed by numerous
elements. The central area may be closed or spanned by a bright inner cycle

M. inversus type species of the genus. Shields are weakly birefringent. The central area is closed,
filled by calcite showing high birefringence andaxldcross produced by the orientation of calcite
elements.

Genus Petrarhabdus This genus has a circular to elliptical placolith base composed by imbricate
elements and a distal structure consisting of a rosette of angular rhombs. The rosette may be
devebped into a tetralitike structure with variable size. It may occupy the central area only or
may extend beyond the width of the shield.

P. copulatus Plate VII, Fig.S: type species of the genus. The distal structure is a massive cross of four
blocky elenents.

Genus Repagulum This genus has elliptical form and is composed by two shields with low
birefringence. Each rim cycle consists of very narrow elements forming a fine striated rim. The
central area is relatively wide and spanned by bars ofteningligghable in LM image.

R. parvidentatumtype species of the genus.
Remarks: it has a distinctive flaring image when focusing on LM.

Genus Tortolithus: This genus has elliptical outline, it is composed by an outer rim of imbricate
elements and a central area closed by overlapping plates with a suture in the central area aligned
with the long axis of the ellipse.

T. pagej Plate VII, Fig.T: species dfortolithuswith a narrow, scalloped rim cycle.

Holococcoliths

This group is composed of specimens formed by numerous, minute, equidimensional calcite
crystallites of simple shape. These crystallites are arranged in precise geometric arrays clearly showing
that the location of nucleation is precisely controlled (Bown & Young, 1998).

Family Calyptrosphaeraceae a morphological taxonomic grouping which embraces
coccolithophores which secrete holococcoliths (Bown & Young, 1997)
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GenusAcuturris: This genus haslongate forms constructed of three adjacent calcite laths tapering to
one end and rising from a thin basal disk&4 e m | engt h.

A. scotus Plate VI, Fig.A: type species of the genus.

GenusCalculites This genus comprises elliptical form constructédour blocks which may form a
short central projection. It has been argued tGalculites represents the basal plate of
LucianorhabdugBurnett, 1998).

C. obscurusspecies ofCalculiteswith narrow rim and broad wall.

Remarks: in LM images, under ssednicols, extinction gyres display different arrangement. If
the axes of the ellipse are aligned with the nicols, sutures are diagonal crtikebafsthe
specimen is rotated to 45°, the gyres do not intersect but form arches and short axis blodks se
be unified, dividing the other two blocks.

C. ovalis species ofCalculiteswith narrow rim and broad wall, sutures are always aligned with the
axes of the ellipse.

Remarks: in LM images, under crosgsdols, extinction gyres do not display diféet
arrangement.

C. percensisPlate VI, Fig.B, C: species @alculiteswith narrow rim and broad wall with a central
pore.

Remarks: in LM images, under crossedols, extinction gyres display different arrangement. If

the axes of the ellipse are aligned with the nicols, sutures lie on the principal axes of the ellipse; if
the specimen is rotated 45°, the gyres do not intebssgdorm arches and short axis blocks seem to

be unified, dividing the other two blocks. In analyzed samples, | observed specimens without
central pores. Therefore | named th€ncf. C. percensis

Genus Lucianorhabdus This genus has a basal shieldfafir blocks with a tall, hollow stem. The
stem may have different aspects, curved or globular with irregular edg. (F&.

\_;T_—_{—— plug

— stem

—t—— [— suture

ko X

"E'% — proximal disc
! —rim

\ /)

\W\——T

proximal plate L. cayeuxii

5 capacrus 0 & 45° L. quadrifidus 0 & 45° L. quadrifidus

s’

Fig.A.1.6 terminology and optical properties of Lucianorhabdus (after Perch-Nielsen, 1985)
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L. arcuatus species ofLucianorhabduswith a massive curved process situated at about 3% of its
length from the basal shield. The plug has a rectangular shape and it is placed on one of its vertexes
on the top of the stem.

L. cayeuxii Plate VI, Fig.D, E: species ofucianorhadus with irregular shape that may be
observed in different form.

L. maleformis Plate VIII, Fig.F: species dfucianorhabduswith a straight form and four broad basal
extensions.

L. quadrifidus, Plate VIII, Fig.G: species otfucianorhabduswith a massive central process
terminating in a crown. The plug has a rectang
the top of the spine.

Genus Orastrunt This genus is composed by one or more calcite plates surrounded by a rim.
Specimens wh dark plates and bright rim have been placed in this genus (Lees, 2007).

O. robinsonii Plate VIII, Fig.H: species oDrastrumwith a wide central area filled by a dark
perforated plate and a thick, bright rim.

GenusOwenia This genus has a narrow risnd a central structure of two or four block with, usually,
a bridgeshaped structure which may extend into a spine.

O. hillii, Plate VI, Fig.l, J, K: species ddweniawith a central structure consisting in two perforate
blocks joined along a transversuture. A variably developed spine extends distally and may be
closed by a distal plug.

Nannoliths

This is an heterogeneous group and includes forms with a wide range of shapes. Most of them show
some of the features of heterococcoliths but they aseifiitiently different to make their relationship
with coccolithophores uncertain (Bown & Young, 1998).

Family Braarudosphaeraceaenannoliths constructed from five elements which form an outline that
may be pentagonal to starry.

GenusBraarudosphaera This genus has five trapezoidal elements forming a pentalith. Sutures go to
the edge of the nannolith.

B. bigelowii Plate VIII, Fig.L: species oBraarudosphaerawith pentagonal outline. Sutures do not
reach the middle of each side but they run from eettrapproximately 3/8 of the way along side
of the pentalith.

Family Lepideacassaceaecylindrical nannoliths with wall constructed from one to several cycles of
elements, enclosing a wide central space. An apical process may be present.

GenusLepideacasis This genus has the typical aspects of the family description.

L. mariae, Plate VIII, Fig.M, N: tall and cylindrical species bépideacassitapering at one end. A
bifurcating spine may be present.
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Family Microrhabdulaceae: elongated, roghapednannoliths with a cruciform or circular cross
section.

Genus Lithraphidites: This genus has cruciform cressction and usually variably expanded lateral
blades.

L. acutus Plate VIII, Fig.O, P; Plate Xl, Fig.O: specieslathraphiditeswith four narrow, pointed,
triangular blades projected from the center of the rod.

L. alatus, Plate VI, Fig.Q, R: species dfthraphiditeswith four blades that taper gradually to an end
of the rod

L. carniolensis Plate VIII, Fig.S: simple species dfithraphidites without extending blades and
tapering at both ends.

L. pseudoquadratusspecies ofLithraphiditeswith four small, keel like blades projected from the
center of the rod.

Remarks: it differs fronk.. acutumin having extensions of a broadtftapped shapd.. quadratus
is similar to this species but has wider extensions.

Genus Microrhabdulus: This genus has a circular cressction and it is constructed by superposed
calcite elements.

M. belgicus Plate IX, Fig.A, B: species dflicrorhabdulws with numerous cycles of stthomboidal
and equally spaced nodes.

M. decoratus Plate IX, Fig.C, D: species d¥licrorhabduluscharacterized by superposed calcite
el ements with alternate optical orientation cr e

M. undosus speies of Microrhabduluscharacterized by superposed calcite elements with alternate
optical orientation and appearing, in LM image, as two lines of rectangular elements that intersect
with each other along a wavy line.

Family Nannoconaceae conical, globular or cylindrical nannoliths composed entirely of spirally
arranged platelets, enclosing an axial cavity or canal.

GenusNannoconus Plate IX, Fig.E This genus has the typical aspect of family description.

N. dauvillieri, Plate IX, Fig.F: elongated2-1 8 ¢ m) sNamaconesdth eoldrge central cavity
and widens to one end.

Family Polycyclolithaceae nannoliths made up of one or two superposed wall cycles and a eentral
area which may be closed, open and vacant, or spanned by a diaphragorestiarmed by
imbricated element&ach cycle contains the same number of elements in the shape of a ray, petal
or brick (FigA.1.7).

GenusAssipetra This genus has a subctangular to globular form, it is constructed from two stacks
of intergrownirregular rhomboidal plates. These elements may show radial symmetry.

A. terebrodentarius terebrodentariy®late IX, Fig.G; Plate XI, Fig.(blocky globular subspecies of
Assipetraterebrodentariusformed from calcite blocks which are complexly intergnoand may
rotate or spiral about a central axis.



Al. Taxonomic description

113

A. terebrodentarius youngijiPlate IX, Fig.H

|l arge (more than

7.

5

€ m)

Assipetraterebrodentariusformed from calcite blocks which are complexly intergrown and may
rotate or piral about a central axis.

Il =, K.

Quadru{n Uniplanarius Lithastrinus Radiolithus
gartneri gothicus grillii planus
non-imbricated dextrally imbricated
L J | (- J L ]
Ray-like wall elements Petal-like wall Brick-like wall elements
elements
A .
N small diaphragm LS large disphragm >
B IL I
No diaphragm With diaphragm

Fig.A.1.7 Overview of the genera in the Polycyclolithaceae (after Varol, 1992)

Genus Eprolithus, Plate IX, Fig.l, 3 This genus has a wall formed by two cycles e Ton

imbricated petalike elements. A median diaphragmgeesent in the central opening. Cycles are
twisted and elements are slightly inclined.tbl X-shaped in sidgiew.

. apertior. species oEprolithuswi t h ni ne t al | (more than 5
and widen at both ends. More than hadlthe total length of the coccolith in plafew is occupied
by the diaphragm.

e m)

. eptapetalusPlate IX, Fig.K: species d&prolithuswith seven elements in each cycle of the wall.

. floralis, Plate IX, Fig.L, M; Plate XI, Fig.N: species Bprolithuswith nine elements in each cycle
of the wall.

. octopetalusPlate IX, Fig.N: species d&prolithuswith eight elements in each cycle of the wall.

GenusLithastrinus: This genus has a wall formed by two cycles f Aon imbricated, curving ray

like elements surrounding a narrow, median diaphragm not discernible in LM. Cycles are strongly
twisted and elements are strongly slanting.

. grillii , Plate 1X, Fig.O: species tfithastrinuswith six elements in each cycle of the wall.

Remarks: in my samples blbed L. cf. L. grilli specimens with six broad elements and no clear
evidence of diaphragm

L. pentabrachiatus species ot.ithastrinuswith five elements in each cycle of the wall.

L. quadricuspis Plate IX, Fig.P, Q: species @fthastrinuswith four elements in each cycle of the
wall. One cycle has long narrow rays and the other has broader and shorter rays.

. septenariusPlate IX, Fig.R: species afthastrinuswith seven elements in each cycle of the wall.

Remarks: in my samples | ¢adl L. cf. L. septenariusspecimens with seven broad 4idke
elements and no clear evidence of diaphragm

bl

(

e
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Genus Micula: This genus has a wall formed by two cycles of 4 blocky elements, strongly twisted
along their joining surface. In LM images, thisgesnuhas a fisquareo form wi
entirely or partially the coccolith. No diaphragm is present.

<

. adumbrata species oMiculawhi ch sutures do not reach the cor

<

. concava Plate IX, Fig.S: species Micula with a centrabdepression and extending corners.
M. cubiformis, Plate IX, Fig.T: small species dficula with a central depression.
Remarks: in LM images it is possible to recognize two couple of sutures, diagonal and axial ones.

M. staurophora Plate X, Fig.A: species dflicula composed of four equalzed, pyramieshaped
blocks in each cycle of the wall. These elements are joined along straight sutures starting from the
corners of the fAsquareod.

M. swastika Plate X, Fig.B: species dflicula with sutures forming a swastika pattern. Elements of
the cycles may protrude slightly from the edge

GenusQuadrum This genus has a wall formed by two cycles & dorrimbricated elements without
any central opening or diaphragm. The cydkthe wall are moderately twisted along their joining
surface.

Q. eneabrachiumPlate X, Fig.C: species §uadrumwith nine elements in each cycle of the wall.
Q. eptabrachium species oQuadrumwith seven elements in each cycle of the wall.

Remarks:in my samples | calle®. cf. Q. eptabrachiumspecimens larger than the holotype and
which seem to have imbricated elements. Some specimens seem to show a sort of diaphragm.

Q. gartneri Plate X, Fig.D, E, F, G, H: cubiform speciesafadrumwith four eements in each cycle
of the wall. Elements are joined along sutures which go out to theaind of the cube edge.

Q. giganteumP | at e X, Fig. I, J, K, L :Quddramwithening elementss t h an
in each cycle of the wall.

Remarks: in my samples | call€l cf. Q. giganteurspecimens which seem to have imbricated
elements. Some specimens seem to show a sort of diaphragm more evident at parallel nicols.
Rucinolithussp. aff.R.? magnu8ukry, illustrated in Protd®ecima et al(1978) and considered by

Varol (1992) as synonym of). giganteum also seems to show a diaphragm and a sort of
imbrications as well as specimens illustrated by Varol (1992) himself. Further studies on this taxon
are probably necessary to refine its digifin.

Q. intermedium Plate X, Fig.M, N, O: species @uadrumwith four elements of equal size in each
cycle of the wall and one to three small-tig elements inserted in between.

Q. octobrachiumP 1l at e X, Fig. P: s nQaiddiumw(trdeight eleamemits insepch c i e s
cycle of the wall.

Q. svabenickagPlate X, Fig.Q: species @fuadrumwith a central depression and four thick elements
at the corners.

Quadrum? sp. 3 Plate X, Fig.R, S: doubtful species Quadrumwith three or threeand one
additionalelements in each cycle of the wall.

Genus Radiolithus This genus has alatively thin wall formed by two cycles o35 bricklike
elements surrounding a wide central area spanned by an amedian diaphragm. The height of each
cycle is unequalra they are twisted along the diaphragm.

R. planus Plate X, Fig.T: species ®adiolithuswi t h a | ow wal | (Il ess than
nine bricklike elements.
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R. undosus species oRadiolithuswi t h a | ow wal I (I ess thhicklke 4 e m h
elements in one cycle and nine pdiled elements in the other cycle.

Remarks: similar t&k. planusn non wellpreserved material.

Uncertain polycycloliths

GenusHayesites This genus has a stellate form with six to eleven dextrally intedcalements. A
multielement central process is generally present.

H. irregularis, Plate Xl, Fig.A, B: species dflayesitescomposed of 4.1 variously shaped elements
giving an irregular outline.

GenusHexalithus: This genus has an hexagonal form of $ements.
H. gardetiae Plate XI, Fig.C small species dflexalithuswith subcircular, scalloped outline

GenusRucinolithus: This genus has a rosette form with five or more imbricated elements in a single
cycle, small additional cycles may be present.

Rucinolithus sp. 8 petals Plate Xl, Fig.D: species dRucinolithuswith eight petals, similar to those
illustrated by Burnett (1997) from the Lower Campanian of the South Indian Ocean.

Nannoliths incertae sedis

Genus Ceratolithina: This genus has a rosmmon to all species usually rounded at the ends. The
rod supports horns or bladike structures.

C. hamata hamataspecies ofCeratolithinawith a rod bearing two horns of different size and same
orientation positioned at the anterior and posterioraértide rod.

C. naturalisteplateauensj®late XI, Fig.E: species @eratolithinawith a rod bearing two horns (or
a blade and a horn) of different size positioned at the anterior and posterior end of the rod,
apparently joined in a unique structure. A 8rtidrd horn lying in a different orientation is present.

Genusliliasterites This genus has six rays separated by alternately narrow and wide angles. In well
preserved specimens sutures may be observed.

L. angularis, Plate XI, Fig.F: species tfliasteriteswith tapering and pointed rays.

GenusMarthasterites This genus has three rays originating from a central process. These rays may
be straight or slightly arched and may bifurcate at their ends. Weakly birefringent.

M. crassus Plate Xl, FigG, H: broad species dflarthasteriteswith short rays bifurcating at their
ends.

M. furcatus, Plate Xl, Fig.l, J: species darthasteriteswith long rays bifurcating at their ends.
M. inconspicuus species oMarthasteriteswith a triangular shape andgtly concave sides.

M. simplex Plate XI, Fig.K: species oMarthasteriteswith long rays characterized by cuplike
terminations.
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Appendix 2

Taxonomic list

Calcareous nannofossil species identified and reported in the distrilwiizots are here listed
following genera and species alphabetical orB&ferences to original desciptions are not given.
Synthesis of taxonomic discussion are given by Rhiietsen (1985), Burnett (1998) and Lees
(2007).
1 GenusAcaenolithuBlack, 1973
A. cenomanicuBlack, 1973
1 GenusAcuturrisWind & Wise in Wise & Wind, 1977
A. scotuqRisatti 1973) Wind & Wise in Wise & Wind 1977
1 GenusAhmuellerellaReinhardt, 1964
A. octoradiata(Gorka, 1957) Reinhardt & Gérka, 1967
1 Genus AmphizyguBukry, 1969
A. brooksiiBukry, 1969
1 GenusArkhangelskiella/ekshina, 1959
A. cymbiformid/ekshina, 1959
A. cymbiformisvar. N Varol, 1989
A. cymbiformisvar. SW Thibault, 2010
A. cymbiformisvar. WVarol, 1989
A. cymbiformisvar. NT Varol, 1989
T Genus:AspidolithusNoél, 1969
A. enormigShumenko, 1968) Manivit, 1971
A. furtivus(Bukry, 1969) PerciNielsen, 1984
A. parcus constrictugHattner et al., 1980) Perdfielsen, 1984
A. parcus expansylVise & Watkins in Wise, 1983) Perdfiielsen, 1984
A. parcus parcugStradner, 1963) Noél, 1969
1 GenusAssipetraRoth, 1973
A. terebrodentariuserebrodentarius(Applegate et alin Covington & Wise, 1987) Rutledge &
Bergenin Bergen, 1994
A. terebrodentariuyoungiiTremolada & Erba, 2002
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Genus:Axopodorhabdu¥Vind & Wise in Wise & Wind, 1977

. albianugBlack, 1967) Wind & Wise in Wise & Wind, 1977

GenusBiscutumBlack in Black & Barnes, 1959

. constans(Goérka, 1957) Blackn Black and Barnes, 1959
. coronunmwind & Wise in Wise & Wind 1977

. dissimilisWind & Wise in Wise & Wind 1977

. magnunmind & Wise in Wise & Wind 1977

. melaniadGoérka, 1957) Burnett, 1997

GenusBraarudosphaerdeflandre, 1947

. bigelowii(Gran & Braarud, 1935) Deflandre, 1937

GenusBroinsoniaBukry, 1969

. matalosgStover, 1966Burnett in Gale et al., 1996
. signata(Noél, 1969) Noél, 1970

GenusBukrylithusBlack, 1971

. ambiguudlack, 1971

Genus:CalciosoleniaGran, 1912

GenusCalculitesPrins &Sissingh in Sissingh, 1977

. obscurugDeflandre, 1959) Prins & Sissingh in Sissingh, 1977
. ovalis(Stradner, 1963) Prins & Sissingh in Sissingh, 1977
. percensigeremiah, 1996

GenusCeratolithinaMartini, 1967

. hamata hamatMartini, 1967

. haturalisteplateauensBurnett, 1997

GenusChiastozygusartner, 1968

. amphipongBramlette & Martini, 1964) Gartner, 1968
. bifariusBukry, 1969

. litterarius (Goérka, 1957) Manivit, 1971

. platyrhethudHill, 1976

. synquadriperforatuBukry, 1969

Genus:Corollithion Stradner, 1962

. exiguuntradner, 1961

. kennedyCrux, 1981

. madagaskarensRerchNielsen, 1973
. signunStradner, 1963

GenusCretarhabduBramlette & Martini, 1964

. conicusBramlette & Martini, 1964

. fossilis(Deflandrein Deflandre & Fert, 1954Bown in Kennedy et al., 2000
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C. striatus(Stradne, 1963) Black, 1973

1 GenusCribrosphaerellaDeflandre in Piveteau, 1952

C. ehrenbergi{Arkhangelsky, 1912) Deflandre in Piveteau, 1952

1 GenusCrucicribrumBlack, 1973

C. anglicumBlack, 1973

C. stenostaurioiiHill, 1976) comb. nov.

1 GenusCyclagelosphag Noél, 1965

C. margereliiNoél, 1965

C. reinhardtii(PerchNielsen, 1968) Romein, 1977

C. rotaclypeataBukry, 1969

1 GenusCylindralithusBramlette & Martini, 1964

C. nudusBukry, 1969

C. sculptuBukry, 1969

C. serratuBramlette & Martini, 1964

1 GenusDiscorhabdudNoél, 1965

D. ignotus(Gorka, 1957) PercNielsen, 1968

1 GenusEiffellithusReinhardt, 1965

E. angustugBukry, 1969) Shamrock in Shamrock & Watkins, 2009

E. eximiugStover, 1966) PereNielsen, 1968

E. gorkaeReinhardt, 1965

E.? hancockiBurnett, 1997

. keioShamrock in Shamrock and Watkins, 2009

. monechia€rux, 1991

. perchnielseniaéShamrock in Shamrock & Watkins, 2009

. turriseiffelii (Deflandrein Deflandre & Fert, 1954) Reinhardt, 1965
GenusEprolithusStover, 1966

. apertiorBlack, 1973

. eptapetalu§/arol, 1992

. floralis (Stradner, 1962) Stover, 1966

. octopetalu&/arol, 1992
GenusFlebellitesThierstein, 1973

. oblongugBukry, 1969) Crux in Lord, 1982
GenusGartneragoBukry, 1969

. Chiastavarol, 1991

. margaritatusBlair & Watkins, 2009

. hanuniThierstein, 1974

. obliquumStradner, 1963
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G. praeobliqguundakubovski, 1986
G. segmentaturgsStover, 1966) Thierstein, 1974

G. theta(Blackin Black & Barnes, 1959) Jakubowski, 1986

1 GenusGorkaeaVarol & Girgis, 1994

G. pseudanthophory8ramlette & Martini, 1964) Varol & Girgis, 1994

1 GenusGrantarhabduSBlack, 1971

G. coronadventigReinhardt, 1966%rinin Griin and Allemann, 1975

1 GenusHagiusRoth, 1978

H. circumradiatugStover, 1966) Roth, 1978

1 Genws: HayesitegManivit, 1971) Applegate et al. in Covington & Wise, 1987

H. irregularis (Thierstein in Roth & Thierstein, 1972) Applegate et al. in Covington & Wise,
1987

1 GenusHeleneaWorsley, 1971

H. chiastiaWorsley, 1971

1 GenusHelicolithusNoél, 1970

H. ancepgGoérka, 1957) Noel, 1970

H. compactugBukry, 1969) Varol & Girgis, 1994

H. trabeculatugGoérka, 1957) Verbeek, 1977

H. turonicusVarol & Girgis, 1994

H. varolii Blair & Watkins, 2009

1 GenusHexalithusGardet, 1955

H. gardetiaeBukry, 1969

T GenusKamptneriuDeflandre, 1959

K. magnificusDeflandre, 1959

1 GenuslepideacassiBlack, 1971

L. mariae(Black, 1971) Wind & Wise in Wise & Wind, 1977
1 GenusLiliasteritesStradner & Steinmetz, 1984

L. angularisSvabenicka & Stradner in StradneiSfeinmetz, 1984
1 GenusLithastrinusStradner, 1962

L. grillii Stradner, 1962

L. pentabrachiatu¥arol, 1992

L. quadricuspid-arhan, 1987

L. septenarius-orchheimer, 1972

1 GenusLithraphiditesDeflandre, 1963

L. acutusvVerbeek &Manivit in Manivit et al., 1977

L. alatusThierstein in Roth & Thierstein, 1972

L

. carniolensidDeflandre, 1963
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L. pseudoquadratuSrux, 1981
1 GenusLlLoxolithusNoél, 1965

L. armilla (Blackin Black & Barnes, 1959) Noel, 1965

1 GenuslLucianorhabdudeflande, 1959

L. arcuatusForchheimer, 1972

L. cayeuxiiDeflandre, 1959

L. maleformiReinhardt, 1966

L. quadrifidusForchheimer, 1972

1 GenusManivitellaThierstein, 1971

M. pemmatoideaDeflandrein Manivit, 1965) Thierstein, 1971

T GenusMarkaliusBramlette &Martini, 1964

M. inversugDeflandre in Deflandre & Fert, 1954) Bramlette & Martini, 1964
1 GenusMarthasteritedDeflandre, 1959

M. crassugDeflandre, 1959) Burnett, 1997

M. furcatus(Deflandre in Deflandre & Fert 1954) Deflandre, 1959
M. inconspicuou®eflandre, 1959

M. simplex(Bukry, 1969) Burnett, 1997

1 GenusMicrorhabdulusDeflandre, 1959

M. belgicusHay & Towe, 1963

M. decoratudDeflandre, 1959

M. undosuderchNielsen, 1973

1 GenusMicula Vekshina, 1959

M. adumbrataBurnett, 1997

M. concavgStradherin Martini & Stradner, 1960) Verbeek, 1976
M. cubiformisForchheimer, 1972

M. staurophorgGardet, 1955) Stradner, 1963

M. swastikaStradner & Steinmetz, 1984

1 GenusNannoconuKamptner, 1931

N. dauvillieri Deflandre & Deflandre, 1960

1 GenusOctocycusBlack, 1972

O. reinhardtii (Bukry, 1969) Wind & Wisen Wise & Wind, 1977
1 GenusOrastrumWind & Wise in Wise & Wind, 1977

O. robinsoniiLees, 2007

 GenusOweniaCrux, 1991

O. hillii Crux, 1991

1 GenusPetrarhabdusVind & Wise in Wise, 1983

P. copulatugDeflandre, 1959) Wind & Wise Wise, 1983
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GenusPlacozygudioffman, 1970

. fibuliformis(Reinhardt, 1964) Hoffman, 1970

GenusPrediscosphaer&ekshina, 1959

. columnatgStover, 1966) PerecNielsen, 1984

. cretaceg Arkhangelsky, 1912) Gartnet968

. grandisPerchNielsen, 1979

. ponticula(Bukry, 1969) PerciNielsen, 1984

. spinosa(Bramlette & Martini 1964) Gartner 1968

. stoveri(PerchNielsen, 1968) Shafik & Stradner, 1971

GenusQuadrumPrins & PerckNielsen in Manivit et al., 1977

Q. eneabrachiunvarol, 1992

Q. eptabrachiunvarol, 1992

Q. gartneriPrins & PerchNielsen in Manivit et al., 1977
Q. giganteunVarol, 1992

Q. intermediunVarol, 1992

Q. octobrachiunVarol, 1992

Q. svabenickaBurnett, 1997

GenusRadiolithusStover, 1966

.planusStover, 1966

. undosusgBlack, 1973) Varol, 1992
GenusReinhardtitedPerchNielsen, 1968

. anthophorugDeflandre, 1959) PereNielsen, 1968

. levisPrins & Sissingh in Sissingh, 1977
GenusRepaguluntorchheimer, 1972

. parvidentatuniDeflande & Fert, 1954) Forchheimer, 1972
GenusRetecaps®lack, 1971

. angustiforataBlack, 1971

. crenulatg Bramlette & Martini, 1964¥rinin Grin and Allemann, 1975

. ficula(Stover, 1966) Burnett, 1997

. schizobrachiatéGartner, 1968%runin Grin am Allemann, 1975

. surirella(Deflandre & Fert, 1954Frinin Grin and Allemann, 1975

GenusRhagodiscufeinhardt, 1967
. achlyostauriorgHill, 1976) Doeven, 1983
. angustugStradner, 1963) Reinhardt, 1971
. aspel(Stradner, 1963) Reinhardt, 1967
. indistinctuBurnett, 1997

. reniformisPerchNielsen, 1973



A2. Taxonomic list 123

. splendenfDeflandre, 1953) Verbeek, 1977
GenusRhombolithiorBlack, 1973

. rombicun(Stradner & Adamiker, 1966) Black, 1973
GenusRotelapillusNoél, 1973

. biarcug(Bukry, 1969) Lees & Bown, 2006

. coronatugBukry, 1969) comb. nov.

. crenulatugStover, 1966) PereNielsen, 1984
GenusRucinolithusStover, 1966

Rucinolithussp. 8 Burnett, 1997

Genus:Seribiscutuntilewicz et alin Wise & Wind, 1977

. primitivum(Thierstein, 1974) Filewicz et dh Wise & Wind, 1977
GenusSollasiteBlack, 1967

. horticugStradner et ain Stradner & Adamiker, 1966) Cepek & Hay, 1969
Genus:StaurolithitesCaratini, 1963

R
1
R
1
R. asymmetricu@Bukry, 1969) comb. nov.
R
R
R
1

1

S

1

S

1

S.? aenigm®urnett 1997
S. crux(Deflandre & Fert, 1954) Caratini, 1963

S. dicandidulaBergen in Bralower & Bergen, 1998

S. ellipticus(Gartner, 1968) Lambert, 1987

S. elongatugBukry, 1969) Burnett, 1997

S. flavuBurnett, 1997

S. gausorhethiurgHill, 1976) Varol & Girgis, 1994

S. glaber(Jeremiah, 1996) Burnett, 1997

S. halfaniiLees, 2007

S. imbricatugGartner, 1968) Burnett, 1997

S. laffitteiCaratini, 1963

S. mielnicensi§Gorka 1957) Crux, 1982

S. minutuBBurnett, 1997

S. mutterloseCrux, 1989

Staurolithitessp. 2 Bown, 1998

1 GenussStoveriusPerchNielsen, 1984

S. achylosu¢Stover, 1966) PereNielsen, 1984

1 GenusTegumentatunihierstein in Roth & Thierstein, 1972
T. stradneriThierstein in Roth & Thierstein, 1972

1 GenusTetrapodorhabduBlack, 1971

T. decous(Deflandrein Deflandre & Fert, 1954) Wind & Wisa Wise & Wind, 1977
 GenusThiersteiniaWise & Watkins in Wise, 1983
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. ecclesiasticdVise & Watkins in Wise, 1983

GenusTortolithusCrux, in Lord, 1982

. pagei(Bukry, 1969) Crux, in Lord, 1982

Genus TranolithusStover, 1966

. gabalusStover, 1966

. minimugBukry, 1969) PerciNielsen, 1984

. orionatusReinhardt, 1966

. salillum(Noel, 1965) Crux, 1981
GenusWatznaueridReinhardt, 1964

. barnesiaéBlack, 1959) PerciNielsen, 1968

. biportaBukry, 1969

. britannica(Stradner, 1963) Reinhardt, 1964

. fossacintgBlack, 1971) Bown in Bown & Cooper, 1989

. manivitiaeBukry, 1973

. ovataBukry, 1969
GenusZeugrhabdotufReinhardt, 1965

. acanthuskeinhardt, 1965

. bicrescenticugStover, 1966) Burneth Gale et al., 1996

. biperforatugGartner, 1968) Burnett, 1997

. diplogrammugDeflandrein Deflandre & Fert, 1954) Burnett Gale et al., 1996

. emberger{Noél, 1958) PerciNielsen, 1984

. erectugDeflandrein Deflandre &Fert, 1954) Reinhardt, 1965

. howeiBown in Kennedy et al., 2000

. hoeliaeRod, Hay & Barnard, 1971

. praesigmoideBurnett, 1997

. scutula(Bergen, 1994) Rutledge & Bown, 1996

. sigmoidegBramlette & Sullivan, 1961) Bown & Young, 1997
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. trivectisBergen, 1994
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Plate I (bar scale: Sum)

D
A. cenomanicus A. cymbiformis (varNT) A. furtivus A. parcus constrictus
Pueblo-RC520 122-763B-15X-6, 10-12 France-slt180 122-763B-15X-1, 20-22

G H
A. parcus expansus L. A. parcus expansus S A. parcus parcus B. matalosa
183-1138A-66R-4, 72-75 122-763B-19X-4, 76-78 183-1138A-65R-1, 75-78 183-1138A-69R-4, 113-116

K
B. signata C. anglicum C. stenostaurion G. chiastia
122-763B-15X-1, 20-22 62-463-48R-1, 117-126 62-463-48R-1, 117-126 62-463-48R-1, 51-53

~
G. margaritatus G. nanum G. obliqguum G. obliquum (same sp.)
Pueblo-RC325 183-1138A-69R-6, 75-77 207-1261A-43R-1, 60-61 207-1261A-43R-1, 60-61

Q

G. preobliquum G. segmentatum K. magnificus K. magnificus
183-1138A-69R-6, 75-77 183-1138A-69R-4, 113-116 183-1138A-68R-2, 65-67 183-1138A-63R-1, 76-79
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