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Abstract: The Bottaccione section (Umbria-Marche Basin, central Italy) was analyzed for calcareous nanno-
fossil and planktonic foraminiferal biostratigraphy across the Santonian-Campanian boundary interval to achieve a
high-resolution and updated zonation directly calibrated with magnetostratigraphy. Several calcareous plankton events
were detected, including zonal markers and additional potential biohorizons. The base of magnetochron C33r, pro-

posed for placement of the base of the Campanian, lies between the first occurrence of Aspidolithus parcus parcus and

the last occurrence of Dicarinella asymetrica in the Bottaccione section. The literature survey indicates that these events

were found in the Santonian-Campanian boundary interval at supraregional scale and, may be used to confidently

approximate the base of the Campanian.

INTRODUCTION

The Bottaccione section, located near the city
of Gubbio in central Italy (coordinates: 43°21°56.05”
N, 12°34’57.56” E; Fig. 1), consists of a continuous
Jurassic to Paleocene pelagic sequence deposited in
the Umbria-Marche Basin (central-western Tethys).
The portion of the Bottaccione section investigat-
ed in this study is entirely comprised in the Scaglia
Rossa Formation and is exposed in the Bottaccione
Gorge. The Scaglia Rossa Formation spans from
the lower Turonian to the middle Eocene (e.g., At-
thur & Fischer 1977; Cresta et al. 1989) and consists
of pink to red pelagic limestone that is a lithified
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nannofossil-planktonic foraminiferal ooze, deposit-
ed at some 1500 m paleodepth (Arthur & Premoli
Silva 1982). Bedding thickness ranges from 10 to
30 cm with common stylolites in the thicker beds.
The Cretaceous Scaglia Rossa is divided in two
members, the lower R1 member (Turonian-lower
Campanian) is characterized by chert nodules and
layers and the upper R2 member (lower Campani-
an-Maastrichtian) is predominantly made of pink
to red-brown limestone without chert (Alvarez &
Montanari 1988). The Bottaccione sequence repre-
sents a reference section used also in the Geologic
Time Scale (GTS2012, Gradstein et al. 2012) for the
Late Cretaceous.

We investigated calcareous nannofossils and
planktonic foraminifera across the uppermost San-
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Fig. 1 - A) Location of the Bottaccione section. B) Schematic picture of the outcrop. The dashed lines indicate the position of the stage bound-
aries along the succession, the Santonian-Campanian boundary is in red (modified after Coccioni & Premoli Silva 2015). C) Photo-
graph of the outcrop across the C34n/C33r magnetostratigraphic boundary at 221.525 + 0.075 m (after Maron & Muttoni, accepted).

tonian to lowermost Campanian interval, within
the lower R1 member. The Bottaccione section has
been appointed as a candidate for the Campanian
Global Stratotype Section and Point (GSSP) and re-
vised/updated calcareous plankton biostratigraphy
is meant to concur to the integrated characteriza-
tion of the Santonian-Campanian boundary inter-
val (minutes ISCS meeting at Strat 2019, http://
cretaceous.stratigraphy.org/archives/).  Following
the suggestion by the Campanian Working Group
of the International Subcommission on Cretaceous
Stratigraphy (see minutes of the ISCS meeting at
Strati 2019, http://cretaceous.stratigraphy.org/ar-
chives/), the base of the Campanian Stage is placed
at the base of magnetic Chron 33r that in the Bot-
taccione section falls at 221.60 m according to the
detailed paleomagnetic study by Maron & Muttoni
(accepted). As described by Maron & Muttoni (ac-
cepted) a negligible fault, with a few decimeters-dis-
placement, occurs at 221.20 m: the lithostratigraphy
has been controlled in detail and proved to be con-

tinuous. The calcareous plankton biostratigraphy is
directly calibrated with polarity magnetozones (Ma-
ron & Muttoni, accepted) to improve, revise and/
or consolidate the integrated bio-magnetostratigra-
phy of the Santonian-Campanian boundary inter-
val (Premoli Silva & Sliter 1995; Gardin et al. 2001;
Tremolada 2002; Petrizzo et al. 2011; Coccioni &
Premoli Silva 2015).

MATERIAL AND METHODS

Calcareous nannofossils

A total of 45 samples were analyzed for cal-
careous nannofossil biostratigraphy in the interval
from meter 211 to meter 233 (Premoli Silva & Sliter
1995) across the Santonian-Campanian boundary
(Fig. 3) using subsamples of magnetostratigraphy
samples. An average sampling resolution of 0.50 cm
was applied, but sampling resolution was increased
to 0.10 cm between 220 m and 221 m (across the
C34n/C33r magnetic polarity boundary).
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Fig. 2 - Tllustration of diagnostic characters (distal view) for separat-
ing genera Aspidolithus and Broinsonia.

Samples were prepared as simple smear slide
following the standard preparation techniques
(Monechi & Thierstein 1985). Each sample was
analyzed using a polarizing microscope at 1250X
magnification, investigating 6 full traverses (= 1000
fields of view). Semiquantitative data were achieved
for total nannofossil and individual taxa abundanc-
es and preservation characterized based on the de-
gree of overgrowth and/or dissolution (Suppl. Tab.
1). The biostratigraphy was conducted following
the zonations of Sissingh (1977) as modified by
Perch-Nielsen (1985), Roth (1978), Bralower et al.
(1995) and Burnett (1998) applying the CC, NC,
NC* and UC codes, respectively.

Morphometric data were acquired for Agpi-
dolithus parcus subspecies using pictures captured
with a Q-imaging Micropublisher 5.0 RTV camera
(Q-capture Prosuite software) mounted on a Leitz
Laborlux light microscope. Measurements were ob-
tained using the Image J64 software, with an error
of = 0.08 pm.

Planktonic foraminifera

Planktonic foraminifera were studied by inte-
grating thin sections and washed residues obtained
from the samples used for magnetostratigraphy
(Maron & Muttoni, accepted). A total of 33 sam-
ples were studied in thin sections and 19 sample out
of 33 were also studied in washed residues (Suppl.
Tab. 2) which were obtained by processing about
80-100 g of rock samples with acetic acid (see pro-

cedure in Lirer 2000 and Falzoni et al. 2016). San-
tonian-Campanian limestones of the Scaglia Rossa
Formation contain cherts that are particularly in-
durated and, as a consequence, rock samples were
immersed in acetic acid for several hours to be dis-
aggregated resulting in the common occurrence of
broken or corroded specimens not identifiable at
species level. Therefore, because of the poor pres-
ervation of planktonic foraminifera in the washed
residues, only 19 samples were used for biostrati-
graphic analyses as they contained sufficiently
well-preserved specimens to ensure reliable identi-
fication at species level.

Relative abundance data of planktonic fo-
raminifera were collected for thin sections by
screening the entire surface of the thin section
(Suppl. Tab. 2). Planktonic foraminifera in the
washed residues were studied on the >63 pm size
fraction and because of the generally poor preser-
vation of the assemblages only the occurrence of
species is reported in Supplementary Table 2.

Taxonomic concepts for planktonic fo-
raminiferal species identification follow their orig-
inal descriptions and illustrations, Premoli Silva &
Sliter (1995), Petrizzo et al. (2011), Haynes et al.
(2015) and the online taxonomic database for Mes-
ozoic Planktonic Foraminifera “PF@mikrotax”
available at http://www.mikrotax.org/pforams/
index.html (see Huber et al. 2016). Biozonation
is according to Premoli Silva & Sliter (1995) and
Robaszynski & Caron (1995).

TAXONOMIC REMARKS

Calcareous nannofossils

The investigated interval is characterized by
the evolution of two important lineages, namely of
genera Arkhangelskiella and Aspidolithus. Changes in
coccolith morphometry are used to separate differ-
ent species that are biostratigraphically relevant in
the Upper Cretaceous. Following Burnett (1997),
within the genus Arkbangelskiella we grouped the
specimens <8 pm into A. confusa and specimens
>8 wm into A. ¢ymbiformis (Pl. 1).

The Aspidolithus genus is differentiated here
from genus Broinsonia as the latter is characterized
by the presence of a cross instead of plates in the
central area (Lauer 1975; Prins in Perch Nielsen
1979; Perch-Nielsen 1985). Bukry (1969) intro-
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Fig. 3 - Schematic morphological characters (distal view) and their terminology of Aspidolithus specimens. Aspidolithus parcus subspecies are
typified by the b (central area width)/a (distal margin width) ratio. The dimensions of length and width of the holotypes are reported.

duced the genus Broznsonia and selected Broinsonia
dentata as type species. According to the original
description, B. dentata is characterized by a central
area divided by axial crossbars. The genus Aspido-
lithus was originally defined by Noél (1969) who
indicated Aspzdolithus angustus as type species. The
holotype of Aspidolithus angustus (Noél 1969, P11,
figs la-c) is characterized by a central area filled by
plates.

Lauer (1975) kept genera Broinsonia and Aspi-
dolithus separated, but Veerbek (1977) and Hattner
et al. (1980) considered them to be synonymous,
Broinsonia having priority. Perch-Nielsen (1979), in-
corporating observations by Prins (personal com-
munication in Perch-Nielsen 1979), returned to a
differentiation of the two genera, due to presence
of a distinct central cross in Broznsonia and perforat-
ed segments closing the central area in Aspidolithus.

Crux (1982) considered the genus Aspido/ithus
a junior synonym of Broinsonia and rejected the dis-
tinction between the two genera proposed by Perch
Nielsen (1979) for various reasons: a) both Burky
(1969) and Noél (1969) included in Broznsonia and
Aspidolithus, respectively, forms with plates clos-
ing the central area as well as forms with a central
cross; b) the margin structure (bicyclic) is the same
in the two genera and considered highly diagnostic;
) poor preservation obliterates original character-
istics of the central area, often producing appat-
ent (but not real) crosses as a result of advanced
etching of the plates. Analogously, Aspzdolithus was
disregarded by Bralower and Sissier (1992), Wise
(1983), Burnett (1998) and Wolfgring et al. (2018).

Similarly to Almogi-Labin et al. (1991), Gar-
din et al. (2001), Tremolada (2002), we follow the
diagnostic taxonomic characters synthetized by
Perch-Nielsen (1985; Fig 14, p. 352) and, accord-
ingly, maintain the distinction between Broinsonia
and Aspidolithus as llustrated in Figure 2.

Within the Aspidolithus lineage, the subse-
quent appearances of A. parcus expansus, A. parcus
parcus and A. parcus constrictus are marked by a grad-
ual reduction of the central area/margin ratio as
described by Wise (1983). We follow and apply the
indications of Wise (1983) as illustrated in Figure 3.

Specimens of Aspidolithus parcus are charac-
terized by changes in the central area/margin ratio,
as well as by a variability in the coccolith length.
An increase in coccolith length from smaller early
specimens to larger later specimens of _Aspidolithus
parcus was observed by Bralower and Sissier (1982)
and Almogi-Labin et al. (1991). Conversely, at the
Falkland Plateau Wise (1983) did not observe any
increase in the length of Aspidolithus parcus speci-
mens.

In the Bottaccione section, Gardin et al.
(2001) distinguished two morphogroups within
the Aspidolithus parcus subspecies characterized by
a total length <10 um named as A. parcus expansus
“small” and A. parcus parcus “small”. According to
Gardin et al. (2001) the small specimens of _A. par-
cus have a distinct stratigraphic distribution com-
pared to larger morphotypes. Similarly, at Postalm,
Wolfgring et al. (2018) recognized five morpho-
types within Aspidolithus parcus according to the b/a
ratio and coccolith length. The Aspidolithus speci-
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mens characterized by a length <9 um (usually 6-8
um) were placed within the species Aspidolithus enor-
miis, as A. enormis sp.1 (b/a ratio 22) and A. enormis sp.
2 (b/a ratio <2). Based on coccolith size, Wolfgring
et al. (2018) assigned specimens of Aspidolithus with a
length >9 pm (usually >10 pm) to A. parcus expansus
(b/a ratio =22), A. parcus parcus (b/a ratio between 1
and 2) and A. parcus constrictus (b/a ratio <1).

Here, we apply the criteria of Gardin et al.
(2001) to divide the small from the large mor-
phogroups within genus Aspidolithus. Further details
on the subspecies subdivisions are discussed in the

Appendix.

Planktonic foraminifera

Taxonomic remarks are provided for some
taxa in order to clarify the taxonomic concept ap-
plied in this study (Suppl. Tab. 2). The supra-spe-
cific classification of biserial taxa follows Haynes et
al. (2015). The biserial Szgalia specimens observed
in thin section and not identifiable at species level
because only observed in edge view, were assigned
to Sigalia sp. Multiserial specimens with depressed
intercameral sutures and identified in edge view in
thin sections were not classified at species level and
thus assigned to IVentilabrella sp. The multiserial 17en-
tilabrella alpina, a species largely overlooked in the lit-
erature and often regarded as a junior synonym of
either 1 eggeri (Nederbragt, 1991) or I/. multicamerata
(http:/ /www.mikrotax.otg/pforams/index.html),
has been confidently identified in the studied assem-
blages.

The genus “Globigerinelloides” is quoted in the
text and in the distribution chart (Suppl. Tab. 2) be-
cause it is polyphyletic and currently under taxonomic
revision (see taxonomic notes in Petrizzo et al. 2017).

Very small-sized and/or pootly preserved
hedbergellids not identifiable at species level were
assigned to Muricobedbergella sp. Specimens here as-
signed to Muricobedbergella delrioensis s.]. usually pos-
sess 5 chambers in the last whotl, 2 moderate to fast
chamber size increasing rate in the last whotl and in-
clude morphotypes showing a full range of morpho-
logic variability between the neotypes designated by
Longoria (1974) and by Masters (1976) (see Petrizzo
& Huber 20006). Globigeriniform morphotypes with
a thick wall resembling that shown by Whiteinella,
Rugoglobigerina and Costellagerina species were identi-
fied in thin section only, however the observed cuts
did not allow discrimination among these genera.

REesuLTS

Calcareous nannofossils

The preservation of calcareous nannofos-
sil assemblages in the studied interval ranges from
moderate to poor with the presence of both over-
growth and etching, The total nannofossil abun-
dances vary from common to rare with a higher
abundance in the upper part of the studied interval
(Suppl. Tab. 1). The assemblages are dominated by
genera Watznaneria, Eiffellithns and Retecapsa as well
as by the species Cribrosphaerella ehrenbergii. Marker
and additional species are illustrated in Plates 1 and
2. Five bioevents were detected within the Santo-
nian-Campanian boundary interval of the Bottac-
cione section (Fig. 3), allowing the identification of
the CC17-CC18 zones of Sissingh (1977), NC17-
NC18 zones of Roth (1978), NC17*-NC18a* zones
of Bralower et al. (1995) and UC12 to UC14b zones
of Burnett (1998).

The first occurrence (FO) of _Arkbangelskiel-
la cymbiformis was observed at 219.10 m where the
base of the UC13 zone was placed. All the observed
specimens have a rim width >1 um, in contrast to
what originally reported by Burnett (1997) for A.
cymbiformis.

The FO of Aspidolithus parcus parcus at 220.5
m defines the base of the CC17, NC17, NC17* and
UC14 zones. In the Bottaccione section, .A. parcus
parcus 1s extremely rare and discontinuous at the
beginning of its range, becoming continuous and
frequent from 224.6 m upwards: we labeled this
change as first common occurrence (FCO) in this
study. The FO of Aspidolithus parcus constrictus was
detected at 229 m where the base of the UC14b
subzone of Burnett (1998) was placed.

In the lower part of its range (between 220.5
and 225.75 m), the length dimensions of _A. parcus
parcus vary between 10 um and 10.2 pm, with a sin-
gle specimen of 9.6 um in length at 221.3 m. Ac-
cording to Gardin et al. (2001), therefore, the older
specimens are in the size range of A. parcus parcus
(>10 pum) although very close to the lower limit of
size range. A relative increase in length size (>10.5
um) of A. parcus parcus coccoliths is observed from
226.55 m upwards; these specimens co-occur with
small and normal A. parcus parcus coccoliths with
length varying from 8.4 to 11.7 um. The presence
of “small” A. parcus parcus was noted up to 232.85
m in the early Campanian. Our data indicate a gen-
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Fig. 4 - Calcareous plankton events recorded in the Bottaccione section (this study) correlated with magnetostratigraphy (Maron & Muttoni,
accepted). The base of magnetochron C33r at 221.525 m is used to define the Santonian-Campanian boundary. Lithostratigraphy after
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eral increase in size (coccolith length) of _A. parcus
parcus specimens, consistently with previous records
(Gardin et al. 2001; Wolfgring et al. 2018).

As far as A. parcus expansus is concerned, spec-
imens in the lower part of the range (219.5-221.1
m) are rather small (coccolith length of 10—10.2 um)
and co-occur with “small” A. parcus expansus (cocco-
lith length varying between 9.5 and 9.9 um) from
220.2 m upwards. The coccolith length increases at
221.3 m as testified by presence of some relatively
large specimens with length of 11-12.3 um, togeth-
er with small specimens (coccolith length varying
between 9.5 and 9.9 um) through the rest of the
studied interval.

Planktonic foraminifera

The test of the specimens observed in thin
section is generally well-preserved. The preserva-
tion of specimens in the washed residues varies
from poor to moderate as a result of the procedure
applied to process the rock samples. Planktonic fo-
raminiferal assemblages are generally diverse and
yield a typical tropical Tethyan assemblage (Sup-
pl. Tab. 2) with unkeeled globigeriniform (genera
W hiteinella, Archaeoglobigerina, Costellagerina, Rugoglo-
bigerina), planispiral (genus “Globigerinelloides”) and
biserial (genera Planoheterobelix, Pseudotextularia and
Psendoguembelina) taxa as well as abundant single-
(genus Globotruncanita) and double-keeled (genera
Dicarinella, Marginotruncana, Contusotruncana and Glo-
botruncana) taxa. Marker and the most common spe-
cies are illustrated in Plate 3.

In addition to the taxonomically well-known
species, we have also found specimens that resemble
the species holotypes but possess some morpholog-
ical differences. For instance, specimens assigned to
Globotruncanella cf. petaloidea (Suppl. Tab. 2) resem-
ble the holotype but show a more pinched lateral
profile and a slightly smaller umbilical area. These
specimens are found in the Bottaccione section well
below the usually documented first occurrence of
Globotruncanella petaloidea in middle-upper Campani-
an (Gradstein 1978; Premoli Silva & Sliter 1995; Ze-
peda 1998). Further studies are needed to evaluate
their taxonomic and biostratigraphic significance.

Planktonic foraminiferal assemblages from
the base of the studied interval (212.20 m) to 221.45
m show a moderate preservation and are generally
diverse, whereas assemblages from 221.60 to 226.10
m are less well-preserved and diverse and contain

abundant small-sized biserial and common glo-
bigeriniform taxa, while keeled specimens are rare.

The stratigraphic interval from 212.20 to
221.72 m is assigned to the Dicarinella asymetrica
Taxon Range Zone based on the extinction of the
marker species D. asymetrica at 221.72 m, while the
overlying interval from 221.72 to 232.33 m is as-
signed to the Globotruncanita elevata Interval Zone
(Fig. 3), following the subtropical biozonation by
Premoli Silva & Sliter (1995) and Robaszynski &
Caron (1995).

Secondary planktonic foraminiferal events
identified in the Dicarinella asymetrica Zone are list-
ed below in stratigraphic order from bottom to top
(Fig. 3): a) the FO of Globotruncana neotricarinata at
213.30 m, b) the FO of Contusotruncana patelliformis
at 217.55 m, ¢) the LO (last occurrence) of Mar-
ginotruncana  tarfayaensis, Marginotruncana  pseudomar-
ginata and Muricobedbergella flandrini at 218.92 m, d)
the FO of Hendersonites carinatus at 219.33 m, e) the
LO of Dicarinella concavata at 220.20 m, f) the FO of
Psendoguenbelina costellifera at 221.45 m, g) the LO of
Marginotruncana schneegansi at 221.60 m, and h) the
LO of Sigalia species and the FO of Globotruncana
hilli at 221.72 m. Planktonic foraminiferal events in
the Globotruncanita elevata Zone (Fig. 3) include: a)
the FO of Glhobotruncanita atlantica at 222.05 m, b)
the FO of Globotruncanita orientalis at 222.21 m, c)
the L.O of Marginotruncana undulata at 225.75 m, d)
the FO of Pseudoguembelina costulata at 227.00 m, and
e) the LO of Marginotruncana sinnosa at 227.50 m.

DiscussioN

Calcareous plankton biostratigraphy

Calcareous nannofossil assemblages of the
Santonian-Campanian interval of the Bottaccione
section were investigated in the 60s and 70s (Mo-
hler 1966; Monechi & Pirini 1975; Monechi 1977).
Monechi & Thierstein (1985) established a first
nannofossil biostratigraphy of the upper Campani-
an-lower Eocene interval of the Bottaccione sec-
tion calibrated with planktonic foraminifera (Pre-
moli Silva et al. 1977; Napoleone et al. 1983) and
magnetostratigraphy (Alvarez et al. 1977). Gardin
et al. (2001) revised and implemented the biostra-
tigraphy of the Santonian-Maastrichtian interval
and Tremolada (2002) focused on the upper Albi-
an - lowermost Campanian interval, in both cases
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Fig. 5 - Comparison of calcareous nannofossil events found in this study and previously recorded (Gardin et al. 2001; Tremolada 2002) in the
Bottaccione section. The Santonian-Campanian boundary is placed at 221.525 m according to updated magnetostratigraphy (Maron &
Muttoni, accepted). The asterisk (*) added to A. gymbiformis was used to illustrate the FO documented at a meter level (246 m) above

the studied interval.

investigating the samples previously used for plank-
tonic foraminiferal studies by Premoli Silva & Sliter
(1995).

In Fig. 5 our results are compared to the nan-
nofossil biostratigraphies of Gardin et al. (2001)
and Tremolada (2002). Arkbangelskiella cymbiformis
(length >8 um) was first observed at 219.10 m,
while Tremolada (2002) reported the FO of this
species at 217 m in the upper Santonian. Both these
results differ from data by Gardin et al. (2001) who
tound A. ¢ymbiformis in the Campanian at 246 m.
The eatliest species of Aspidolithus recorded in this
study is A. parcus expansus (length =210 um) which
occurs for the first time at 219.50 m in the upper-
most Santonian. The presence of A. parcus expansus
in the Bottaccione section was not documented by
Tremolada (2002). Otherwise, Gardin et al. (2001)
observed the occurrence of “small” A. parcus ex-
pansus at 218 m in the uppermost Santonian, and

A. parcus expansus (length =210 pm) at 224.5 m in the
lowermost Campanian.

The FO of A. parcus parcus (length 210 pum)
was detected at 220.5 m in the topmost Santonian,
very close to the FO of A. parcus parcus at 220 m
documented by Tremolada (2002), and at the same
level of the FO of “small” A. parcus parcus reported
by Gardin et al. (2001).

In this study, we distinguish the FO of A.
parcus parcus (length =210 pm) characterized by rare
and sporadic abundance from its first common oc-
currence (FCO), marked by a continuous and fre-
quent presence in the assemblage in the lowermost
Campanian (224.6 m). This FCO is very close to the
level where Gardin et al. (2001) placed the FO of
A. parcus parcus.

The FO of A. parcus constrictus is observed at
229 m in the lower Campanian and corresponds
to same level reported by Gardin et al. (2001). The
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presence of “small” A. parcus expansus, “small” A.
parcus parcus and “small” A. parcus constrictus (length
<10 um) is recorded in this study in co-occurrence
with normal specimens. As discussed above, we ob-
served a gradual minor increase in size of _Aspido-
lithus specimens as also reported by Gardin et al.
(2001) and Wolfgring et al. (2018).

The different positions of nannofossil events
in this study relative to previous investigations of
the Bottaccione section (Gardin et al. 2001; Tremo-
lada 2002) may be ascribed to various reasons: a)
the overall nannofossil abundance is low and the
preservation is moderate to poor; b) both A. ¢ym-
biformis and A. parcus parcus show rare and sporadic
occurrences at the beginning of their range; ¢) the
sampling resolution applied for this study is much
higher than previous investigations.

The sequence of the nannofossil events cali-
brated with the magnetostratigraphy at the Bottac-
cione section (Maron & Muttoni, accepted), from
the oldest to the youngest, is as follow (Fig. 4): 1) FO
A. eymbiformis (base of biozone UC13) in the upper-
most part of 34n magnetochron; 2) FO A. parcus
expansus in the uppermost part of magnetochron
C34n; 3) FO A. parcus parcus (base of biozones
CC18, NC18, NC*18a and UC14a) in the topmost
part of magnetochron C34n; 4) FCO _A. parcus par-
cus in the lowermost part of magnetochron C33r;
5) FO A. parcus constrictus (base of biozone UC14b)
in the lower part of magnetochron C33r.

The planktonic foraminiferal biostratigraphy
of the Santonian-Campanian boundary interval in
the Bottaccione section was investigated several
times (Premoli Silva & Sliter 1995; Petrizzo et al.
2011; Premoli Silva & Coccioni 2015). The LO of
D. asymetrica in sample 221.72 m is here identified
32 cm above the stratigraphic level reported in pre-
vious papers (Premoli Silva & Sliter 1995; Petrizzo
et al. 2011; Coccioni & Premoli Silva 2015), thanks
to the higher sampling resolution adopted in this
study. Therefore, it falls 19.5 cm above the base
of magnetochron C33r (Fig. 4). Additional bioev-
ents that coincide with the LO of D. asymetrica are
the LO of Sigalia sp. and the FO of G. billi. These
events are followed upward by the FO of G. atlanti-
¢a at 222.05 m and the FO of G. orientalis at 222.21
m in the lower part of magnetochron C33r. The
top of magnetochron C34n at 221.60 m coincides
with the LO of M. schneegansi which is preceded at
221.45 m by the FO of P. costellifera. Therefore, we

document a high-resolution sequence of planktonic
foraminifera events across the boundary between
magnetochrons C34n and C33r that allow the iden-
tification of the Santonian-Campanian boundary
with a high degree of precision (Fig. 4).

The stratigraphic position of the secondary
events (Fig, 4) is here revised compared to previous
studies (Petrizzo et al. 2011; Coccioni & Premoli
Silva 2015) with the exception of the FOs of the
small-sized species Hendersonites carinatus and Psen-
dognembelina costulata, as these events were detected
in slightly younger stratigraphic intervals during this
study (Suppl. Tab. 2), possibly as a result of the rel-
atively poor preservation of small sized specimens
in the studied samples and because of their rarity
at the beginning of their stratigraphic distribution.
These events are therefore placed in Fig, 4 accord-
ing to Petrizzo et al. (2011).

Calcareous plankton events versus
magnetostratigraphy

An integrated bio-magnetostratigraphy of the
Santonian-Campanian transition (Fig. 6) has been
described from the Tethys Ocean (Wolfgring et al.
2017; Wolfgring et al. 2018), Western Interior Sea
(Kita et al. 2017), Poland (i.e. Dubicka et al. 2017),
DSDP Site 530 (Stradner & Steinmetz 1984) and
ODP Site 762 (Bralower & Siesser 1992; Petrizzo
2000).

In the Postalm section (Austrian Alps; north
western Tethys), Wolfgring et al. (2018) recorded
the LO of D. asymetrica at 1.24 m above the base
of magnetochron C33r and the FO _A. parcus par-
s (length 210 pm) at 1. 66 m above the base of
C33r, estimated to correspond to ~80 kyrs after
the beginning of magnetochron C33r (Fig. 4). Oth-
er events lying close to the Santonian-Campanian
boundary are the FO C. obscurus var. W at the top
of C34n, and the FO Ceratolithoides cf. C. verbeekii in
the lower C33r (Wolfgring et al. 2018). Specimens
similar to Ceratolithoides cf. C. verbeekii were observed
in only two samples from the Bottaccione section in
the uppermost part of C34n. Regarding the plank-
tonic foraminifera in the Postalm section Wolfgring
et al. (2018) recorded the LO of M. flandrini at 0.64
m above the base of magnetochron C33r, whereas
the species at the Bottaccione section disappears in
the upper part of C34n (Fig. 6).

The FO of A. parcus parcus was found in the
Mudurnu-Géyniik area (Turkey; north-western Teth-
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Fig. 6 - Compatison of calcareous plankton events relative to magnetostratigraphy in the Bottaccione section and in other sections across the
Santonian-Campanian boundary interval. Calcareous nannofossils events are in blue, planktonic foraminiferal events are in green. The
base of magnetic chron C33r is used to place the base of the Campanian Stage. In the Bocieniec section the Santonian-Campanian
boundary is placed according to the LO of crinoid Marsupites testudinarius.

ys) approximately 500 ka after the beginning of mag-
netic reversal C33r (Wolfgring et al. 2017) (Fig, 0).
However, this taxon is rare in this composite section
characterized by poorly preserved assemblages. Dica-
rinella asymetrica is also rare and occurs discontinuous-

ly till its disappearance near the top of magnetochron
C34n in a slightly older stratigraphic level than doc-
umented in the Bottaccione section. Marginotruncana
spp. and M. flandrini disappear in the lower part of
magnetochron C33r and in the upper part of C34n,
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respectively (Fig. 6). Although the planktonic fo-
raminifera events are recorded in the same sequence,
the disappearance of Marginotruncana spp. is cleatly
older in the Turkish section compared to the Bottac-
cione section.

Kita et al. (2017) indicated two additional po-
tential markers close to the Santonian-Campanian
boundary: the LO H. trabeculatus (>7 um) at the top
of magnetochron C34n and the LO Z. biperforatus in
the lowermost C33r. In the Bottaccione section, H.
trabecnlatus specimens larger than 7 um were not ob-
served, whereas the presence of Z. biperforatuswas no-
ticed only in one sample (in the lower part of C34n).

At the Exmouth plateau (ODP Hole 762C),
Bralower & Siesser (1992) found the FOs A. parcus
parcus and A. parcus constrictus around 2.67 meter, in
the uppermost part of magnetochron C34n, while
the LO D. asymetrica falls 0.98 m above the base of
magnetochron C33r (Petrizzo 2000). Instead, Mar-
ginotruncana spp. and M. flandrini have their LOs in
the upper part of magnetochron C34n. Compared to
the Bottaccione section, the LOs M. flandrini and D.
asymetrica do occur in equivalent stratigraphic levels,
whereas the LO of Marginotruncana spp. is recorded
in definitively older levels at Exmouth Plateau.

The results of Stradner & Steinmetz (1984)
show the FO of A. parcus in the lower part of mag-
netochron C33r in the Angola Basin (DSDP Hole
530A) (Fig 6). Stradner & Steinmetz (1984) included
in A. parcus only specimens with a rim/central area
ratio between 1 and 1.25, thus excluding potential A.
parcus parcus specimens having a tim/ central area ratio
between 1.25 and 2.0 with a possible lower occur-
rence (Kita et al. 2017).

In the Bocieniec section (Poland), the Santoni-
an-Campanian boundary was placed according to the
LO of crinoid Marsupites testudinarius (Dubicka et al.
2017). The available magnetostratigraphy for this sec-
tion is uncertain due to the anomalous values of the
magnetic polarities. As a consequence, the boundary
between magnetochrons C34n and C33r remains in-
definite. According to Dubicka et al. (2017), the LO
of D. asymetrica and the extinction of Marginotrunca-
na spp. occur in the stratigraphic interval inferred to
contain the boundary between magnetochrons C34n
and C33r, whereas the FO A. parcus parcus was ob-
served in the lower part of magnetochron C33r. In
the Bocieniec section all these events (LO D. asynze-
trica; 1.O of Marginotruncana spp.; YO A. parcus parcus)
fall above the LO of ctinoid M. testudinarius (Fig,. 4).

The comparison with available bio-magne-
tostratigraphic data show that the FO of _A. parcus
parcus has been found in a stratigraphic interval be-
tween the topmost part of magnetochron C34n and
the lowermost part of magnetochron C33r, where-
as the extinction of D. asymetrica is recorded slightly
above the base of magnetochron C33r at all localities
except for the Goyntk area in Turkey where it falls
at the top of magnetochron C34n. In conclusion, ac-
cording to our findings, the base of magnetochron
C33r lies between the FO of A. parcus parcus and the
LO of D. asymetrica in the Bottaccione section and
both microfossil events may be used to approximate
the base of the Campanian Stage equated to the base
of magnetochron C33r.

CONCLUSIONS

High-resolution calcareous nannofossil and
planktonic foraminiferal biostratigraphy in the San-
tonian-Campanian boundary interval of the Bottac-
cione section results in the identification of several
FO and LO directly calibrated against magnetostra-
tigraphy. The comparison with previous data obtained
for the Bottaccione section displays some discrepan-
cies mainly due to different sampling rate, taxonom-
ic ambiguities, general rarity and moderate to poor
preservation of both nannofossil and foraminiferal
assemblages. A critical review of all available calcar-
eous plankton data directly correlated with magneto-
stratigraphy shows that the FO of _A. parcus parcus is
comprised within the topmost part of magnetochron
C34n and the lowermost portion of magnetochron
C33r, whereas the LO of D. asymetrica is documented
in the lowermost part of magnetochron 33r, with the
only exception of one section in Turkey where this
datum correlates with the topmost magnetochron
C34n. Adopting the base of magnetochron C33r to
place the base of the Campanian stage, the FO of A.
parcus parcus and the LO of D. asymetrica are proposed
as the microfossil events to approximate the Santoni-
an-Campanian boundary.
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PLATE 1

Selected calcareous nannofossil species from the Bottaccione sec-
tion. For each taxon (a) cross-polarized light; (b) quartz la-
mina.

1) Abmuellerella regularis, sample 213.8 m.

2) Amphizygus minimus, sample 219.75 m.

3) Arkbangelskiella confusa, sample 219.5 m.

4) Arkhangelskiella cymbiformis, sample 221.4 m.

5) Aspidolithus parcus expansus var. “small”, sample 220.5 m.

6) Aspidolithus parcus expansus, sample 227.5 m.

T) Aspidolithus parcus parcus var. “small”, sample 229 m.

8) Aspidolithus parcus parcus, sample 232.33 m.

9) Aspidolithus parcus parcus, sample 233 m.

10) Aspidolithus parcus constrictus var. “small”, sample 230.6 m.

11) Aspidolithus parcus constrictus var. “small”, sample 232.85 m.

12) Aspidolithus parcus constrictus, sample 230.6 m.

13) Biscutum constans, sample 220.9 m.

14) Biscutum sp., sample 212.40 m.

15) Biscutum sp., sample 220.2 m.

16) Chiastozygus bifarins, sample 218.4 m.

17) Cyclagelosphaera reinbardtii, sample 221.4 m.

18) Cribrosphaerella ehrenbergii, sample 221.9 m.

PLATE 2

Selected calcareous nannofossil species from the Bottaccione sec-
tion. For each taxon (a) cross-polarized light; (b) quartz la-
mina.

1) Gylindralithus biarcus, sample 221.9 m.

2) Cylindralithus sculptus, sample 221.9 m.

3) Discorbabdus ignotus, sample 220.9 m.

4) Eiffellithus eximins, sample 221.3 m.

5) Eiffellithus gorkae, sample 216.3 m.

6) Eiffellithus nudus, sample 222 m.

7) Helicolithus trabeculatns, sample 221.4 m.

8) Lithastrinus grilliz, sample 216.85 m.

9) Lucianorhabdus cayensii, sample 214.9 m.

10) Microrhabdulus decoratus, (a) cross-polarized;(b) quartz lamina,
sample 220.5.

11) Micula stanrgphora, (a) cross-polarized; (b) quartz lamina, sample
230.6 m.

12) Quadrum gartneri, sample 219.1 m.

13) Reinbardtites anthophorns, sample 232.85 m.

14) Reinhardtites sp., sample 218.4 m.

15) Retecapsa ficnla, sample 222 m.

16) Rucinolithus hayi, sample 229.75 m.

17) Rucinolithus terebrodentarius, sample 219.5 m.

18) Zeugrhabdotus biperforatus, sample 219.75 m.

PLATE 3

Selected planktonic foraminifera species from the Bottaccione sec-
tion. Scale bars = 100 mm.

1) Dicarinella asymetrica, sample 221.72 m.

2) Globotruncana linneiana, sample 212.20 m.

3) Globotruncanita elevata, sample 224.60 m.

4) Contusotruncana fornicata, sample 221.71 m.

5) Globotruncana arca, sample 223.92 m.

6) Marginotruncana coronata, sample 212.20 m.

7) Marginotruncana psendolinneiana, sample 224.60 m.

8) Marginotruncana undulata, sample 225.75 m.

9) Marginotruncana sinuosa, sample 218.92 m.

10) Marginotruncana schneegansi, sample 217.55 m.

11) Marginotruncana pseudomarginata, sample 218.40 m.

12) Globotruncana neotricarinata, sample 221.71 m.

13) Globotruncana bulloides, sample 222.05 m.

14) Globotruncanita stuartiformis, sample 220.25 m.

15) Contusotruncana patelliformis, sample 221.71 m.

16) Globotruncana orientalis, sample 221.21 m.

17) Globotruncanita atlantica, sample 222.05 m.

18) Sigalia sp., sample 221.71 m.

19) Psendotextularia nutttalli, sample 229.75 m.

20) Ventilabrella eggeri, sample 214.30 m.

21) Globotruncana bhilli, sample 224.60 m.

22) “Globigerinelloides” prairiehillensis, sample 231.76.

23) “Globigerinelloides” bolliz, sample 213.30 m.

24) Laevibeterobelix pulchra, sample 232.33 m.
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APPENDIX

In this appendix we describe the diagnostic
characters of the genus Aspidolithus and of the As-
pidolithus parcus subspecies. The morphometric data
observed in the studied interval of the Bottaccione
section are also reported and compared to previous
results from the Santonian-Campanian boundary
interval.

Otrder Arkhangelskiales Bown & Hampton in
Young and Bown, (1997)
Family Arkhangelskiellaceae Bown & Hampton,
1997 in Bown & Young, 1997
Genus Aspidolithus Noél, 1969

Type-species: Aspidolithus angustns Noél, 1969.

Description. Elliptical coccolith with a tired
bicyclic rim and a central area filled by perforated
plates with axial sutures. At polarizing light micro-
scope, the inner and outer cycles of the rim are
visible in distal view, whereas in proximal view only
the outer cycle in visible. At crossed nicols, the in-
ner cycle appears brighter than the outer cycle.

Remarks. In this work, we follow Lau-
er (1974), Prins in Perch Nielsen (1979) and
Perch-Nielsen (1985) and, accordingly, genus As-
pidolithus is differentiated from genus Broinsonia due
to the presence of plates instead of a cross in the
central area. Within the Aspidolithus lineage, the
subsequent appearances of A. parcus expansus, A.
parcus parcus and A. parcus constrictus are marked by a
gradual reduction of the central area/matgin ratio
as described by Wise (1983).

Aspidolithus parcus constrictus (Hattner et al.,
1980) Perch-Nielsen, 1984

1980 Broinsonia parca constricta — Hattner, Wind and Wise, p. 23; Plate
2, Figs 1-3, 5-8.
1984 _Aspidolithus parcus constrictus — Perch-Nielsen, p. 43.

Remarks. A subspecies of Aspidolithus parcus
with a small central area spanned by a perforated
plate divided by axial sutures. One to three perfo-
rations per quadrants lie parallel to the major axis.
The width of the central area is small compared to

the shield margin and have a width equivalent or
less than the shield margin (b/a ratio <1). A. parcus
constrictus evolved during the early Campanian from
A. parcus parcus and represents the youngest sub-
species in the Aspidolithus lineage.

Specimens with the same b/a ratio but a total
length <10 pm were considered as “small” .A. par-
cus constrictus by Gardin et al. (2001). Wolfgring et
al. (2018), instead, considered small the specimens
with a total length <9 um. Both papers outline an
increase in size in younger levels.

In the studied Bottaccione section (this work)
A. parcus constrictus specimens display a total length
varying between 8 and 10.3 um with no correlation
with the stratigraphic position.

Aspidolithus parcus expansus (Wise and Watkins
in Wise, 1983) Perch-Nielsen, 1984

1983 Broinsonia parca expansa — Wise and Watkins in Wise, p. 506;
plate 9, Figs. 1-5; plate 10, Figs. 5-9; Plate 11, Figs. 1-9.
1984 Aspidolithus parcus expansus — Perch-Nielsen, p. 43.

Remarks. A subspecies of Aspidolithus parcus
with a wide central area spanned by a perforated
plate divided by axial sutures. Central area perfo-
rations lie parallel to the ellipse axes. The width
of the central area is approximately twice or more
than twice the width of the shield margin (the b/a
ratio is 22). A. parcus expansus represents the old-
est subspecies belongings to the Aspidolithus parcus
lineage starting in the late Santonian (Wise 1983;
Perch-Nielsen 1985).

Specimens with this b/a ratio but a to-
tal length <10 um or <9 um were considered as
“small” A. parcus expansus by Gardin et al (2001)
and Wolfgring et al. (2018), respectively.

The specimens observed in the studied Bot-
taccione section have a length variable between 9
and 12.3 pm. In the lowermost part of the subspe-
cies range (latest Santonian) specimens are rather
small (coccolith length of 10-10.2 um) and co-oc-
cur with “small” A. parcus expansus (coccolith length
varying between 9 and 9.9 um) from just prior to
the Santonian-Campanian boundary. The coccolith
length increases in the earliest Campanian as testi-
fied by presence of some relatively large specimens
(total length of 11-12.3 um) together with small
specimens (length varying between 9.5 and 9.9 um)
through the rest of the studied interval.
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Aspidolithus parcus parcus (Stradner, 1963) Noél,
1969

1963 Arkbangelskiella parca — Stradner, p. 10; Plate 1, Figs. 3, 3a.
1969 Aspidolithus parcus — Noél, p. 196; Plate 1, Figs. 3, 4.

Remarks. A subspecies of Aspidolithus parcus
with a central area spanned by a perforated plate
divided by axial sutures. Central area perforations lie
parallel to the ellipse axes. The width of the central
area is approximately between one to two times the
width of the shield margin (b/a ratio between 1 and
2). In the latest Santonian, A. parcus parcus evolved
trom A. parcus expansus with a reduction of the cen-
tral area width.

Specimens with this b/a ratio but a total
length <10 pm were considered as “small” A. parcus
parcus by Gardin et al. (2001); Wolfgring et al. (2018),
instead, considered small the specimens with total

length <9 um. Both studies outline an increase in
size upwards.

In the studied Bottaccione section A. parcus
parcus specimens have a length varying between 9.5
and 11.8 um, with a general increase in coccolith
length upwards in analogy to previous records (Gar-
din et al. 2001; Wolfgring et al. 2018). However, in
the lowermost part of its range (latest Santonian),
the coccolith length varies between 10 um and 10.2
um, thus, within the size range of A. parcus parcus
(210 um, following Gardin et al. 2001) although
very close to the lower limit of size range. A single
specimen with total length of 9.6 um (small 4. par-
cus parcus) was observed in this interval. A minor in-
crease in length size (10.5-11.7 um) of _A. parcus par-
cus coccoliths is observed in the lower Campanian;
these specimens co-occur with small A. parcus parcus
coccoliths with length varying from 8.4 to 9.9 um.
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