Received: 7 September 2016

Revised: 4 April 2017

Accepted: 9 April 2017

DOI: 10.1002/gj.2945

RESEARCH ARTICLE

WILEY

High-resolution integrated calcareous plankton biostratigraphy
and magnetostratigraphy at the Oligocene-Miocene transition
in Southwestern Atlantic Ocean

Rocco Gennaril

| Davide Persico® | Elena Turco® | Giuliana Villa? |

Silvia Maria laccarino® | Fabio Florindo? | Pontus C. Lurcock? |

Geise de Santana dos Anjos Zerfass®

1 Dipartimento di Scienze Chimiche, della Vita
e della Sostenibilita Ambientale, Parco Area
delle Scienze 11/A, Parma, Italy

2|stituto Nazionale di Geofisica e Vulcanologia
(INGV), Rome, Italy

3PETROBRAS/CENPES/PDGEO/BPA, Rio de
Janeiro, Brazil

Correspondence

Rocco Gennari, Dipartimento di Scienze
Chimiche, della Vita e della Sostenibilita
Ambientale, Parco Area delle Scienze 11/A,
43124 Parma, Italy.

Email: rocco.gennari@unito.it

Funding information

Petrobras (Petroleo Brasileiro S.A.)

Handling editor: B. Aguirre-Urreta

1 | INTRODUCTION

After the formalization of the base of the Miocene in the Lemme-Carrosio section (ltaly) at the
base of Subchron C6Cn.2n, the calcareous plankton biostratigraphy was refined in several open
ocean Deep Sea Drilling Project/Ocean Drilling Program sites. However, high-resolution quanti-
tative biostratigraphic studies, integrating planktonic foraminifera and calcareous nannofossils,
are still lacking for the time interval spanning the Oligocene-Miocene transition. Here, we pres-
ent a reinvestigation of Deep Sea Drilling Project Hole 516F (Rio Grande Rise) and 4 oil wells
drilled by Petrébras Brasileiro SA in the Campos Basin (SW Atlantic Ocean). We identified 12
planktonic foraminiferal and 18 calcareous nannofossil bioevents that have been integrated with
an updated magnetostratigraphy of Hole 516F allowing the correlation with the GPTS and the
identification of the Oligocene/Miocene boundary (base of Subchron C6Cn.2n) between the
Top of Sphenolithus delphix and the Base of common Paragloborotalia kugleri. Furthermore, our
results give new insights on the reliability of major calcareous plankton events across the
Oligocene-Miocene transition: (a) the Sphenolithus ciperoensis Top, the S. delphix Base and Top,
and the Sphenolithus cometa Base are reliable events at a global scale; (b) the Bases of
Globoquadrina dehiscens and Sphenolithus disbelemnos > 4 um are correlatable events only within
the study sector of the SW Atlantic Ocean; and (c) the Globoturborotalita ciperoensis Top,
Globoturborotalita angulisuturalis Top, and Sphenolithus procerus Base are diachronous. Finally,
previously unreported biostratigraphic data, such as the distribution range of S. disbelemnos < 4 um
and Sphenolithus cf. S. pseudoheteromorphus, the Tenuitellinata praestainforthi acme interval, and

the Top of common Globigerinoides primordius were identified in the Campos Basin.
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delphix and Sphenolithus capricornutus ranges (35 to 32 m and 40 to
35 m, respectively) and by the planktonic foraminifer Paragloborotalia

The Global Stratotype Section and Point (GSSP) of the base of the
Neogene was formally defined in the Lemme-Carrosio section, in
Northern ltaly, at the base of Subchron Cé6Cn.2n, at meter 35, and

approximated by means of the calcareous nannofossil Sphenolithus

Rocco Gennari's current affiliation: Dipartimento di Scienze della Terra, Via
Valperga Caluso 35, 10125 Turin, Italy.

kugleri base, which occurs 2 m above the boundary (Steininger, Aubry,
Berggren, Beard, & Jeffords, 1997).

The integrated bio-magnetostratigraphic framework of the
Lemme-Carrosio section paved the way for successive detailed stud-
ies. The identification of the events that characterize the Oligocene/
Miocene boundary (O/Mb) was refined through high-resolution calcar-
eous nannofossil biostratigraphic correlations between the Lemme-
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Carrosio section and the Deep Sea Drilling Project (DSDP) Site 522
(Southeast Atlantic Ocean) and Ocean Drilling Program (ODP) Site
929 (equatorial Atlantic; Shackleton, Hall, Raffi, Tauxe, & Zachos,
2000). These authors provided an astronomical age of 22.9 + 0.1 Ma
for the boundary, which replaced the poorly defined age of 23.8 Ma
in the time scale of Berggren, Kent, Swisher, and Aubry (1995).
Retuning of ODP Site 929 to the La2004 astronomical solution
resulted in an age of 23.03 Ma for the base of the Miocene (Lourens,
Hilgen, Shackleton, Wilson, 2004). The Oligocene-Miocene transition
(OMT) was studied in detail at ODP Sites 1218 (equatorial Pacific;
Palike, Frazier, & Zachos, 2006); 1090 (Southern Ocean; Billups, Palike,
Channel, Zachos, & Shackleton, 2004); 926, 928, and 929 (equatorial
Atlantic, Curry et al., 1995; Pearson & Chaisson, 1997; Backman &
Raffi, 1997); and 1264 and 1265 (Liebrand et al., 2016) and DSDP Sites
563 (Western North Atlantic, Miller et al, 1985; Maiorano &
Monechi, 1998) and 516 (Berggren, Aubry, & Hamilton, 1983; Pujol,
1983; Spezzaferri, 1992, 1994; Wei & Wise, 1989). However, a
high-resolution integrated calcareous plankton biostratigraphy,
acquired by quantitative analyses, was not provided.

The DSDP Hole 516F, drilled during Leg 72, is one of the few
deep-sea successions recovering the OMT in the subtropical South-
western Atlantic and providing a magnetostratigraphic record and
abundant and well-preserved planktonic foraminiferal and calcareous
nannofossil assemblages. The above-mentioned studies on the OMT
in Hole 516F were based on low-resolution sampling and on semi-
quantitative biostratigraphic analyses, except for the study of
Spezzaferri (1992) based on quantitative analysis on planktonic forami-
nifera. These studies produced different biostratigraphic and chrono-
stratigraphic frameworks. Despite these differences, some of the
planktonic foraminiferal data of Berggren et al. (1983) were incorpo-
rated into successive chronostratigraphic scales (Berggren, Kent, &
van Couvering, 1985, 1995; Wade, Pearson, Berggren, & Palike,
2011; Gradstein, Ogg, Schmitz, & Ogg, 2012) and the resulting bio-
magnetostratigraphic age model was applied by several authors in
paleoceanographic reconstructions across the OMT at Site 516 (e.g.,
Henderiks & Pagani, 2007; Pagani, Arthur, & Freeman, 2000; Plancq,
Grossi, Henderiks, Simon, & Mattioli, 2012; Plancq, Mattioli,
Henderiks, & Grossi, 2013).

The offshore subtropical Southwestern Atlantic Ocean is a strate-
gic area for oil exploration (Mohriak, Mello, Dewey, & Maxwell, 1990)
and was extensively drilled by Petrobras (Petrébras Brasileiro SA).
Among the drilled oil wells, four (here named A, B, C, and D) were stud-
ied in this work, representing an opportunity to increase the amount of
recovered sediments at the OMT. Abreu and Haddad (1998) previously
investigated the Upper Eocene to Lower Miocene Well A by means of
calcareous nannofossils, obtaining a low-resolution biostratigraphic
framework across the OMT.

Here, we present: (a) a reexamination, at higher resolution and by
means of quantitative analyses, of the calcareous plankton assem-
blages of Hole 516F, integrated with a new paleomagnetic study (this
paper and Florindo et al., 2015) and (b) the results of a high-resolution
calcareous plankton quantitative biostratigraphic study from the four
Petrébras wells. Through the stratigraphic correlation of these succes-
sions, we aim to establish an up-to-date high-resolution bio-

magnetostratigraphy of the OMT interval for the subtropical

Southwestern Atlantic and to give a contribution to the ongoing dis-
cussion on the taxonomy and biochronology of the calcareous plank-
ton marker species of this stratigraphic interval.

2 | MATERIAL

We investigated the OMT interval in Southwestern Atlantic in DSDP
Hole 516F and at four wells drilled by Petrdbras (Petrdbras Brasileiro
SA; Figure 1). DSDP Hole 516F was cored on the northern flank of
the Rio Grande Rise (Barker et al., 1983) at a water depth of
1,313 mbsl. Continuous coring operations started from 169.1 m
subbottom and ended at 1,270.6 mbsf, slightly above the basaltic base-
ment. The investigated interval spans from Core 3 (188.18 mbsf) to
Core 11 (266.94 mbsf) and is characterized by two lithostratigraphic
units. Unit 1 (188.18-193 mbsf) consists of poorly consolidated
nannofossil ooze deposited above the lysocline and CCD, whereas
Unit 2 (193-266.94 mbsf) consists of nannofossil and foraminiferal
chalks with chert nodules and biogenic silica.

The four oil wells were cored in the Campos Basin (Figure 1), on
the slope east of Cabo Frio (Brazil), at a water depth of approximately
1,000 mbsl, and they are here named Wells A, B, C, and D. Well A
(2633.32-2673.05 m) shows a cyclic pattern made up of alternations
of dark and light grey marls, with an overall mean thickness of
40 cm per cycle. In Well B (2944.22-2952.32 m), the cyclical pattern
is less evident and made up of alternating clays and marls. Well C
(2689.90-2754.77 m), similar to Well A, is composed of dark and
light grey marl alternation, but from 2,730 m upward is characterized
by the intercalation of several sandy layers that show a thickness
reduction towards the top of the investigated interval. Well D
(2692.19-2713.53 m) consists of sandstone beds in the lowermost
3 m and of the cyclical alternation of dark and light grey marls from
2,714 m up to the top of the investigated interval.
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FIGURE 1 Location map of Wells A, B, C, and D in Campos Basin and
of DSDP Hole 516F on the Rio Grande Rise
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Five hundred and thirty-seven core samples were collected from
Hole 516F (219 samples) and Wells A, B, C, and D (105, 37, 90, and
86 samples, respectively) with an overall average sampling distance
of 28 cm; the almost continuous recovery of the studied cores allowed
us to carry out a high-resolution quantitative biostratigraphy on the
basis of planktonic foraminiferal and calcareous nannofossil
assemblages.

One hundred thirty-nine samples were taken from Hole 516F
between Core 3R-2 and Core11R-2 (189.72-266.7 mbsf), in order to

obtain a high-resolution magnetostratigraphic record.

3 | METHODS

3.1 | Planktonic foraminifera

Core samples from Hole 516F and Wells A, B, C, D were heated in an
electric oven at 40 °C for approximately 2 days to obtain dry samples
and to measure their dry weight. Samples were processed with distilled
water (Hole 516F) or H,O, (3%; Wells A, B, C, and D) and washed with

a 63-um sieve. Quantitative analyses of planktonic foraminiferal

assemblages were performed on splits of the >125 um fraction, con-
taining approximately 200-300 individuals, obtained by using a
microsplitter. Planktonic foraminiferal specimens were picked and
fixed on Chapman slides and classified at a specific level, generic level,
or as groups of species. The relative abundances of biostratigraphic
markers (expressed as % of the total planktonic foraminiferal
assemblage, see Data S1) were plotted for all the studied successions
(Figures 2-6). Their quantitative distribution patterns allowed us to
better pinpoint the events that define the (sub)zonal boundaries and
to identify additional faunal changes (such as remarkable abundance
variations and acme/paracme intervals), which may have a biostrati-
graphic significance, increasing the biostratigraphic resolution. The bio-
stratigraphic scheme for tropical and subtropical regions of Wade et al.
(2011) and Gradstein et al. (2012) and their astronomical recalibration

of the bioevents were adopted.

3.2 | Calcareous nannofossils

All samples were prepared using the settling technique described by de
Kaenel and Villa (1996) that assures a uniform and homogeneous
distribution of nannofossils. Calcareous nannofossils were examined
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FIGURE 2 Plots of quantitative distribution pattern (%) of selected planktonic foraminifera and calcareous nannofossil taxa of Hole 516F. The grey
boxes on the plots represent the no core recovery intervals and the grey circles besides the log indicate levels where drilling disturbance was
detected. The Oligocene/Miocene boundary (O/Mb) is indicated with a grey circle beside the log. Note that the few Oligocene occurrences of
P. kugleri correspond to the most prominent P. pseudokugleri abundance peaks
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FIGURE 3 Plots of quantitative distribution patterns (%) of selected planktonic foraminifera and calcareous nannofossil taxa of Well A. Due to the
paucity of G. dehiscens throughout the well, its plot is not shown and the Base is indicated beside the lithologic log. The Oligocene/Miocene

boundary (O/Mb) is indicated with a grey circle beside the log
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FIGURE 4 Plots of quantitative distribution patterns (%) of selected planktonic foraminifera and calcareous nannofossil taxa of Well B. Due to the

paucity of G. dehiscens throughout the well, its plot is not shown and the Base is indicated beside the lithologic log

under crossed-polarized light and phase-contrast light at 1,250x mag-
nification. Quantitative analyses were performed by counting at least
500 specimens on each slide; two long traverses (200 fields of view)
were scanned to detect specimens of rare taxa excluded from the ini-

tial counts. The conversion of the abundances to percentages and their

plots against depth allowed a detailed evaluation of the biostrati-
graphic events (Figures 2-6). The genus Sphenolithus, quite abundant
in the Campos Basin wells, is conversely scarce in DSDP Hole 516F;
thus, in the latter site, a supplementary counting regarding the index

species versus a fixed number of Sphenolithus spp. was performed to
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FIGURE 5 Plots of quantitative distribution patterns (%) of selected planktonic foraminifera and calcareous nannofossil taxa of Well C. Due to the
paucity of G. dehiscens throughout the well, its plot is not shown and the Base is indicated beside the lithologic log. The grey boxes next to the
lithologic log indicate intervals where quantitative analyses of planktonic foraminifers were hindered by the abundant terrigenous component
present in the residues. The grey boxes on the plots represent the no core recovery intervals. The Oligocene/Miocene boundary (O/Mb) is
indicated with a grey circle beside the log
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FIGURE 6 Plots of quantitative distribution patterns (%) of selected planktonic foraminifera and calcareous nannofossil taxa of Well D. The grey
boxes beside the lithologic log indicate intervals where quantitative analyses of planktonic foraminifers were hindered by the abundant terrigenous
component present in the residues. The grey boxes on the plots represent the no core recovery intervals

evaluate the distribution pattern of the marker species and compare integration of recently published biozonal schemes (e.g., Agnini et al.,
them with their distribution in Campos Basin wells. The adopted bio- 2014; Backman, Raffi, Rio, Fornaciari, & Palike, 2012) and the standard
stratigraphic scheme for calcareous nannofossils is derived by an zonations of Martini and Farinacci (1971) and Okada and Bukry (1980).
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3.3 | Paleomagnetism

DSDP Hole 516F was sampled using standard ~8 cm® plastic cubes at
the Integrated Ocean Drilling Program (IODP) Bremen Core Reposi-
tory. Samples were oriented only with respect to the vertical; the geo-
centric axial dipole field at the latitude of the coring site has an
inclination of +49.4°, which makes it feasible to reconstruct paleomag-
netic polarity using only inclinations.

To minimize sample dehydration and alteration, samples were
packed in sealed bags and were stored in a refrigerated room until they
were processed at the Istituto Nazionale di Geofisica e Vulcanologia,
Rome. Natural and artificial magnetizations were measured at room
temperature using a narrow-access pass-through 2-G Enterprises cryo-
genic magnetometer housed in a Lodestar Magnetics shielded room.
After measurement of the natural remanent magnetization (NRM),
samples were demagnetized in alternating field (AF) at successive peak
fields of 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, and 100 mT.
NRM stability was assessed using vector component diagrams
(Zijderveld, 1967). Principal component analysis (Kirschvink, 1980)
was used to calculate characteristic remanent magnetization (ChRM)
directions, with linear best fits calculated from a minimum of three
demagnetization steps using the PuffinPlot paleomagnetic analysis
application (Lurcock & Wilson, 2012).

Following AF demagnetization of the NRM, a set of rock magnetic
analyses was conducted on the same cube samples and on a selection
of powder samples to investigate the magnetic mineralogy and to
check its homogeneity throughout the core (Florindo et al., 2015).

4 | RESULTS

4.1 | Planktonic foraminifera

Preservation of planktonic foraminiferal assemblages varies from good,
in Hole 516F, to moderate and poor, in Wells A to D. The poor preser-
vation is the result of both fragmentation and recrystallization of the
test wall, often hiding the original wall texture; this affected taxonomic
assignment, as the wall structure is a discriminating character at
generic level. Moreover, in the assemblages of Campos Basin wells, a
variable but often large percentage of specimens (at times exceeding
60%) are small sized, not recognizable at specific/generic level. In Hole
516F, small-sized planktonic foraminifera are present as well but rarely
exceed 30% of the total assemblage.

We identified 12 bioevents, indicated as Base (B) and Top (T),
respectively, for the lowest and highest occurrences, Base common
occurrence (Bc), Base regular occurrence (Br), Top common occurrence
(Tc), Paracme Beginning (PB), Paracme End (PE), Acme Beginning (AB)
and Acme End (AE; see Backman et al., 2012; Raffi et al., 2006). The
recognized bioevents, labeled with increasing number in stratigraphic
order in Table 1, are described and discussed below.

411 |

Paragloborotalia

Base and Base of common Paragloborotalia kugleri

which

pseudokugleri (following Blow, 1969), has a great stratigraphic impor-

kugleri, evolves from Paragloborotalia
tance at the OMT. In fact, the Base of P. kugleri defines the lower

boundary of Zone M1 (Berggren et al., 1995; Wade et al., 2011) and

is used to approximate the O/Mb (Berggren et al., 1983, 1985, 1995;
Steininger et al., 1997). In the Lemme-Carrosio section, the P. kugleri
Base falls 2 m above the base of the Neogene, defined at the older
end of Subchron C6Cn.2n (Steininger et al., 1997). This bioevent was
astronomically dated at 22.96 Ma at Sites 925 and 926 (Lourens et al.,
2004), in agreement with its magnetostratigraphic position in the
Lemme-Carrosio section (Steininger et al., 1997), at Sites 522
(Shackleton et al., 2000) and 516 (Berggren et al., 1983), although, in
the latter site, Subchron C6Cn.2n was not distinguished within Chron
C6C. However, the Base of P. kugleri has been also associated with
the youngest Oligocene Subchron C6Cn.2r at Site 1218 (equatorial
Pacific; Lyle et al., 2002) and with Chron C7r (the reversal interval of
Chron C7A in Spezzaferri, 1994) below the Top of the calcareous
nannofossil S. ciperoensis (Berggren et al., 1983) in Hole 516F.

As noted by other authors (e.g., Keller, 1981; Pearson & Wade,
2009; Spezzaferri, 1991), the morphological transition between
P. pseudokugleri and P. kugleri is gradual; thus, it is very important to
have clear criteria to distinguish the two morphospecies. In Appendix
A, we discuss in detail the taxonomy of the two species including the
original description and subsequent modifications and we describe
the taxonomic concepts adopted in this study.

The P. pseudokugleri-P. kugleri group is well represented in all the
successions here investigated, although it is more abundant in the
wells of Campos Basin than in Hole 516F. Within the studied assem-
blages, this group shows a gradual morphologic variability between
the two end members, but we attempted to consistently separate
them along the successions obtaining the quantitative distribution pat-
terns of these two species (Figures 2-6).

Specimens (Figure 7(a), al-a3) well comparable to P. pseudokugleri
holotype of Blow (1969; Figure 7(b), al-a3) are present with
abundance fluctuations throughout the studied interval of Hole 516F
and Wells A, B, C, and D. In Hole 516F, in correspondence of the levels
of highest abundance of P pseudokugleri, specimens showing the
morphological features distinctive of P. kugleri (Figure 7(a), b-g)
according to the original definition of Bolli (1957; Figure 7(b), b1-b3)
are also recorded. These specimens closely resemble the P. kugleri
individuals observed at its Base level in the Lemme-Carrosio section
just above the O/Mb (laccarino, Borsetti, & Rogl, 1996), and those
figured by other authors (e.g., Keller, 1981; Leckie, Farnham, &
Schmidt, 1993; see Appendix A and Figure 7(b), d, f, and h). These
forms discontinuously and rarely occur from Core 11 to Core 7 and
become continuously present and relatively more abundant (>5%)
from Core 5 upwards (Figure 2). On the basis of this distribution
pattern in Hole 516F, very similar to that obtained in the same hole
from a lower resolution sample set by Spezzaferri (1992), it is possible
to distinguish the P. kugleri Base at 266.26 mbsf and its Base common
at 214.28 mbsf (Figure 2).

A similar distribution pattern characterizes Well A (Figure 3),
where P. kugleri is absent from the bottom of the investigated interval
up to 2,659.99 m; above this stratigraphic level, P. kugleri shows irreg-
ular occurrences and becomes common (>5%) and continuously pres-
ent above 2,646.49 m (Bc level). In Well C, this species is present
and rare from the bottom to 2,740.38 m, where it shows an increase
in abundance (with peaks >5%) and the Base of common P. kugleri is

placed (Figure 5). In Well B (Figure 4). P. kugleri is continuously present
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FIGURE7 (a) P. pseudokugleri and P. kugleri specimens collected in Hole 516F (from progressively younger levels; this work): al-a3, P. pseudokugleri
(Sample 516F-11-2, 53-55 cm; 266.13 mbsf); b1-b3, P. kugleri (Sample 516F-11-2, 53-55 cm; 266.13 mbsf); c1-c3, P. kugleri (Sample 516F-9-3,
98.5-100.5 cm; 249.085 mbsf); d1-d3, P. kugleri (Sample 516F-8-7, 66-68 cm; 245.00 mbsf); e1-e3, P. kugleri (Sample 516F-7-3, 85-87 cm;
229.95 mbsf); f1-£3, P. kugleri (Sample 516F-5-5, 78-80 cm; 213.88 mbsf); g1-g3, P. kugleri (Sample 516F-5-4, 142-144 cm; 213.02 mbsf). (b)

P. kugleri and P. pseudokugleri specimens as illustrated in previous works: al-a3, P. pseudokugleri holotype (Blow, 1969); b1-b3, P. kugleri holotype
(Bolli, 1957); c1-c2, P. pseudokugleri paratype (Blow, 1969); d1-d3, P. kugleri (292-17-6, from Keller, 1981); e1-e3, P. kugleri s.s. (Sample 709B-22-3,
80-85 cm, from Spezzaferri, 1991); f1-f2, P. kugleri (sample 803D-35X-5, 50-52 cm, from Leckie et al., 1993, picked in the base level of the
species); g, P. pseudokugleri (Trinidad, Mosquito Creek, close to the type locality of Blow's, 1969 species, sample PPO7/T7; see Pearson & Wade,
2009), according to the authors this sample was collected in the Oligocene biozone O6 of Berggren & Pearson, 2005); h1-h3, P. kugleri (Lemme-
Carrosio section, sample LE 111-33, 2 m above the GSSP of the base of the Neogene, from laccarino et al. (1996) [Colour figure can be viewed at
wileyonlinelibrary.com]
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and commonly exceeds 5%, whereas in Well D (Figure 6), the continu-
ous distribution is associated with lower abundances, generally <5%.

412 |
According to Spezzaferri (1994), the Top of G. testarugosa is a reliable

Top of Globorotaloides testarugosa

event only in the Southern Atlantic and Pacific Oceans, where it post-
dates the Base of P. kugleri.

In our material, G. testarugosa (Figure 8, al-a3) is present only in
Hole 516F where its Top is recorded at 265.35 mbsf, postdating the
Base of P. kugleri (Figure 2).

413 |
The Globigerinoides event was defined by Spezzaferri (1994) as the

Base and Base of common Globigerinoides group

Base of one of the following species: Globigerinoides immaturus,
G. quadrilobatus, G. parawoodi, G. bollii, G. subsacculifer, and
Globigerinoides cf. G. subquadratus. The author considered this event
globally synchronous, taking place “in the first third of the total range
distribution of P. kugleri.” Spezzaferri (1994) did not include
Globigerinoides trilobus in this group, whose Base was observed at dif-

ferent levels in the early Miocene biozones N4 and N5, therefore

diachronous at a global scale. Differently, Pearson and Chaisson
(1997) lumped G. trilobus with G. immaturus and observed their appear-
ance at the base of the Miocene (at 22.96 Ma according to Lourens
et al., 2004). In the Lemme-Carrosio section, the Globigerinoides gr.
included all the species except “G”. primordius (laccarino et al., 1996)
and the Base of the group was observed in the late Oligocene, within
Chron C6Cr and below the P. kugleri Base; at Lemme-Carrosio, the first
species to appear is G. parawoodi (Spezzaferri, 1996), making this event
equivalent to the “Globigerinoides event” of Spezzaferri (1994). In this
study, we retain the Globigerinoides gr. definition of laccarino et al.
(1996); see also Appendix A).

Overall, in Hole 516F (Figure 2), the Globigerinoides gr. (Figure 8, b
and c) is rare and generally <2%, although it is more common in the
Campos Basin wells (up to 21.32% in Well D). In Hole 516F, the Base
of the Globigerinoides gr. (0.62%), represented by Globigerinoides cf.
G. subquadratus, is recognized at 256.43 mbsf. This group is discontin-
uously present in the lower part of its range, whereas it becomes rela-
tively more regularly distributed above 229.20 mbsf (Br). A similar
distribution pattern of the Globigerinoides gr. is observed in Well A
(Figure 3), where the Base, represented by G. quadrilobatus and
G. trilobus s.l., is defined at 2,663.74 m, and the Base of regular

FIGURE8 Planktonic foraminifera of hole 516F. 1 = spiral view, 2 = lateral view, and 3 = umbilical view: a1-a3, Globorotaloides testarugosa (Sample
516F-11-2, 53-55 cm; 266.13 mbsf); b1-b4, Globigerinoides quadrilobatus (Sample 516F-4-3, 102-104 cm; 201.62 mbsf; b4, detail of the last
chamber); c1-c5, Globigerinoides sp. 1 (Sample 516F-3-7, 5-7 cm; 197.15 mbsf; see plate 15, fig. 4a-c, Spezzaferri (1994); c4 and c5 details of the
ultimate and penultimate chambers); d1-d3, Globoturborotalita angulisuturalis (Sample 516F-11-2, 53-55 cm; 266.13 mbsf); e1-e3, Globoquadrina
dehiscens (Sample 516F-4-5, 63-65 cm; 204.23 mbsf); f1-f3, Globoquadrina dehiscens (Sample 516F-4-3, 102-104 cm; 201.62 mbsf); g1-g3,
Globoquadrina dehiscens (Sample 516F-3-7, 5-7 cm; 197.15 mbsf); h1-h3, Globigerinoides primordius (Sample 516F-10-1, 137-139 cm;

255.97 mbsf); i1-i5, Globigerinoides primordius (Sample 516F-10-2, 45-47 cm; 256.55 mbsf; i4, wall texture magnification of the last chamber; i5,

wall texture magnification of antepenultimate chamber)
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occurrence at 2,649.96 m (2.17%). In the other wells of the Campos
Basin (Figures 4-6), the Globigerinoides gr. is present from the base of
the studied intervals: In Well C, this group shows an abundance
increase and a more continuous distribution from 2,747.51 m upwards
(6%), where its Base of regular occurrence is placed, whereas in Wells
B and D, it is common (quite regularly >5%) and continuous throughout

the studied intervals.

414 |

Within the G. ciperoensis gr., we lumped together all the five-

Paracme interval of Globoturborotalita ciperoensis gr.

chambered Globoturborotalita species except for G. angulisuturalis, thus
including G. ciperoensis, G. ciperoensis fariasi, G. anguliofficinalis, and
G. ottnangensis. According to Pearson and Chaisson (1997), all these
species are well represented in the Oligocene Atlantic low-latitude
planktonic foraminiferal assemblages and disappear during the early
Miocene. In particular, the Top of G. ciperoensis in ODP Sites 925 and
926 is recorded near the O/Mb, successively calibrated at 22.90 Ma
by Lourens et al. (2004; see also Wade et al., 2011).

The G. ciperoensis gr, dominated by G. ciperoensis, is present along
all the studied successions, showing abundance fluctuations. In Hole
516F, this group is characterized by a paracme interval, where it shows
abundances lower than 5%, from 252.97 to 204.32 mbsf (Figure 2).
These stratigraphic levels are indicated as Paracme Beginning (PB)
and Paracme End (PE), respectively; however, the exact position of
the PB is obscured by an interval of no core recovery between
251.16 and 254.77 mbsf.

In Well A (Figure 3), the G. ciperoensis gr. regularly exceeds abun-
dances of 5% (with peaks >10%) from the base of the studied interval
up to 2661.91 m; at this level, a remarkable abundance drop (AD)
occurs and the group steadily shows abundances lower than 2% up
to the top of the investigated interval, except for an abundance spike
at approximately 2,634.5 m. Thus, in Well A, the paracme interval is
replaced by a decrease in abundance. In Wells B and C, G. ciperoensis
gr. shows relative abundances generally lower than 5% except for a
few peaks above 2,945 m in Well B and above 2,700 m in Well C; in
both cases, it shows a poorly defined upward increasing trend
(Figures 4 and 5). In the investigated interval of Well D, this group is
always present with abundances ranging from 0.39% to 10.6%
(Figure 6).
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Globoturborotalita angulisuturalis is easily distinguishable from the

Top of Globoturborotalita angulisuturalis

G. ciperoensis gr. by its characteristic U-shaped sutures (Figure 8, d1-
d3). The Top of G. angulisuturalis occurs in the early Miocene and
was calibrated at 20.94 Ma (Gradstein et al., 2012). This age calibration
is based on the stratigraphic position of this event reported by
Berggren et al. (1983) in Hole 516F. However, in the same hole, Pujol
(1983) and Spezzaferri (1994) observed the same event at a much
lower stratigraphic level, in the late Oligocene. A late Oligocene Top,
a few meters above the Top of S. ciperoensis, is also indicated by
Pearson and Chaisson (1997) in the equatorial Atlantic Leg 154.
However, Spezzaferri (1994) considered this event diachronous at a

regional scale.
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In this study, the Top of G. angulisuturalis is only recorded in Hole
516F and in Well A, as this species is absent in the other wells. In the
lower part of Hole 516F, G. angulisuturalis is characterized by a quite
regular distribution punctuated by the occurrence of abundance peaks
(up to 5%); from 254.77 mbsf, only rare and scattered occurrences are
observed and its Top is placed at 236.45 mbsf (Figure 2). In Well A,
G. angulisuturalis is more discontinuous and slightly less abundant than
in Hole 516F; however, it is possible to define a Top level at
2,659.99 m (Figure 3).

4.1.6 |

The Base of G. dehiscens has been reported as a diachronous event by

Base of Globoquadrina dehiscens

Spezzaferri (1994), generally occurring in the late Oligocene P22 Zone,
except in the Northern Atlantic and in the Mediterranean, where the
G. dehiscens Base was identified in the early Miocene (lower part of
Zone N4). However, Wade et al. (2011) retained this event to define
the base of Subzone M1b and calibrated it at 22.44 Ma, on the basis
of its position within Chron C6Br at DSDP Sites 516, 522, 563, and
558 and in the Contessa Highway section (ltaly; Berggren et al.,
1995: Miller et al., 1985; Shackleton et al., 2000).

Typical specimens of G. dehiscens are quite common in the upper
part of Hole 516F (Figure 8, e-g), where its Base is recorded at
204.32 mbsf (Figure 2). In the Campos Basin wells, G. dehiscens is very
rare and discontinuously present; however, we recognized its Base in
Wells A, B, and C, at 2,640.29; 2,950.35; and 2,717.78 m, respectively
(Figures 3-5), whereas in Well D, G. dehiscens is present from the base
of the studied interval.

417 |

Tenuitellinata praestainforthi has five globular chambers in the last

Acme interval of Tenuitellinata praestainforthi

whorl and a smooth, nonspinose, and microperforate wall texture.
The umbilical area is always covered by a bulla, extending along the
sutures. This species is reported from the Oligocene to the early-
middle Miocene by Spezzaferri (1994).

Tenuitellinata praestainforthi is very rare in Hole 516F and in Well
A, where no particular distribution pattern was identified. Conversely,
although poorly represented in all the wells of the Campos Basin,
T. praestainforthi often exceeds 4% of relative abundance from
2,707.86 m up to the top of Well C, and in Well D, from the base up

to 2,703.23 m (Figures 5 and 6), showing an acme interval.

418 |

Recently, Spezzaferri et al. (2015) proposed to include G. primordius

Top of common Globigerinoides primordius

into the new genus Trilobatus; however, for the reasons outlined in
Appendix A, we prefer to retain this species within the genus
Globigerinoides. The Base of G. primordius was thought to be a reliable
marker for the O/Mb (see discussion in Berggren et al, 1985);
however, this event was either associated with Chron C8r or Chron
C7n in the late Oligocene (Berggren et al., 1995). As for the Base of
common G. primordius, it is reported to occur within Zone O7 (Wade
et al., 2011) and calibrated at 23.50 Ma on the basis of the data of
Berggren et al. (1983) and Pujol (1983) from Hole 516F, who observed
an abundance increase just below the Base of P. kugleri at 215 mbsf.
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Similar to the Globigerinoides gr., G. primordius (Figure 8, h and i) is
more abundant in the Campos Basin wells (up to 5.66% in Well A) than
in Hole 516F (<1%). The steady distribution pattern of this taxon in
Hole 516F (Figure 2) and Well A (Figure 3) below the Base of and the
Base of common P. kugleri does not allow the recognition of the Base
of common G. primordius. On the other hand, G. primordius shows a
decrease in abundance (Tc) in Well C at 2,691.81 m and in Well D at
2,705.48 m (Figures 5 and 6), only showing scattered and rare occur-
rences above these levels.

4.2 | Calcareous nannofossils

In the examined sites, calcareous nannofossils are common to abun-
dant and preservation is variable from site to site, ranging from
medium to very good. The upper Oligocene-lower Miocene calcareous
nannofossil assemblage recognized in the five sites is composed of 65
taxa (species and informally subspecies or varieties); the results of the
quantitative analyses are reported as percentage values in the range
charts (see Data S1), and the most important markers are documented
in Figures 9 and 10. We identified a succession of 18 bioevents in the
investigated time interval (Table 1) delineated as Base (B), Top (T),
Acme Beginning (AB), and Acme End (AE). The reported depths repre-
sent the mean depth between the two adjacent samples of each
bioevent. A brief discussion of the main bioevents, from the oldest to

the youngest, is presented below.
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Sphenolithus ciperoensis (Figure 9, e-f) is an easily identifiable small

Top of Sphenolithus ciperoensis

sphenolith, with basal rounded “feet” and a short apical bifurcated
spine that is only occasionally preserved. In the literature, the Top of
S. ciperoensis is reported within Chron C7n, with small age differences:
24.43 and 24.35 Ma (base C7n.2n) at the equatorial Pacific Site 1218
(Blaj, Backman, & Raffi, 2009; Blair, 2011), 24.13 Ma (top C7n.2n) at
the North Atlantic Site 522 (Shackleton et al., 2000, rescaling Cande
& Kent, 1995), and 24.24 Ma (middle part of C7n.2n) at the equatorial
Atlantic Sites 925 and 926 (Raffi et al., 2006).

In the lower part of the studied samples of Well A (Figures 2 and 3),
theTop of S. ciperoensis is placed at 2,661.06 m. In Hole 516F, the strat-
igraphic position of S. ciperoensis Top cannot be precisely defined
because of the presence of an interval of no core recovery (beginning
at 254.84 mbsf) just above the last occurrence detected at 254.91 mbsf.
We therefore approximate the stratigraphic position of the S. ciperoensis
Top at the mean depth of 253.03 mbsf, between the uppermost sample
yielding S. ciperoensis and the top of the interval of no core recovery
(251.16 mbsf; see Table 1).

422 |

Helicosphaerids are common only at Site 516, whereas they are rarely

Base of Helicosphaera carteri

present in the Campos Basin wells. The Base of H. carteri (Figure 10, j),
previously indicated in the Iberia Abyssal Plane (de Kaenel & Villa,
1996) as occurring in the upper Oligocene Zone NP25, is recorded at
Site 516 at 250.92 mbsf (Figure 2).

4.2.3 | Acme of Sphenolithus conicus

The S. conicus Acme was identified at Site 1218 in the Pacific Ocean by
Blair (2011) from 23.57 to 22.87 Ma and thus encompassing the O/Mb
(i.e., with the AE younger than the Top of S. delphix).

Sphenolithus conicus (Figure 10, u-v) is present from the base of
the studied succession of Well A (Figure 3) showing an upward
increasing trend, which delineates an acme interval starting at
2,656.96 m (AB), culminating in a maximum of 24.9% at 2,648.38 mbsf
and ending at 2,645.07 m (AE). In Well C, this taxon is less abundant;
however, a similar distribution pattern is characterized by the AB at
2,753.275 m, a relative abundance increase up to 14% at
2,747.72 m, and the AE at 2,743.04 m. S. conicus is absent in
Hole 516F.

424 |

We have split S. delphix (Bukry, 1969) into three varieties differenti-
ated by the total size and the length of the apical spine: S. delphix s.l.

Base and Top of Sphenolithus delphix

(short apical spine; Figure 9, m-n); small S. delphix (<8 pm;
Figure 9,iand j); and S. delphix (>8 um; Figure 9, k and I). Only the last
one has a reliable biostratigraphic value. Literature data regarding the
distribution range of S. delphix show discrepancies: In the Lemme-
Carrosio GSSP, the corresponding stratigraphic interval shown in
Steininger et al. (1997) was reported from 47 m (within Chron CéCr)
to 31 m (within Subchron Cén.1r), although Aubry and Villa (1996) in
the same section reported only rare and discontinuous presence from
just below the boundary up to Subchron Cén.1r. However, the preser-
vation and the rare occurrence of sphenoliths in the Neogene base
stratotype section shed doubts on the real distribution of S. delphix.
The recent age calibrations by Gradstein et al. (2012, North Atlantic)
and Backman et al. (2012, equatorial Pacific) are 23.21 and 23.38 Ma
for the Base and 23.11 and 23.06 Ma for the Top, respectively.
Gradstein et al. (2012) used data from Raffi et al. (2006) and Shackleton
et al. (2000, North Atlantic), who however report ages more compara-
ble to that of Backman et al. (2012). The corresponding position in
the GPTS varies from the upper part of C6Cr to the lower part of
C6Cn.2r for the Base and within C6Cn.2r for the Top. Backman et al.
(2012) use the Top of S. delphix to define the base of CNM1, which pre-
cedes the O/Mb (23.03). Although the S. delphix Top is generally indi-
cated in Subchron C6Cn.2r (Backman et al., 2012), in DSDP Site 563,
it occurs in the basal portion of C6Cn.2n (Maiorano & Monechi, 1998;
Miller et al., 1985).

Sphenoliths are less abundant in Hole 516F; however, we recog-
nized the Base of S. delphix at 229.8 mbsf, whereas the Top falls in
an interval of no core recovery that range between 226.35 and
218.59 mbsf (midpoint at 222.47 mbsf, Figure 2). Sphenoliths are more
abundant in the Campos Basin: In Well A, the Base and the Top were
identified at 2,651.635 and 2,648.165 m, respectively (Figure 3); in
Well C, the short distribution range of S. delphix occurs from
2,749.575 m (B) to 2,744.85 m (T; Figure 5). We remark that smaller
morphotypes are present in older sediments.
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Sphenolithus disbelemnos was defined by Fornaciari (1996) as a

Base and Top of Sphenolithus disbelemnos <4 um

small sphenolith ranging in size from 3 to 4 um. It had priority on
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FIGURE 9 (a and b) Sphenolithus capricornutus, X Nicols, 100X (sample 516F-5-7 0-2 cm, 215.8 mbsf); (c and d) S. capricornutus XN, 100X (sample
516F-5-7 36-38 cm, 216.16 mbsf); (e and f) S. ciperoensis, XN, 100X (Sample 516F-11-2 53-55 cm, 266.13 mbsf); (g and h) Sphenolithus cf.

S. pseudoheteromorphus XN, 100X (Well C 2,707.2 m); (i and j) S. delphix, XN, 100X (sample 516F-7-1 139-141 cm, 227.49 mbsf); (k and |) S. delphix,
XN, 100X (Sample 516F-7-1 60-62 cm, 226.7 mbsf); (m and n) S. delphix (short apical spine), XN, 100X (Sample 516F-8-4 9-11 cm, 240.19 mbsf);
(o and p) S. disbelemnos (<4 um), XN, 100X (Sample 516F-6-1 4-6 cm, 216.64 mbsf); (q and r) S. disbelemnos > 4 um, XN, (Well A, Sample
2,636.75 m); (s) S. cometa, XN, 100X (Well D, Sample 2,697.22 m); (t) S. cometa, XN, 100X (Sample 516F 3-3 56-58 cm); (u and v) S. procerus, XN,

100X (Sample 516F-6-2 49-51 cm, 218.59 mbsf); (x and y) S. cometa, XN (Well A, Sample 2,636.75 m)
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FIGURE 10 (a and b) Calcidiscus pataecus, phase contrast, 100X, (Sample 516F-5-6 118-120 cm, 215.78 mbsf); (c) C. subdisticus, X Nicols, 100X
(Sample 516F-9-1 104-106 cm, 246.14 mbsf); (d) Reticulofenestra lockeri, XN, 100X (Sample 516F-6-1 18-20 cm, 216.78 mbsf); (e-g) Discoaster
druggii, PC, 100X (Sample 516F-3-1 8-10 cm, 188.18 mbsf); (h) D. druggii small, PC,100X (Sample 516F-3-1 110-112 cm, 189.20 mbsf); (i)
Helicosphaera obliqua, PC,100X (Sample 516F-8-7 66-68 cm, 245.00 mbsf); (j) H. carteri, X N,100X (Sample 516F-9-4 120-122 cm, 250.80 mbsf);
(k) H. rhomba, XN,100X (Sample 516F-5-4 142-144 cm, 213.02 mbsf); (I) H. vedderi, PC,100X (Sample 516F-5-5 78-80 cm, 213.88 mbsf); (m and n)
Dictyococcites bisectus, XN,100X (Sample 516F-9-4 21.5-23.5 cm, 249.815 mbsf); (o and p) Triquetrorhabdulus carinatus, PC and XN, 100X (Sample
516F-3-1 8-10 cm, 188.18 mbsf); (q-s) Pontosphaera wallacei, XN, 100X (Sample 516F-8-7 66-68 cm, 245.00 mbsf); (t) P. callosa, XN, 100X
(Sample 516F-5-6 8-10 cm, 214.68 mbsf); (u and v) Sphenolithus conicus, XN, 100X (Well A, Sample 2,640.84 m); (x) Braarudosphaera bigelowii, XN,
100X (Sample 516F-9-3 98.5-100.5 cm, 249.085 mbsf); (y) Cyclicargolithus abisectus, XN, 100X (Sample 516F-11-1 141-143 cm, 265.51 mbsf)
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Sphenolithus aubryae described later the same year by de Kaenel and
Villa (1996) who, however, indicated a range in size between 3.5 and
4.5 pum. In our samples, we recognized two dominant sizes of this spe-
cies; thus, we keep separated forms <4 um from those >4 um.

The small morphotype first appears above the S. delphix Base,
whereas the bigger morphotype is present above the O/M boundary
and its stratigraphic range is comparable to that of S. disbelemnos as
reported by Backman et al. (2012).

The Base of the small morphotype is observed in Wells A and C at
2,651.115 and 2,749.1 m, respectively (Figures 3 and 5). However, at
the beginning of its range, it occurs in low abundance and its detection
requires careful analyses. In Well D, it is still present above the Top of
S. disbelemnos >4 um, and it last occurs at 2,694.59 m (Figure 6). In
Hole 516F, the scarce presence of sphenoliths hinders the identifica-
tion of this event.

4.2.6 |

Though occurring with rare and discontinuous specimens, the Top of

Top of Sphenolithus capricornutus

S. capricornutus (Figure 9, a-d) may be useful to approximate the
O/Mb, because in the Lemme-Carrosio section (Aubry & Villa, 1996),
it was positioned within the range of S. delphix, and in Site 563, it
was recognized together with the Top of S. delphix (Maiorano &
Monechi, 1998). Gradstein et al. (2012) report, for this event, an age
of 22.97 Ma (ODP Leg 145), within Subchron C6Cn.2n.

This sphenolith is quite rare in the studied successions (<1%) and
only in Well A that S. capricornutus shows a continuous distribution
up to its Top, which occurs at 2,646.19 mbsf (Figure 3). In Well C
and in Hole 516F, S. capricornutus is very rare, but the Base was tenta-
tively placed at 2,748.095 m in Well C (Figure 5), and at 215.79 mbsf in
Hole 516F (Figure 2).

4.2.7 |
In de Kaenel and Villa (1996), D. druggii was differentiated into small

Base of Discoaster druggii (10-15 pm)

(10-15 um; Figure 10, h) and large (>15 um; Figure 10, e-g)
morphotypes: The latter corresponds to the original description of
Bramlette and Wilcoxon (1967) and marks the base of Zone NN2.
The small variety was said to occur just above the O/Mb, as observed
by de Kaenel and Villa (2010) in the Lemme-Carrosio section.

In Well A, small D. druggii is present with abundance between
0.2% and 0.4%, and its Base occurs at 2,642.295 m (Figure 3). In Well
C, the small D. druggii is present with abundances ranging between
0.2% and 1.2%, from 2,728.68 m up to the top; however, its Base is
not traceable with certainty, as the sample that contains the first small
D. druggii is just above an interval of no core recovery (Figure 5).
D. druggii (10-15 um) is not recognized in Hole 516F.

428 |

In Backman et al. (2012), the distribution pattern of T. carinatus shows

Acme interval of Triquetrorhabdulus carinatus

several abundance fluctuations (acme intervals) in its upper range (see
fig. 4 in Backman et al., 2012) and a sudden drop at the topmost part of
Subchron C6Bn.2n, prior to its extinction.

Triquetrorhabdulus carinatus (Figure 10, o-p) is present throughout
the study succession in Hole 516F (Figure 2); in particular, it increases

in abundance from 204.32 mbsf (AB) and is common up to the top of

studied section. This species is very rare in the Campos Basin wells,
and no relevant abundance fluctuations were detected.

429 |

Discoaster druggii (Figure 10, e-g) is described as a large discoaster
whose total length is >15 um (Bramlette & Wilcoxon, 1967). The Base
of D. druggii defines the base of NN2 of Martini (1971) and the base of
CN1b of Okada and Bukry (1980), but its biostratigraphic value has

been questioned, as in several environments, it is too sporadic or

Base of Discoaster druggii

absent (e.g., Rio, Fornaciari, & Raffi, 1990). Recently, Backman et al.
(2012) discarded this bioevent as a zonal marker, being diachronous
at a global scale. However, these authors indicate that the Base of
D. druggii occurs in Zone CNM1 and assign it an age of 22.59 Ma in
Chron C6Br, between the Top of S. delphix and the Base of
S. disbelemnos, (see also Pilike et al.,, 2005; Site 1218). The same
magnetostratigraphic position was observed at Sites 563 (Maiorano
& Monechi, 1998). Instead, in the Eastern Mediterranean, this event
is astronomically dated at 22.80 Ma and falls in Subchron Cé6Cn.1r
(Lourens et al., 2004).

In our material, D. druggii has been recognized only at Site 516,
where its Base is recorded at 196.53 mbsf (Figure 2).

4210 |

In Hole 516F, rare specimens of S. disbelemnos >4 um (Figure 9, g and r)

Base and Top of Sphenolithus disbelemnos >4 pm

have been detected from 194.155 m (Base), just above the Base of
D. druggii (Figure 2) and correlated with Subchron Cé6Bn.2n. In Well
A, the Base of S. disbelemnos > 4 um is recognized above the Base of
D. druggii 10-15 pm, at 2,637.025 m, with rare and discontinuous dis-
tribution (Figure 3), whereas in Well B, the Base occurs at 2,948.15 m
(Figure 4). In Well C, the Base is located at 2,721.21 m, just above an
interval of no core recovery and a few meters of sandstones barren
in microfossils (Figure 5), so that a lower occurrence cannot be ruled
out. S. disbelemnos >4 um is present up to the top in Wells A, B, and
C, whereas the Top is only identified in Well D at 2,705.98 m.

According to Backman et al. (2012), Figure 3, at Site 1218, the
Base of S. disbelemnos occurs just above the Base of D. druggii, in
Chron Cé6Br with an age of 22.48 Ma (age recalibrated to the GPTS
of Gradstein et al., 2012) and it defines the base of Zone CMN2. Con-
versely, Fornaciari and Rio (1996) and Aubry and Villa (1996), not find-
ing D. druggii in the Mediterranean realm, assume the position of the
S. disbelemnos Base in Zone NN1, as well as Maiorano and Monechi
(1998) at Site 563 and Shackleton et al. (2000) at Site 522, who place
it in the uppermost Zone NN1, close to the C6Cn.1r/C6Cn.1n bound-
ary. We think that our S. disbelemnos >4 um is comparable with the
range of S. disbelemnos of Backman et al. (2012), even though the latter
was defined up to 4 um, whereas the small morphotype is rare and
difficult to detect.

4.2.11 | Base and Top of Sphenolithus cf.

S. pseudoheteromorphus

Sphenolithus pseudoheteromorphus was first described by Fornaciari
and Agnini (2009) at the top of the Burdigalian Zone NN2 in Chron
Cén. Here, we detected a small sphenolith, with a bright apical spine

at 45° that differs from S. pseudoheteromorphus and from S. delphix in
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having a longer apical spine and the absence of long basal spines.
Therefore, the specimens with these features have been kept separate
from S. pseudoheteromorphus, which is reported by Fornaciari and
Agnini (2009) as occurring in a younger interval, and informally named
Sphenolithus cf. S. pseudoheteromorphus (Seirin Shimabukuro pers.com.,
2013; Figure 9, g and h). The Base of Sphenolithus cf.
S. pseudoheteromorphus is recognized only in Well C at 2,707.435 m
(Figure 5). The Top of Sphenolithus cf. S. pseudoheteromorphus
(Figure 9, g and h) is recognized in Wells C and D at 2,703.07 m and
2,711.005 m, respectively (Figures 5 and 6). The few specimens recov-
ered in in the uppermost part of Well D, above the Top, are considered
as reworked.

4.2.12 | Base of Sphenolithus procerus

When the apical spine is oriented at 0°, S. procerus shows a shape that
reminds a bottle and could be confused with S. cometa, from which it is
distinguished by the absence of the flaring apical spines. Sphenolithus
procerus has short basal elements and extended apical spines that at
0° appear as two elements separated by a central suture, while at
45° it is distinguished from S. cometa by its thinner apical spine. Inter-
mediate forms between S. cometa and S. procerus are often present,
and the elongated apical spines of S. cometa are diagnostic to separate
the two species. Maiorano and Monechi (1998) place this event above
the Base of S. cometa in Chron C6AAr at DSDP Site 563.

Sphenolithus procerus is only present in Wells C and D with rare
but well-preserved specimens (Figures 5 and 6), and its Base is docu-
mented shortly below the Base of S. cometa, at 2,701.34 and
2,707.38 m, respectively (Figure 9, u and v).

4213 |

Sphenolithus cometa (Figure 9, s, t, x, and y) is a small-medium

Base of Sphenolithus cometa

sphenolith with a short narrow base and a long diverging apical spine,
whose elements are longitudinally separated to form three to four
elongated spines that flare upwards. At 45°, the tripartite apical spine
shows a decreasing birefringence from the base. Sphenolithus cometa
looks similar to S. disbelemnos when the apical spine is at 0°, but in
the latter, the four basal elements (two long and two short) are almost
parallel. Sphenolithus dissimilis also possesses a spine formed by three
elements, but they are shorter and not separated longitudinally like
the apical elements of S. cometa. In our samples, the specimens of this
taxon are rare and the identification may be difficult in poorly pre-
served material. The Base of S. cometa was previously documented
only by de Kaenel and Villa (1996) in NN2 and by Maiorano and
Monechi (1998) at the top of Subchron C6Bn.2n at Site 563; we
detected this event in the same subchron in Hole 516F at
191.525 mbsf (Figure 2). In Wells C and D, this event has been
recorded just above the Base of S. procerus (Figure 5) at 2,700.515
and 2,707.1 m, respectively (Figure 6).

4.3 | Magnetostratigraphy

Although NRM intensities are generally low throughout the core, step-
wise AF demagnetization enabled isolation of the ChRM component
for most of samples analyzed, which allowed construction of a mag-

netic polarity zonation. The ChRM inclinations enable delineation of

eight magnetozones that are defined using at least two consecutive
samples with inclinations distinctly different from neighboring inter-
vals. In some magnetozones, occasional isolated samples have polari-
ties opposite to those of the rest of the magnetozone. Such isolated
samples are not used to define polarity zones. Magnetozones are
labeled according to their polarity (N = normal or R = reversed), with
progressive down-core numbering within the hole. We used the GPTS
of Gradstein et al. (2012) to develop an age model for the studied
interval. Our magnetostratigraphic interpretation for Hole 516F is
based on the biostratigraphic data detailed above and is presented in
Figure 11 (see also Florindo et al., 2015).

5 | HIGH-RESOLUTION INTEGRATED
CALCAREOUS PLANKTON
BIOSTRATIGRAPHY AND
MAGNETOSTRATIGRAPHY OF THE
SOUTHWESTERN ATLANTIC

The planktonic foraminiferal and calcareous nannofossil events
(Table 1), identified through high-resolution quantitative analyses,
allowed us to correlate in detail the Campos Basin wells with the bio-
magnetostratigraphic record of DSDP Hole 516F and to obtain an
integrated high resolution biostratigraphic framework for the entire
investigated stratigraphic interval (Figure 12). Furthermore, we stress
the presence and importance of several regional bioevents that were
only observed in the Campos Basin or in Hole 516F and were previ-
ously unreported or overlooked in literature.

The presence of P. pseudokugleri from the base of the investigated
successions, the appearance of P. kugleri and G. dehiscens, and the pres-
ence of P. kugleri up to the top indicate that the entire succession can be
referred to the interval encompassing the planktonic foraminiferal Zone
Q7 (pars) to Subzone M1b (pars) of Wade et al. (2011). The presence of
S. ciperoensis from the base and of S. disbelemnos > 4 um and S. cometa at
the top of the investigated successions indicate an interval including the
nannofossil Zones NP25 (pars) to NN2 (pars; Martini, 1971) or CNO5
(pars; Agnini et al., 2014) to CNM3 (pars) of Backman et al. (2012).

The oldest investigated sediments are younger than the Base of
P. pseudokugleri (25.21 Ma, Gradstein et al., 2012) and the Top of com-
mon C. abisectus (24.67 Ma, Lyle et al., 2002), as the former is present
and the latter is rare in the basal portions of Hole 516F and Well A. The
presence of P. pseudokugleri up to the top of the studied interval (Well
D) indicates an age older than 21.31 Ma (Gradstein et al., 2012) for the
top of the succession.

The correlation of the Campos Basin wells with Hole 516F was
possible thanks to the identification of several bioevents present in
both areas. However, calcareous plankton assemblages also show dif-
ferences in taxonomic compositions and/or relative abundances of
some taxa, which indicates a certain degree of provincialism, probably
due to different palaeoceanographic conditions; as a consequence,
some bioevents cannot be used to correlate the two areas.

The stratigraphic position of the Base of the Globigerinoides gr.
(below) and the Top of S. ciperoensis (above), both occurring in Chron
C7n, allows to correlate the lower portions of Well A and Hole 516F

(Figure 12). Although the recognition of the Base of S. ciperoensis is
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complicated by the interval of no core recovery between 259.5 and
264 mbsf, the magnetostratigraphic position of this event is in good
agreement with that reported in the literature (Blair, 2011; Blaj,
Backman, & Raffi, 2009; Raffi et al., 2006 and Shackleton et al.,
2000) in Chron C7n. Additionally, the PB of the G. ciperoensis gr. falls
in the same no-recovery interval; its position is better constrained in
Well A, where the corresponding AD occurs between the Base of
the Globigerinoides gr. and the Top of S. ciperoensis. Both the PB and
AD of the G. ciperoensis gr. are previously unreported in literature.
Conversely, in the lower part of the studied successions, the
G. angulisuturalis Top and the H. carteri Base and the G. testarugosa
Top are only present in Hole 516F, within Subchron C7n.1n and Chron
C7r, respectively.

The Base and Top of S. delphix, the Base of regular Globigerinoides
gr., the Top of S. capricornutus, and the Base of common P. kugleri, all
occurring in a relatively short stratigraphic interval, allowed the corre-

lation between the Campos Basin wells (A and C) and Hole 516F

across the O/Mb. Following the formal definition of the boundary in
the GSSP (Steininger et al., 1997), in Hole 516F, the O/Mb is placed
at the base of Subchron C6Cn.2n, which is approximated by the Top
of S. delphix (below) and by the Top of S. capricornutus and Base of
common P. kugleri (above). The magnetostratigraphic position of the
Base of common of P. kugleri and its relative position above the
S. delphix Top and close to the of S. capricornutus Top, indicate that
the Base of common P. kugleri can be considered time-equivalent to
the Base of P kugleri recorded in the Lemme-Carrosio section
(Steininger et al., 1997) and at low latitude (Leg 154, Pearson &
Chaisson, 1997); therefore, in this study, this bioevent is used to define
the base of Zone M1 (Wade et al, 2011). We note that the
S. capricornutus Top occurs either slightly below or above the Base of
common P. kugleri in Hole 516F and Well A, respectively; conversely,
in Well C, this event occurs within the range of S. delphix. However,
notwithstanding its extreme scarcity, the S. capricornutus Top can be
to the O/Mb. In the absence of

useful approximate
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magnetostratigraphy, in the Campos Basin wells, the base of the Mio-
cene is placed at the midpoint between the Top of S. delphix and the
Base of common of P. kugleri. Moreover, the correlation between Wells
A and C by means of S. delphix Base and Top is strengthened by the
occurrence of the AB of S. conicus and the Base of S. disbelemnos
(<4 um), below and within the S. delphix range, respectively
(Figure 11).

The correlation of the upper part of the studied interval of Hole
516F and of the Campos Basin wells is based on the identification in
both areas of the Bases of G. dehiscens, S. disbelemnos >4 um, and
S. cometa. In Hole 516F, the G. dehiscens Base is associated with
Subchron C6Cn.1n and predates the Bases of S. disbelemnos >4 um
and of S. cometa, both within Subchron CéBn.2n. In the Campos Basin,
the same order of bioevents is observed in Wells A and B, whereas the
G. dehiscens Base postdates the S. disbelemnos >4 um Base in Well C
(Figure 5). The delayed Base of G. dehiscens in Well C could be due
to a combination of the rarity and scattered distribution of the species,
the presence of sandstone intercalations and of no core recovery inter-
vals below the Base of S. disbelemnos >4 pum. Also, in this stratigraphic
interval, the occurrence of some bioevents is restricted only to one

studied area. In Hole 516F, the PE of G. ciperoensis gr. (associated with

the base of Subchron C6Cn.1n) and the Base of D. druggii (occurring at
the top of Chron C6Br) predate the S. disbelemnos Base, whereas they
are not recorded in Campos Basin wells. On the contrary,
S. cf. pseudoheteromorphus and S. procerus are only present in the Cam-
pos basin and allowed the correlation of the upper portion of Wells C
and D, where they are included within the acme of T. praestainforthi
and constrained at the top by the Base of S. cometa (in Subchron
C6Bn.2n in Hole 516F). Sphenolithus procerus is absent in Hole 516F,
and thus, its Base is considered a useful bioevent only in the Campos
Basin, where it occurs below the S. cometa Base, and not above, as
documented in the North Atlantic Site 563 (Maiorano & Monechi,
1998).

The uppermost part of Well D is younger than the top of the
studied interval of Hole 516F; here, we recorded additional
bioevents: the Top of S. disbelemnos, the Top of common G. primordius
(also at the top of Well C), the AE of T. praestainforthi, and the Top
of S. disbelemnos (<4 um), all previously unreported in the literature.
This uppermost portion of Well D is also characterized by a decreas-
ing abundance trend of P. pseudokugleri and P. kugleri, possibly
heralding their Tops, calibrated at 21.31 and 21.12 Ma (Gradstein
et al., 2012), respectively.
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FIGURE 13 Comparison of the OMT between the GPTS and the bioevents compiled in Gradstein et al. (2012), the bio-magnetostratigraphy of
ODP Site 1218 and DSDP Sites 563 and 522 and our results. The position of S. disbelemnos top is reported as in fig. 3 of Backman et al. (2012),
which is different from the depth in tab. 2 of the same work. The grey dashed line represents the O/Mb (i.e., base of Subchron C6Cn.2n)

6 | ADDITIONAL REMARKS ON THE OMT
CALCAREOUS PLANKTON
BIOSTRATIGRAPHY

The calcareous plankton biostratigraphy of the Campos Basin and the
bio-magnetostratigraphy of Hole 516F motivate a discussion of the
most relevant bioevents arising from the comparison of our results

with previous studies focused on the OMT interval (Figure 13).

Paragloborotalia kugleri Base and Base common occurrence -
The distribution pattern of P. kugleri resulting from this study,
integrated with the magnetostratigraphy and the calcareous
nannofossil biostratigraphy of Hole 516F, indicates that the
lowest occurrence of rare specimens of this species is associ-
ated with Chron C7r and well predates the S. ciperoensis Top.
A late Oligocene age for the Base of P. kugleri results when
the quantitative data of Spezzaferri (1992, 1994) from Hole
516F are framed in our new bio-magnetostratigraphy and the
GSSP criteria to identify the that O/Mb (Steininger et al.,
1997) is adopted. Furthermore, a late Oligocene Base of
P. kugleri, although from younger levels, is reported by Keller
(1981) from DSDP Hole 292 approximately 5.6 m above the
Top of S. ciperoensis (Ellis, 1975), and by Lyle et al. (2002) from
Site 1218 (equatorial Pacific) associated with the youngest Oli-
gocene Subchron C6Cn.2r. However, these data are in contrast

with the widely accepted literature data according to which the
Base of P. kugleri is associated with Subchron C6Cn.2n and
approximates the O/Mb, as depicted by Steininger et al.
(1997). Considering the bio-chronostratigraphic importance of
this event at the OMT and the above-mentioned discrepancies,
it is clear that further discussions on the criteria adopted to dis-
tinguish P. kugleri from P. pseudokugleri are needed in order to
confirm a late Oligocene occurrence of P. kugleri.On the con-
trary, we consider the Base of common P. kugleri, as here
defined, a reliable event as it occurs just above the Top of
S. delphix in both the Campos Basin and Hole 516F, where
the P. kugleri Base common is associated with the lower part
of Subchron C6Cn.2n in agreement with literature data. There-
fore, we can consider our Base common as time-equivalent to
the Base of P. kugleri used in the literature to approximate the
O/Mb boundary (Figure 13).

Globigerinoides gr. Base and Base common occurrence - The dis-
tribution pattern of the Globigerinoides gr. compares well with
that of the Lemme-Carrosio section (figure 3 in laccarino et al.,
1996) and with that indicated by Spezzaferri (1992, 1994), even
if we recognize both events at slightly lower stratigraphic levels,
respectively. We recognize the Base of the Globigerinoides gr.,
with rare occurrences of Globigerinoides cf. G. subquadratus and
G. quadrilobatus (making it equivalent to the Globigerinoides event
of Spezzaferri, 1994), in the late Oligocene, even if within
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Subchron C7n.2n and not Chron C6Cr, approximating the Base of
P. kugleri. We identified the Base of regular occurrence of this
group just below the O/Mb, within the range of S. delphix and
not at the O/Mb like in the Lemme-Carrosio section (laccarino
et al, 1996), where, however, the S. delphix range is poorly
defined (see Aubry & Villa, 1996). Pending a definitive formula-
tion of the redefinition of this genus provided by Spezzaferri et
al. (2015), we observe that the Base of regular occurrence of
the Globigerinoides gr. deserves further investigations to verify
its usefulness at the OMT.

Globoturborotalita ciperoensis gr. Top - Pearson and Chaisson
(1997) observed that G. ciperoensis disappears at the base of the
Miocene at equatorial latitude (ODP Leg 154, Ceara Rise;
Figure 13) and that G. fariasi and G. anguliofficinalis, here com-
prised in the same group occur only throughout the range of
G. ciperoensis. However, we only note an overall reduction of this
group (paracme interval or abundance drop) largely predating the
O/Mb, within Chron C7n, followed by rare occurrences in the
Campos Basin and an abundance recovery in Hole 516F (PE) in
the early Miocene, at the base of Subchron C6Cn.1n. The early
Miocene occurrences of this group are mainly represented by
G. ciperoensis. We argue that this species is strongly dependent
on local paleoceanographic conditions and therefore we suggest
that its Top should not be considered as a global marker. How-
ever, the PB/AD of the G. ciperoensis gr., not yet reported in liter-
ature and recorded between the Base of the Globigerinoides gr.
and the Top of S. ciperoensis within Chron C7n, is a promising bio-

marker for regional correlations.

Globoturborotalita angulisuturalis Top - Although this event was
placed in the early Miocene (Figure 13) by Berggren et al.
(1983) and later recalibrated by Gradstein et al. (2012), we
recorded the G. angulisuturalis Top in the late Oligocene in Well
A and Hole 516F at two stratigraphic positions. Therefore, we
agree with Spezzaferri (1994) that the Top of this species is not
a synchronous event even at a regional scale, probably due to
its scattered occurrence toward the end of its range in the late

Oligocene.

Sphenolithus conicus acme interval - In the Campos Basin,
S. conicus shows an acme interval that is comparable to that
reported at Site 1218 in the Equatorial Pacific Ocean
(Figure 13) by Blair (2011), showing an age range from 23.57 to
22.87 Ma and bracketing the S. delphix range. A similar distribu-
tion is also detectable at the middle latitude of the North Atlantic
Site 563 (Maiorano & Monechi, 1998), where, differently,
S. conicus also shows abundance peaks in the early Miocene,
above the acme interval. Conversely, in the Indian Ocean Hole
710A, an acme interval is identified above the S. delphix range
(Fornaciari et al., 1990). These observations and the absence of
S. conicus in Hole 516F suggest that the presence of a well-
defined acme relies on particular paleoceanographic conditions
and its potential for global correlations is low.

Sphenolithus disbelemnos (<4 um) range - We point out that in the

Campos Basin, the smaller S. disbelemnos morphotype shows a
different and wider stratigraphic range with respect to

S. disbelemnos, spanning from the late Oligocene, where it is
approximated by the S. delphix Base, to the early Miocene. We
thus suggest the potential value of S. disbelemnos <4 um as a
biostratigraphic marker. However, these small morphotypes are
absent in Hole 516F, a succession depleted of sphenoliths.

Globoquadrina dehiscens Base - In our material, the Base of
G. dehiscens consistently occurs between the S. capricornutus
Top (or the Bc of P. kugleri) and the Base of S. disbelemnos. In
Hole 516F, the G. dehiscens Base is associated with Subchron
C6Cn.1n, a slightly younger position than that reported by
Wade et al. (2011) and Gradstein et al. (2012; Figure 13). In
Hole 516F, Spezzaferri (1992) observed a peculiar distribution
of this taxon, characterized by occurrences in the late
Oligocene, below Chron C7An (Core 13, 284 mbsf), followed
by a paracme, which ends at a level coincident with the Base
identified in our work. However, our samples are
stratigraphically above the occurrence described at 284 mbsf.
Spezzaferri (1994) also observed such early occurrences at dif-
ferent levels in the late Oligocene (Zone P22) in other DSDP
sites (Pacific, Southern Atlantic, and Indian Oceans), whereas
in the Northern Atlantic and the Mediterranean she identified
this event in the early Miocene (Zone N4). We agree that this

datum is reliable only in regional settings.

Discoaster druggii Base - According to Fornaciari (1996), this
event occurs in the Indian Ocean just above the S. delphix Top;
similarly, in the Mediterranean, the Discoaster druggii Base was
observed between the Top of S. delphix and the Base of
S. disbelemnos (Fornaciari & Rio, 1996) and was therefore associ-
ated by interpolation with Subchron C6Cn.1r (Gradstein et al.,
2012; Figure 13). At Site 1218 (equatorial Pacific, Pilike et al.,
2006) and Site 563 (North Atlantic, Maiorano & Monechi,
1998), this event was directly correlated to the lower part of
Chron C6Br (Figure 13). In our material, this taxon is only identi-
fied in Hole 516F, where it is rare and its Base is tied to the upper
part of Chron CéBr, indicating a delayed position in this sector of
the SW Atlantic Ocean with respect to all the above-mentioned
occurrences. Therefore, we support the observation by Backman
et al. (2012) that this event is globally diachronous.

Sphenolithus disbelemnos 24 um Base - In our material, the B of
S. disbelemnos >4 pum occurs between the Base of G. dehiscens
(see above) and the Base of S. cometa, in the basal part of
Subchron Cé6Bn.2n in Hole 516F. However, a progressively older
age is indicated in the Pacific Ocean (basal part of Chron C6Br)
and in the North and SE Atlantic (close to the C6Cn.1r/C6Cn.1n
reversal; Figure 13). Thus, noting the regional value of this event,
we suggest considering the B of S. disbelemnos >4 um globally
diachronous.

Sphenolithus procerus Base - This event is only present in the
Campos Basin between the Bases of S. disbelemnos and of
S. cometa, which are both present in Hole 516F, allowing the pro-
jection of the S. procerus Base in Subchron C6Bn.2n. As this event
was only reported at Site 563 within Chron C6AAr (Figure 13;
Maiorano & Monechi, 1998), it is considered diachronous in the

Atlantic Ocean.
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Sphenolithus cometa Base - This event occurs above the Base of
S. disbelemnos >4 um both in the Campos Basin and in Hole
516F, where it is associated with Subchron C6Bn.2n, confirming
the results obtained at Site 563 (Figure 13; Maiorano &
Monechi, 1998) and reinforcing the reliability of the S. cometa
Base as a marker within Zone NN2, at least in the Atlantic

Ocean.

7 | CONCLUSION

In this work, we present a high-resolution integrated study on the
basis of quantitative calcareous plankton biostratigraphy and
magnetostratigraphy at the OMT. Accordingly, the biostratigraphic
resolution for this interval is remarkably increased by using additional
bioevents, other than those commonly used in the standard
biozonations. The calcareous nannofossil events Top of S. ciperoensis,
the Base and Top of S. delphix, and the Base of S. cometa provide the
most solid contribution to the biostratigraphic framework, being pres-
ent both in the Campos Basin and in the Rio Grande Rise (Hole 516F)
and confirming their reliability as global markers. The O/Mb, identified
at the base of Subchron C6Cn.2n in Hole 516F, is best approximated
by the Top of S. delphix, which has been recognized despite the scarcity
of sphenoliths at this site and by the Base of common P. kugleri, which
in the SW Atlantic Ocean equates to the Base reported in the GSSP
section and low-latitude open ocean. Compared to literature data, we
observe that the G. angulisuturalis Top and S. procerus Base may change
their stratigraphic position depending on their geographic distribution
and are thus considered slightly diachronous at a global scale, as well
as the Bases of G. dehiscens and S. disbelemnos >4 um, which, however,
are at least reliable in the SW Atlantic Ocean. The G. ciperoensis
AD/PB, the S. conicus acme interval, and the S. cometa Base, which
are seldom used in literature, proved useful to correlate the Campos
Basin to the Rio Grande Rise and deserve more attention to evaluate
their potential value as global markers. Our study also highlights other
previously unreported bioevents only observed in the Campos Basin
(the distribution range of S. disbelemnos <4 um and of Sphenolithus cf.
S. pseudoheteromorphus, the acme interval of T. praestainforthi, and
the Top of common G. primordius), which usefully concur to integrate
the standard OMT biostratigraphy.
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APPENDIX

TAXONOMIC REMARKS OF SELECTED
PLANKTONIC FORAMINIFERA

The Paragloborotalia pseudokugleri—P. kugleri lineage

This lineage represents an important taxonomic group at the OMT.
Stainforth, Lamb, Luterbacher, Beard, and Jeffords (1975), Kennett
and Srinivasan (1983) and Bolli and Saunders (1985) considered
the differences between P. kugleri (Bolli, 1957) and P. pseudokugleri
(Blow, 1969) relatively minor and thus unnecessary to separate
them. On the other hand, the majority of the authors (e.g., Keller,
1981; Berggren et al., 1983, 1985, 1995; Spezzaferri, 1991,
1994; Leckie et al., 1993; Pearson, 1995; laccarino et al., 1996;
Steininger & laccarino, 1996; Lyle et al, 2002; Li, Jian, & Li,
2004; Berggren & Pearson, 2005; Pearson & Wade, 2009) distin-

guish these taxa, considering P. pseudokugleri as the ancestral form
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of P. kugleri (following Blow, 1969) and recognize their great strat-
igraphic importance at the Oligocene-Miocene transition. In fact,
the Base of P kugleri defines the lower boundary of Zone M1
(Berggren et al., 1995; Wade et al., 2011) and is used to approxi-
mate the O/Mb (Berggren et al., 1983, 1985, 1995; Steininger
et al, 1997).

For this reason and because of the gradual morphological transi-
tion between P. pseudokugleri and P. kugleri, it is very important to have
clear criteria to distinguish the two species. P. kugleri, which was first
described by Bolli (1957, Pl. 28, 5 and 6), shows the following major
features: “equatorial periphery slightly lobate, axial periphery rounded
or with the tendency to become subangular, chambers ovate,... sutures
on spiral side curved and depressed, 6-8 chambers in the last whorl”
(see Figure 7(b), b1-b3). Bolli (1957) also illustrated a form with
inflated subglobular chambers and nearly radial sutures on spiral side
(P. cf. kugleri in PI. 28, fig. 7; Figure 7(b), al-a3). This form was later
indicated and described as the holotype of P. pseudokugleri by Blow
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(1969) as follows: “chambers inflated both dorsally and ventrally, test
very nearly equally biconvex, but with a smoothly rounded broad,

» o«

not subacute, peripheral margin,” “subglobular chambers,” and “nearly
radial dorsal” sutures. According to Blow (1969), P. pseudokugleri differs
from P. kugleri “in not having a flat dorsal surface to the test but in hav-
ing inflated, subglobular chambers with radial dorsal intercameral
sutures.” The original definition of P. kugleri, characterized by the
curved spiral sutures and a peripheral margin rounded or with the ten-
dency to become subangular, was successively modified by authors
who limited the description of the axial profile to (a) slightly angled
(Keller, 1981; Figure 7(b), d1-d3); (b) subacute and more or less bicon-
vex (Spezzaferri, 1991, 1994; Figure 7(b), e1-e3); (c) subacute (Leckie
et al., 1993; Figure 7(b), f1-f2). In addition, Spezzaferri (1991), intro-
duced together with the biconvexity, the curved sutures also on the
umbilical side as distinctive features of P. kugleri s.s. (Figure 7(b), e3).
More recently, Pearson and Wade (2009) pointed out that in the mate-
rial collected in the type locality (Cipero Formations of Trinidad) the
population of P. pseudokugleri shows quite advanced features, and
assigned the specimens (illustrated in their PI. 6, fig. 11, our Figure 7
(b), g) with “strongly curved sutures and appressed chambers but with
rounded axial profile” to P. pseudokugleri. Therefore, the distinctive fea-
ture of P. kugleri, according to Pearson and Wade (2009), seems to be
the subacute axial profile. Considering the different criteria adopted
by the above-mentioned authors, it follows that there is no consensus
on the features that characterize the axial profile of P. kugleri, and
hence on its definition.

In this study, specimens characterized by generally six globular
chambers in the last whorl, straight and nearly radial sutures on both
dorsal and umbilical side, rounded margin, and a lobate profile
(Figure 7(a), a1-a3), well correspond to P. pseudokugleri holotype of
Blow (1969) (Figure 7(b), a1-a3). In Hole 516F, in correspondence of
the levels of highest abundance of P. pseudokugleri, specimens showing
ovate shape of the chambers, curved dorsal sutures, rounded to more
subacute axial periphery, and poorly lobate outline (Figure 7(a), b-g)
are recorded within the population of this taxon. These specimens
show the morphological features distinctive of P. kugleri according to
the original definition of Bolli (1957), and they closely resemble the
P. kugleri specimens observed in the Base level of the Lemme-Carrosio
section (Neogene GSSP) just above the O/Mb (laccarino et al., 1996;
Figure 7(b), h1-h3), and those figured by Keller (1981; Figure 7(b),
d1-d3) and Leckie et al. (1993; Figure 7(b), f1-f2). The most evolved
forms according to Spezzaferri (1991, 1994; i.e., P. kugleri s.s.,

Figure 7(b), e1-e3) were not observed in the studied assemblages.

Globigerinoides gr.

The Globigerinoides genus has been revised by Spezzaferri et al. (2015),
who propose to erect a new genus (Trilobatus) for those forms

descending from Globigerinoides (Trilobatus) primordius (Trilobatus

immaturus, Trilobatus praeimmaturus, T. primordius, Trilobatus
subsacculifer, Trilobatus trilobus, Trilobatus bisphericus, Trilobatus
sicanus, and Trilobatus sacculifer). Accordingly, the genus
Globigerinoides is emended and retained for those species phylogenet-
ically related to the genus Globoturborotalita (Globigerinoides bollii,
Globigerinoides italicus, Globigerinoides obliquus, Globigerinoides
extremus, Globigerinoides quadrilobatus, Globigerinoides subquadratus,
Globigerinoides ruber, Globigerinoides bulloideus, and Globigerinoides
elongatus). However, for its biostratigraphic value (Globigerinoides
event of Spezzaferri, 1994 and laccarino et al., 1996), we retain the
Globigerinoides gr. and, following laccarino et al. (1996), we plotted
under this group all the Globigerinoides species recognized in our mate-
rial (Figure 8, b and c represent a few species included in the gr.),

except for G. primordius.

Globigerinoides primordius

According to Blow and Banner (1962), the first Globigerinoides species
corresponds to Globigerinoides quadrilobatus primordius  (here
G. primordius), which evolved from Globigerina praebulloides occlusa
by adding a supplementary aperture on the dorsal side. Similarly,
Spezzaferri (1994) noted that G. primordius differs from the
G. praebulloides group (including G. praebulloides, G. ouachitaensis,
and G. officinalis) only by adding secondary apertures. Actually,
G. praebulloides has a smooth and spinose wall texture, whereas
G. praebulloides occlusa and G. ouachitaensis were placed in the
Globoturborotalita genus (Olsson, Pearson, & Huber, 2006), showing
a cancellate, perforate, and spinose wall texture. Because of its
bulloides-type wall, Pearson and Wade (2009) included primordius in
the “Globigerina” genera, although they noticed that the wall might
appear cancellate in places (see Pl. 4, 3d and 3e in Pearson & Wade,
2009). In our assemblages as well, we included in G. primordius those
specimens morphologically similar to G. praebulloides, with a second-
ary aperture on the spiral side, but also those that show transitional
morphologies between G. primordius and G. quadrilobatus (prevalently
observed in the Petrobras wells). In contrast to G. praebulloides,
G. primordius shows different types of wall structures: cancellate, per-
forate, and spinose (Figure 8, h1-h3) and/or smooth and spinose.
These two types of structure can coexist in the same specimen and
this is particularly evident in Hole 516F, due to the better preserva-
tion of the planktonic foraminiferal assemblages (Figure 8, i1-i3). In
this case, the smooth and spinose wall is typical of the last chamber
(Figure 8, i4) while the development of the typical polygonal pattern
of the cancellate structure can be observed in the earlier chambers
(Figure 8, i5). Recently, Spezzaferri et al. (2015) proposed to include
G. primordius into the new genus Trilobatus, differently from
G. quadrilobatus; however, as we observed transitional characters
between the two species, we prefer to retain the old taxonomy,
pending further observations on these two species.



