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Calcareous microfossils have potential in the biostratigraphy of Pleistocene sediments and a clear relationship
with paleoceanographic studies. Conversely, there are few quantitative biostratigraphic studies of chronological-
ly-tuned events or sections in the western South Atlantic. In order to improve the stratigraphical framework for
SouthAtlantic paleoceanographic studies, the presentwork attempts to review the last 772,000 years by carrying
out a quantitative analysis of the calcareous nannofossil and planktonic foraminiferal assemblages by comparing
themwith a high resolutionmarine isotopic record (δ18O). This work is based on the analysis of two piston cores
obtained from the continental slope of the Santos Basin in the Santos Drift, southeastern Brazilian Continental
Margin. Twelve Pleistocene calcareous nannofossil events and twenty planktonic foraminifera events calibrated
with oxygen isotopes and correlatedwith literature stratigraphies are discussed. This is thefirst calcareous plank-
ton biochronology study for the last 772 kyr in thewestern South Atlantic Ocean. More studies in this region will
help to establish amore precise biochronology for these calcareousmicrofossils. This study also presents six new
biostratigraphic events of isotopically-caibrated planktonic foraminifera which can be used as markers in the
western South Atlantic.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Biochronological studies are scarce in sections from the South
Atlantic, a water body that plays an important role in climatic and oce-
anic evolution (Wefer et al., 1996) and is crucial to understand global
dynamics. Improved isotopic data has permitted the calibration of mi-
crofossil data (Raffi et al., 2006;Wade et al., 2011), allowingmore accu-
rate correlations between different locations, and consequently, the
dating of biostratigraphic events. Over the last few decades, calcareous
microfossils have shown potential use in the biostratigraphy of Pleisto-
cene sediments and a clear relationshipwithpaleoceanographic studies.
Some examples of biochronological data include Gartner (1977),
Thierstein et al. (1977), Matsuoka and Okada (1990), Raffi et al. (1993,
2006), Wei (1993), Hine and Weaver (1998), Bollmann et al. (1998),
Flores and Marino (2002) and Golovina et al. (2008) for calcareous
nannofossils and Aksu and Kaminski (1989), Martin et al. (1990,
1993), Jorissen et al. (1993), Martinez et al. (2007) and Wade et al.
(2011) for planktonic foraminifera.

Conversely, there are few quantitative biostratigraphic studies of
chronologically-tuned events or sections in the southwestern Atlantic
(Vicalvi, 1999; Tokutake and Toledo, 2007; Pivel et al., 2013; Camillo
et al., 2015). Unfortunately, they are time restricted, covering a maxi-
mum of 130,000 years B.P. For this reason, it is common to find local
workers referring to biozone boundary ages previously defined from
different localities, such as the Gulf of Mexico, Caribbean Sea and Trop-
ical Atlantic (see Vicalvi, 1997; Antunes, 1994, 2007; Portilho-Ramos et
al., 2006; Ferreira et al., 2012). Precise age determination and evaluation
of the synchrony of micropaleontological data are essential for making
age-control points, which then help to estimate ages and sedimentation
rates or to interpret isotope, carbonate and magneto-stratigraphy
records.

In order to improve the stratigraphical framework for South Atlantic
paleoceanographic studies, the presentwork attempts to review the last
772,000 years by carrying out a quantitative analysis of the calcareous
nannofossil and planktonic foraminiferal assemblages and by compar-
ing them with a high-resolution marine isotopic record (δ18O).

2. Material and methods

2.1. Core locations

This work is based on the analysis of two piston cores,GL-854 - 25°
12′S, 42°37′ W, 2220 m depth and GL-852 - 25°01′S, 43°33′W, 1938 m
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depth, obtained from the continental slope of the Santos Basin in the
Santos Drift, southeastern Brazilian Continental Margin during the
Fugro Explorer Campaign 2007 (Fig. 1).

The Santos Basin is a large sedimentary basin that has been the focus
of attention in the oil industry over the past 30 years. Despite several
earlier studies and the economic interest owing to its potential hydro-
carbon reserves, its paleoceanographic evolution remains poorly
known. The continuity of oil-industry investigations has resulted in a
growing knowledge of the basin, involving both tectono-structural ap-
proaches (Chang and Kowsmann, 1987; Macedo, 1989, 1990; Chang et
al., 1992; Demercian et al., 1993; Mohriak et al., 1995; Cobbold et al.,
2001; Meisling et al., 2001) and sedimentary–stratigraphic approaches
(Pereira and Macedo, 1990; Pereira, 1994; Modica and Brush, 2004).

The ocean surface dynamics is controlled by the South Atlantic sub-
tropical gyre. Present day surface hydrography is dominated by the
presence of the southward-flowingwarm, saline and nutrient-depleted
Brazil Current (BC) (Stramma and England, 1999; Rodrigues et al.,
2007). The BC flows along the Brazilian margin to the Subtropical Con-
vergence Zone where, around 38°S, it meets the Falkland Current. Seis-
mic studies in the Santos Basin suggest that sedimentation from the
Neogene to Recent times was dominated by surface oceanic circulation
redistributing the sediments transferred to the basin during both rela-
tive sea-level high stands and low stands (Duarte and Viana, 2007).

2.2. Lithology

The core description was performed at a 1:20 scale and included
color (GSA Color Chart), visual grain size, lithology and primary struc-
tures. Facies classification was based on the combination of grain size
and CaCO3 content, the latter being estimated by the intensity of the re-
actionwith a 10%HCl solution, frequently calibrated by calcimetric anal-
ysis. Thus, a fine-grained facies is classified as a marl when the CaCO3

content reaches between 60 and 30%, carbonate-rich mud between 30
and 18%, carbonate-poor mud between 18 and 5% and mud with a
CaCO3 content of b5%.

2.2.1. Core GL-854
Core GL-854 had a recovery of 2038 cm of a continuous record with

no observed hiatuses, composed of carbonate-rich mud intercalated
Fig. 1. Core locations and schematic figure of the oceanography and physiography of the study
Dashed lines delimit the Santos Basin. FH: Florianopolis High; CFH: Cabo Frio High; SPP: Sao P
with carbonate-poormud andmarl. A total of 409 sampleswere studied
for both micropaleontological and geochemical studies; each sample
was 2 cm thick and taken at 5 cm intervals throughout the core. Accord-
ing to the adopted age model the sample interval results in a temporal
resolution of approximately one sample every 2 kyr.

2.2.2. Core GL-852
Core GL-852 also provided a continuous recordwith no observed hi-

atuses and had a recovery of 2030 cm, composed of carbonate-poor
mud intercalated with carbonate-poor mud and marl. This core was
sampled for both micropaleontological and geochemical studies at
10 cm intervals between the core top and 1040 cm and 5 cm intervals
from1045 cm to the base of the core (2030 cm). GL-852 has 302 studied
samples resulting in a temporal resolution of approximately one sample
every 0.5–1 kyr.

2.3. Calcareous nannofossil and planktonic foraminifera preparations

Quantitative analyses of calcareous nannofossils and planktonic fo-
raminifera of cores GL-854 and GL-852 were performed using relative
abundances (%) of selected species for both biostratigraphic analyses
in order to compare our data with those previously published.

For calcareous nannofossil slide preparations we followed the mod-
ified pipette strew slide technique (Antunes, 1997), whereby a small
amount (0.2 g) of sediment is selected, placed in a vial with a constant
volume of distilled water, stirred and then left to disintegrate for a few
hours. After stirring again, a small amount of the suspension is pipetted
onto a coverslip, dried on a hotplate, and then the coverslip is affixed to
a labeled glass slide using Canada balsam. Slides were examined using a
Zeiss Axio Image 2 optical microscope under cross-polarized light, at
1600× magnification. The taxonomic frameworks of Perch-Nielsen
(1989); Bown (1998 and references therein) and Antunes (2007)
have been followed for identification. For quantitative analysis, at least
300 nannoliths were counted per slide in a random number of fields
of view. This allows a 95% level of confidence to be reached for all spe-
cies present in at least 1% abundance (Patterson and Fishbein, 1989).
Then, a second counting was employed to remove noise due to particu-
larly abundant species (small placoliths b3 μm).
area. Arrows indicate surface flows and the shaded area the location of the Santos Drift.
aulo Plateau.



Table 1
Radiocarbon dating and respective calendar ages for core GL-854.

Core

Sample
depth
(cm)

14C
age

Error
(14C
yr)

Reservoir
effect (yr)

Calendar
age (yr BP)

Error (1σ)
(calendar
age)

GL-854 0 3982 35 268 4442 40
14 20,032 130 268 23,931 164
51 37,832 250 268 42,850 275
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Samples for planktonic foraminifera analyses were dry-sieved to
make a 150 μm fraction and then split into subsamples containing at
least 300 specimens of foraminifera (95% level of confidence for species
of 1% abundance, Patterson and Fishbein, 1989). These subsampleswere
stored inmicropaleontological slides, identified and counted. Identifica-
tion follows the taxonomic criteria of Bolli and Saunders (1985) and
Hemleben et al. (1989).

2.4. Preservation

Both microfossil groups were abundant throughout the cores. We
simply recorded the general preservation state as excellent, good, mod-
erate or poor. Calcareous nannofossil and planktonic foraminifera
showed moderate to excellent preservation even during low carbonate
content intervals. Carbonate stratigraphy for both cores correspond to
the Atlantic-type, where higher carbonate content values correspond
to interglacial intervals and lower carbonate content values occur dur-
ing glacial intervals.

2.5. Stable isotope record and radiocarbon dating

One or two specimens of the benthic foraminifera Cibicidoides
wuellerstorfi were selected from the N150 μm fraction and analyzed
for their oxygen and carbon isotopic ratios. Stable isotope measure-
ments were made at the Scientific and Technological Centers of the
University of Barcelona (CCiT-UB) on a FinniganMAT252mass spectrom-
eter with an integrated automated carbonate device and calibrated to
Vienna Pee Dee Belemnite (VPDB) following standard procedures. Dur-
ing the course of this laboratory analysis, the external precision of the
laboratory standards was δ18O = 0.09%.

In core GL-854 three radiocarbon datings, in planktonic foraminifera
Globigerinoides ruber ‘white’, were performed at the National Ocean
Science Accelerator Mass Spectrometrer Facility (NOSAMS) at Woods
Hole Oceanographic Institution-WHOI. The radiocarbon ages were trans-
formed into calendar ages by first subtracting an estimated reservoir
Fig. 2. Age-depth model for c
age of 268 years according to Butzin et al. (2005) using the program
available at http://radiocarbon.LDEO.columbia.edu/and by applying
the Fairbanks et al. (2005) calibration curve (version Fairbanks0107)
(Table 1).

2.6. Biostratigraphic data

Four well established biostratigraphic events supported the chrono-
logical framework, they are: highest occurrence (HO) of Pseudoemiliania
lacunosa (MIS 12), the lowest occurrence (LO) of Emiliania huxleyi (MIS
8), LO of Globigerinella calida calida (MIS 6) and the base of the
Globorotalia menardii W Zone (MIS 6).

3. Age model

The agemodel (Fig. 2) was built based on the correlation of the ben-
thic foraminifera oxygen isotope record and the Lisiecki and Raymo
(2005) stack (LR04 reference curve) (Fig. 3) using the software
Analyseries 2.0 (Paillard et al., 1996). Additionally, the three GL-854
14C AMS dates (Table 1) plus glacial terminations were used as control
points in the model. Marine isotope stages are numbered according to
Lisiecki and Raymo (2005) and Railsback et al. (2015). The marine iso-
tope substages are lettered according to Railsback et al. (2015). The
GL-854 age model is also presented in de Almeida et al. (2015).

The biochronological information from core GL-854 allows us to es-
timate a mean sedimentation rate of 4 cm/kyr. Minimum values
(0.4 cm/kyr) were found at Terminations VII and VI, while the highest
sedimentation rate is recorded during MIS 5 (up to 11 cm/kyr) (de
Almeida et al., 2015). On the other hand, core GL-852 has a higher sed-
imentation rate, with mean values of ca. 7.4 cm/kyr. The minima values
of 1 cm/kyr were recorded close to the MIS 9/MIS 8 and the highest
values during MIS 5 (up to 25 cm/kyr). Core GL-854 extended to
772,000 yr before present (MIS 19 to MIS 1) (de Almeida et al., 2015)
while core GL-852 covers the last 321,000 yr (MIS 9 to MIS 1) (Fig. 3).

4. Results and discussion

For both microfossil groups all the species presented in the assem-
blages were counted, but only species involved in the stratigraphic def-
inition of events are considered in this study. Consequently, the relative
abundances (%) presented in this study refer to the entire assemblage of
calcareous nannofossils and/or planktonic foraminifera, rather than just
the species with biostratigraphic significance. The category of ‘small’
Gephyrocapsa groups all the species of Gephyrocapsa b 3.5 μm
(Gephyrocapsa oceanica, Gephyrocapsa caribbeanica, Gephyrocapsa
aperta, Gephyrocapsa ericsonii, Gephyrocapsa c.f. sinuosa and
Gephyrocapsa spp.). When showing the results regarding the G.
ores GL-854 and GL-852.

Image of Fig. 2


Fig. 3.Correlation between theGL-852 andGL-854 oxygen isotope signal and LR-04 benthic stack (Lisiecki and Raymo, 2005). Vertical red dotted lines indicate the glacial Terminations (T I
to T VIII). Marine isotope stages are according to LR-04 stack and their substages are lettered according to Railsback et al. (2015). Analyseries linear correlation of 0.8 for both tuned age
models.
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aperta-ericsonii complex, we consider only the abundance of these two
species together, since they have a similar interval of high abundance.
The same could be observed for planktonic foraminifera categories of
G. menardii complex and G. crassaformis complex (all subspecies of G.
menardii and G. crassaformis). However, when the abundances of
Globorotalia tumida flexuosa, Globorotalia fimbriata, Globorotalia
crassaformis imbricata and Globorotalia crassaformis hessi are consid-
ered, their individual relative abundances, rather than those of the com-
plexes are presented.

Correlations between events and isotope stages are proposed based
on the adopted age model. The calcareous nannofossil zonation
schemes proposed by Martini (1971) and Gartner (1977) were used
as the basic zonal reference in this study, while that proposed by
Antunes (2007) was used as a local zonal reference (Fig. 4A-C). The ref-
erence biozonation of Bolli and Saunders (1985) and Ericson andWollin
(1968)G. menardii biozoneswere employed for planktonic foraminifera
(Fig. 5A-C).

The GL-854 sedimentary record begins during MIS 19 (at 772 ka)
equivalent to calcareous nannofossil Zone NN 19 (Martini, 1971),
Pseudoemiliania lacunosa Zone (Gartner, 1977) and interval D
(Antunes, 2007). For planktonic foraminifera the GL-854 base is equiv-
alent to the G. crassaformis hessi Subzone of the Globorotalia
truncatulinoides truncatulinoides Zone (Bolli and Saunders, 1985). Ac-
cording to the Ericson and Wollin (1968) G. menardii biozones, our re-
cord begins inside the T Biozone (presence of G. menardii complex).
TheG. menardii complex exhibited three intervals of scarcity or absence,
U, W and Y biozones, and three abundance intervals, V, X and Z
biozones, during the last 772 kyr.

Used extensively in paleoclimate studies since the pioneering work
of Ericson and Wollin (1968), these events are still drawing the atten-
tion of specialists today (Berger and Wefer, 1996; Sexton and Norris,
2011; Caley et al., 2012; Broecker and Pena, 2014). Here, the virtual
disappearance of the G. menardii complex is marked when its relative
abundance drops to 1% and the absence events were numbered top-
down, D1, D2 and D3 (base of Y, W and U biozones, respectively) and
reappearances as R1, R2 and R3 (base of Z, X and V biozones, respective-
ly) (Fig. 5A-C).

4.1. Calcareous nannofossil events and biochronology (Figs. 4A-C)

4.1.1. Lowest occurrence (LO) of Helicosphaera inversa
The lowest occurrence of H. inversa in GL-854 was recorded just be-

fore the highest peak of MIS 18 (720.5 ka, 0.08% of abundance) (Table
2). This is the first record for the South Atlantic. This event has recently
been re-evaluated by Maiorano et al. (2013) who highlighted great di-
achrony of the taxon between low andmid-latitudes records. According
to these authors H. inversa first occurred at lower latitudes in the Pacific
as early as 800 ka, while in the mid-latitude North Atlantic regions, it is
not recorded before 510 ka. Our record is more recent than the Pacific
but older than the North Atlantic record. Our record is in agreement
with theMaiorano et al. (2013) hypothesis on the evolution ofH. inversa
in the Pacific duringMIS 19 and a subsequentmigration into theAtlantic
as a cause of some of the observed distribution pattern. In GL-854 this
taxon showed a gradual increase until its peak (0.6–0.7%) at the begin-
ning of MIS 15 (610.9 ka). This peak is followed by a temporary disap-
pearance from MIS 15 – MIS 12 (584.2 to 454.7 ka) very similar to
that interval reported by Marino et al. (2003) in the Pacific Ocean.

4.1.2. Lowest Common Occurrence (LCO) of G. caribbeanica.
The LCO (continuous record after a significant increase in abun-

dance) of G. caribbeanica was traceable exactly to the highest peak of
MIS 15, around 568 ka (GL-854) (Table 2). This event was identified at
the depth where the species reached an abundance higher than 20%.
Bollmann et al. (1998) reported a similar observation in two North

Image of Fig. 3
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Atlantic deep sea cores (ODP 643 A and K708-7) as well as Flores et al.
(2003) who identified the LCO of G. caribbeanica around 540 ka at
Cape Basin (ODP Site 1089). Flores and Marino (2002) reported this
event at the top of MIS 14 in the Southern Ocean; they have also called
attention to the progressive increase of this species fromMIS 15 prior to
its dominance. BetweenMIS 12 andMIS 10we observed a unique inter-
val when G. caribbeanica exceeded 50% of the total assemblage in sever-
al samples. The highest abundance (73.5%) was recorded during
Termination V, since then the trend has gradually reduced.

4.1.3. Highest occurrence (HO) of Pseudoemiliania lacunosa
The HO of P. lacunosa is a globally synchronous event, consistently

occurring within MIS 12 (Thierstein et al., 1977; Hine, 1990; Raffi et
al., 2006). In core GL-854 this event could be identified in the highest
peak of MIS 12, at 433 ka (Table 2), with an abundance of 0.03%. The
HO of P. lacunosa was reported at 440 ka in the Equatorial Atlantic
(Raffi et al., 2006), 447 ka in Cape Basin (Flores et al., 2003) and
450 ka in the Southern Ocean (Flores andMarino, 2002). In the Equato-
rial Pacific this event was dated as 436 ka and in the Eastern Mediterra-
nean as 465 ka (Raffi et al., 2006). In GL-854 a P. lacunosa peak (7.8%)
was observed between MIS 16/MIS 15 (660 ka), similar to that reported
by Thierstein et al. (1977). Pseudoemiliania lacunosa abundance was
higher than 2% of the total assemblage during a 70 kyr long interval
(660 to 589 ka).

4.1.4. Lowest occurrence of E. huxleyi and highest common occurrence
(HCO) of G. caribbeanica (acme zone)

The LO of E. huxleyi was dated by Thierstein et al. (1977) at 268 ka
(MIS 8) as a synchronous event. This synchronism is corroborated by
Raffi et al. (2006) who reported the age of 265 ka in the Eastern Medi-
terranean and 289 ka in the Equatorial Atlantic. In core GL-854, E.
huxleyi was found for the first time at the highest peak of MIS 8,
between MIS 8b and 8a dated as 246 ka (GL-854, 0.5%) and 259 ka
(GL-852, 0.8%) (Table 2). According to Hine and Weaver (1998) it is a
slightly time-transgressive event occurring in progressively younger
sediments fromnorth to south in theNEAtlantic. TheHCO (dramatic re-
duction) of G. caribbeanica is an event close to the LO of E. huxleyi.Here,
a clear reduction in the abundance of G. caribbeanica (b20%) occurs at
the bottom of MIS 7, around 237 ka (GL-854) and 234 ka (GL-852)
near the MIS 7e-7d transition. Our results and previous data agree
with a global synchronism (Pujos and Giraudeau, 1993; Bollmann et
al., 1998; Flores et al., 2000; Flores and Marino, 2002).

4.1.5. Lowest and highest common occurrence of G. aperta-ericsonii Com-
plex (acme zone)

According to Hine and Weaver (1998), several acme events of the
Noelaerhabdaceae preceded the widespread acme of E. huxleyi. These
acme events are well known in North Atlantic sites (Hine and Weaver,
1998). In the Santos Basin we could recognize some of them and here
we report one that is equivalent to the G. aperta Acme Zone (Hine and
Weaver, 1998). In our analyses, we integrated G. aperta and G. ericsonii
(G. aperta-ericsonii complex) to define this highlighted abundance
(N10% of the total assemblage) interval because of their temporal
correlation.

Three distinct peaks promptly characterized the G. aperta-ericsonii
complex zone. During this interval, the relative abundance of the com-
plex reached N20% in GL-854 and N40% in GL-852. In GL-854, the
whole zone spans the middle of MIS 7, all MIS 6 and the lower part of
MIS 5, which is similar to the acme of ‘small’ Gephyrocapsa reported
by Pujos and Giraudeau (1993). The LCO of these species in GL-854
was traceable close to the MIS 7e peak and dated at 232 ka. At 84 ka
Fig. 4. A: Calcareous nannofossil events identified in GL-854 (0–1000 cm), oxygen isotope c
Calcareous nannofossil events identified in GL-854 (1000–2038 cm), oxygen isotope curv
Calcareous nannofossil events identified in GL-852 (0–2030 cm), oxygen isotope curve and ref
was situated the HCO of G. aperta-ericsonii complex, close to the MIS
5c-5b transition. On the other hand, the LCO of G. aperta-ericsonii com-
plex record in GL-852 was dated at 257.5 ka and their HCO at 84 ka
(Table 2). This acme zone in core GL-852 is longer than that of GL-
854, comprising the upper part of MIS 8 to the middle of MIS 5, which
makes the LCO itself not so clear. The good preservation observed in
GL-852 during this period enabled the identification of these very
small species. Even with the uncertainty of the LCO, the timing of the
HCO at 84 ka is remarkable. Further studies in this region should be car-
ried out in order to verify the consistency of these events as biostrati-
graphic markers.

4.1.6. Lowest common occurrence of Gephyrocapsa muellerae.
The LCO of G. muelleraewas registered around 152 ka in GL-854 and

141 ka in GL-852, at MIS 6b (Table 2). We consider those values higher
than 2% of total assemblage to defineG. muellerae ‘common occurrence’,
since this species is not abundant in our records. This event has also
been reported to occur in the Atlantic sector of the Southern Ocean
around 150 ka (Flores and Marino, 2002). It also seems to be a global
synchronous event as the HCO of G. caribbeanica (Pujos and
Giraudeau, 1993; Flores et al., 1999, 2000, 2003). The two peaks of G.
muellerae correspond to glacial intervals (MIS 6 and MIS 4–2).

4.1.7. Highest occurrence (HO) of H. inversa
The highest occurrences of H. inversawere recorded at 99.5 ka, sub-

stage 5c in core GL-854 (0.29%) and at 93.5 ka, between substages 5c
and 5b, in core GL-852 (0.03%) (Table 2). Our record is younger than
the average age of 150–140 kyr (MIS 6) of previous studies
(Takayama and Sato, 1987; Hine, 1990), but Hine and Weaver (1998)
reported that it is a slightly time-transgressive event (over 47 kyr). Be-
cause both sites give consistent ages for this event, we do not consider it
to be a result of reworking during MIS 5.

4.1.8. E. huxleyi traditional acme and reversals in small Gephyrocapsa ssp –
E. huxleyi

In our material, the base of the traditional E. huxleyi acme was regis-
tered at 80 ka, during substage 5a (GL-854, 23%), and at 73 ka, at the end
of the substage 5a (GL-852, 33%), very close to the MIS 5/MIS 4 bound-
ary (Table 2). Thierstein et al. (1977) showed this event to be
diachronous between 85 ka in low latitudes and 73 ka in transitional
waters, restricting this event to MIS 5. Hine (1990) recorded this
event at dates as young as 62 ka in the North Atlantic, extending this
event to MIS 4. Gartner (1977) dated the E. huxleyi acme base at 70 ka.
Here, we consider the abrupt rise in the E. huxleyi record (20%) to define
the base of this acme zone (which we call E. huxleyi acme sensu lato).
This abrupt rise was observed just after the highest peak of MIS 5a.
However, this E. huxleyi rise was not visually noticeable in the optical
microscope, because of the very abundant small Gephyrocapsa spp. in
the assemblage. This pattern is observed only when quantitative analy-
ses are undertaken.

Flores et al. (2000) highlighted that differences from place-to-place
in the proportion of E. huxleyi may cause confusion when employing
terms such as “acme” or “zone of dominance”. As pointed out by several
authors (Thierstein et al., 1977; Jordan et al., 1996; Flores et al., 2000,
2003), the inherent diachronism of the E. huxleyi acmemakes it difficult
to recognize in cores from certain areas. For this reason, Thierstein et al.
(1977) proposed the use of reversal in abundance of G. caribbeanica – E.
huxleyi (G. muellerae – E. huxleyi) dated as 85–73 kyr, as a biostrati-
graphic event. Berggren et al. (1995) dated the same event as 75 ka. In
our study area, we propose the reversal in abundance of small
Gephyrocapsa spp. – E. huxleyi, where small Gephyrocapsa spp. refers
urve and reference zonal schemes. Gray bands correspond to marine isotopic stages. B
e and reference zonal schemes. Gray bands correspond to marine isotopic stages. C
erence zonal schemes. Gray bands correspond to marine isotopic stages.
:
:



Fig. 5. A: Quaternary planktonic foraminifera events identified in GL-854 (0–1000 cm), oxygen isotope curve and reference zonal schemes. Gray bands correspond to marine isotopic
stages. B: Quaternary planktonic foraminifera events identified in GL-854 (1000–2038 cm), oxygen isotope curve and reference zonal schemes. Gray bands correspond to marine
isotopic stages. C: Quaternary planktonic foraminifera events identified in GL-852 (0–2030 cm), oxygen isotope curve and reference zonal schemes. Gray bands correspond to marine
isotopic stages.
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Table 2
Pleistocene calcareous nannofossil and planktonic foraminifera events and their calibrated ages in the studied cores.

Group Events Ages (kyr) MIS Age
(kyr)

Local References

GL-854 GL-852 Mean

calcareous
nannofossils

LO H. inversa 720,5 x 720,5 18
800
510

Pacific Ocean North
Atlantic Ocean

Maiorano et al. (2013)

LCO G. caribbeanica 568 x 568 15 540 Cape Basin Flores et al. (2003)
HO P. lacunosa 433 x 433 12 436

440
447
450

Equatorial Pacific
Equatorial Atlantic

Cape Basin
Southern Ocean

Raffi et al. (2006)
Raffi et al. (2006)
Flores et al. (2003)
Flores and Marino (2002)

LO E. huxleyi 246 260 253 8 268
265 Eastern

Mediterranean

Thierstein et al. (1977)
Raffi et al. (2006)

LCO G. aperta-ericsonii complex 232 258 245 7-8 MIS 7 Pujos & Giraudeau (1993)
HCO G. caribbeanica 237 234 235,5 7 MIS 7

249
Southern Ocean

Cape Basin
Flores and Marino (2002)
Flores et al. (2003)

LCO G. muellerae 152 141 146,5 6 150
165

Southern Ocean
Cape Basin

Flores and Marino (2002)
Flores et al. (2003)

HO H. inversa 99,5 93,5 96,5 5 150
140

North Atlantic
Ocean

Takayama and Sato 1987
Hine and Weaver (1998)

HCO G. aperta-ericsonii complex 84 84 84 5 MIS 6 North Atlantic
Ocean

Hine and Weaver (1998)

Small Gephyrocapsa - E. huxleyi (1st
reversal)

80 84 82 5 65 Cape Basin Flores et al. (2003)

E. huxleyi acme base (s.l.) 80 73 76,5 5 85-73
85
62

Cape Basin
North Atlantic

Ocean

Thierstein et al. (1977)
Flores et al. (2003)
Hine (1990)

E. huxleyi - small Gephyrocapsa (2nd
reversal)

50 57 53,5 3 45 Cape Basin Flores et al. (2003)

planktonic
foraminifera

LO G. crassaformis hessi 772 x 772 19 750 Pacific Ocean
Chaproniere et al. (1994)/Berggren et al.
(1995)

4.5 Ma North Atlantic
Ocean

Bylinskaya (2005)

G. menardii D3 634 x 634 16 620-525 Gulf of Mexico Martin et al. (1993)
610 Gulf of Mexico Kohl et al. (2004)

G. menardii R3 494 x 494 13 485 Gulf of Mexico Kohl et al. (2004)
MIS 13 Caribbean Sea Martin et al. (1990)
MIS 13 Caribbean Sea Martinez et al. (2007)

LO G. hirsuta 387 x 387 11 450 SW Atlantic Pujol and Duprat (1983)
LO G. tumida flexuosa 347 x 347 10 400 Berggren et al. (1995)

400 Pacific Ocean Wade et al. (2011)
LO G. bermudezi 335 x 335 9
G. menardii D2 142,7 142 142,4 6 186 Gulf of Mexico Kohl et al. (2004)

200 Gulf of Mexico Martin et al. (1993)
MIS 6 Caribbean Sea Martinez et al. (2007)

LO G. calida calida 137 133,5 135,3 6 140 Equatorial Atlantic Bolli and Premoli Silva (1973)
220 Pacific Ocean Chaproniere et al. (1994)

Pacific Ocean Wade et al. (2011)
LO G. crassaformis imbricata 120,4 132,4 126,4 5 580 North Atlantic

Ocean
Bylinskaya (2005)

G. menardii R2 129 128,5 128,8 5 130 Gulf of Mexico Kohl et al. (2004)
127 Campos Basin Vicalvi (1997)

LCO G. hirsuta 122 118 120 5 This study
HO G. tumida flexuosa 84 93,5 88,75 5

G. menardii D1 84 84 84 5 84 Campos Basin Vicalvi (1997)
89 Gulf of Mexico Kohl et al. (2004)
90 Gulf of Mexico Martin et al. (1993)

LCO G. crassaformis complex 82 83,9 82,95 5 This study
G. crassaformis transition event 72 72 72 MIS

5/4
This study

HCO G. crassaformis complex 68,5 69,1 68,8 4 This study
HO G. crassaformis hessi 58,2 59,4 58,8 4 190 Tropical Atlantic Bylinskaya (2005)

HCO G. hirsuta 33 34 33,5 3 This study
G. menardii R1 12 12 12 1 11 Campos Basin Vicalvi (1997)

11 Gulf of Mexico Kohl et al. (2004)
LO G. fimbriata 12 10 11 1 11 Equatorial Atlantic Bolli and Premoli Silva (1973)
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to all those smaller than 3.5 μm, given that G. muellerae does not make
up a significant percentage of the total assemblage.

A clear decrease in small Gephyrocapsa spp. relative abundance
could be observed around 86 ka (GL-854 (6.2%) and GL-852 (7.4%))
prior to the E. huxleyi abrupt rise (20% in our record) (base of E. huxleyi
acme s.l.) (Fig. 4A, C). This event is equivalent to the top of the F interval
according to Antunes (1994, 2007). From the FO of E. huxleyi to the de-
crease in smallGephyrocapsa spp., the average E. huxleyi abundance rep-
resented only 3.2% (GL-854) and 5.3% (GL-852), while small
Gephyrocapsa spp. were 24% (GL-854) and 42.5% (GL-852) of the total
assemblage in the MIS 5a peak. At 80 ka and 84 ka (GL-854 and GL-
852, respectively) the first small Gephyrocapsa – E. huxleyi reversal (g/
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e) could be observed. Following this reversal, a transitional interval was
identifiedwith no dominance of either E. huxleyi or small Gephyrocapsa.
This interval was considered of biostratigraphic significance as also
mentioned by Antunes (1994, 1997 and 2007) (among others,
Tokutake and Toledo (2007); Maciel et al. (2012)) who designated it
as the F/G Transition. The end of the transitional interval is marked by
the second small Gephyrocapsa spp. – E. huxleyi reversal (e/g) (traceable
very close to the highest peak of MIS 3) from when the E. huxleyi dom-
inance became remarkable. In GL-854 this reversal was registered as
50 ka during MIS 3 (E. huxleyi 19%; small Gephyrocapsa spp. 7%). In
GL-852 the same reversal is somewhat older, being dated as 57 ka at
the boundary betweenMIS 4/MIS 3 (E. huxleyi 31%; small Gephyrocapsa
spp. 10%). Therefore, the E. huxleyi acme itself begins from this point and
continues to the present day (E. huxleyi acme sensu stricto) (Fig. 4A, C).

4.2. Planktonic foraminifera events and biochronology (Fig. 5A-C)

4.2.1. Lowest occurrence (LO) of G. crassaformis hessi
The LO of G. crassaformis hessi (0.43%) was recognized at the base of

GL-854 in the highest recorded peak ofMIS 19 (Table 2). It suggests that
the G. crassaformis hessi first occurrence could be prior to 772 ka in
Santos Basin and older than those estimates by Chaproniere et al.
(1994) and Berggren et al. (1995). These authors reported the G.
crassaformis hessi first appearance datum around 750 ka. Bylinskaya
(2005) has studied a set of cores in the North Atlantic and dated this
event as old as 4.5 Ma in the mid-Lower Pliocene.

4.2.2. G. menardii complex disappearance event (D3)
The lowest G. menardii virtual disappearance (≤1% of total assem-

blage) event observed in GL-854 (D3) was dated at 634 ka (Table 2),
just before Termination VII, in the highest peak of MIS 16. This event
is equivalent to the bottom of the Ericson and Wollin (1968) U zone.
The GL-854 record seems to occur prior to the ages given in previous
studies: 620–525 kyr (Martin et al., 1993) and 610 ka (Kohl et al.,
2004) both in Gulf of Mexico, as well as the age reported by Ferreira
et al. (2012) for the same basin in South Atlantic (610 ka). However,
the latter authors reported the ages calculated by Kohl et al. (2004).

4.2.3. G. menardii complex reappearance event (R3).
The lowest G. menardii reappearance event (R3) (≥1%) in GL-854

was registered just after the highest peak of MIS 13 and dated at
494 ka (Table 2). This reappearance marks the bottom of V zone
(Ericson and Wollin, 1968). The apparent diachronism reported for
the D3 event could also be observed in the R3 event, which is slightly
older than the V zone recorded by Kohn et al. (2004) in the Gulf of Mex-
ico and Ferreira et al. (2012) in the Santos Basin (485 ka). Martin et al.
(1990) and Martinez et al. (2007) reported this event within MIS 13
in the Caribbean Sea.

4.2.4. Lowest occurrences of Globorotalia hirsuta, G. tumida flexuosa and
Globigerina bermudezi

Pujol and Duprat (1983) dated the lowest occurrence (LO) of G.
hirsuta at 450 ka at the Rio Grande Rise (SW Atlantic), the same age
was reported byWade et al. (2011). In coreGL-854 this event is younger
and recorded by 0.27% G. hirsuta at 387 ka, a dip just before the highest
peak ofMIS 11. The LO ofG. tumida flexuosa in GL-854 (0.19%)was iden-
tified in theMIS 10b-10a transition around 347 ka, while previous stud-
ies dated this event at 400 ka (Berggren et al., 1995; Wade et al., 2011).
Very close to this event, early in MIS 9, we recognized the LO of G.
bermudezi (0.38%), dated at 335 ka, shortly after Termination IV. The lat-
ter event is registered only in a table in Bolli and Saunders (1985),
showing its first occurrence during the Subzone G. crassaformis hessi.
Here we calibrated isotopically the LO in core GL-854 and estimate an
age for this event (Table 2). In GL-852, these events were not recorded
since the GL-852 base sample is younger than them.
4.2.5. G. menardii complex disappearance event (D2)
This virtual disappearance of the G. menardii complex (≤1%) was re-

corded at 142 ka during MIS 6b, with an abundance of 0.25% in GL-854
and of 0.36%in GL-852 (Table 2). The D2 disappearance event corre-
sponds to the bottom of the Ericson and Wollin (1968) W zone.
Martinez et al. (2007) found the same event during MIS 6, while
Martin et al. (1990) recorded it at the MIS 7/MIS 6 boundary, both in
the Caribbean Sea. Our records are subsequent to those reported by
Martin et al. (1993) (200 ka, MIS 7), Kohl et al. (2004) (186 ka, MIS 6)
in the Gulf of Mexico and Ferreira et al. (2012) (186 ka) in the Santos
Basin.

4.2.6. Lowest occurrence of G. calida calida.
In GL-854 the LO of G. calida calidawas observed around 137 ka and

in GL-852 this event was marked at 133.5 ka (Table 2), somewhat be-
fore the highest peak of MIS 6, in the beginning of MIS 6a, within the
G. menardiiWzone. The LO of G. calida calidamarks the base of the evo-
lutionaryG. calida calida Subzone. This event has been dated at 140 ka in
the Equatorial Atlantic (Bolli and Premoli Silva, 1973) and 220 ka in the
Pacific Ocean (Chaproniere et al., 1994; Wade et al., 2011).

4.2.7. Lowest occurrence (LO) of Globorotalia crassaformis imbricata
(Krasheninnikov and Bylinskaya, 2002)

The LO of G. crassaformis imbricata was identified and dated at
120.4 ka (GL-854, 0.23%), during substage 5e, and at 132.4 ka (GL-852,
0.48%), near Termination II (Table 2). This event occurred in the lower
half of the G. calida calida subzone as also noted by Bylinskaya (2005).
However, this author dated the event at approximately 580 ka, before
our records.

4.2.8. G. menardii complex reappearance event (R2)
The R2 virtual reappearance event of the G. menardii complex (≥1%)

was recorded also very close to Termination II, dated at 129 ka (5%), in
GL-854 and at 128.5 ka in GL-852 (3%) (Table 2). This reappearance
event is equivalent to the bottom of the X zone (Ericson and Wollin,
1968) and seems to be synchronous (Vicalvi, 1997; Kohl et al., 2004;
Martinez et al., 2007).

4.2.9. Lowest and highest common occurrences of G. hirsuta (acme zone)
(this study)

We recognized the LCO of G. hirsuta, a continuous record after a sig-
nificant increase in its abundance, near to the R2 G. menardii event. The
LCO of G. hirsuta was registered around 122 ka (GL-854) by 0.93% and
118 ka(GL-852) by 1.84% at the MIS 5e-5d transition and the HCO was
dated at 33 ka (GL-854) (2%) and 34 ka (GL-852) (0.92%) in the first
dip before the highest peak of MIS 3 (Table 2). Although this species
constitutes a small portion of the whole assemblage, the increase of
N17 times its relative abundance is particularly evident. The mean G.
hirsuta relative abundance was 0.72% between its LCO and HCO, against
0.04% out of this interval (GL-854 and GL-852 mean values). These
events have never been reported from the Brazilian continental margin.
This 84.5 kyr long (mean) interval can be recognized as an acme zone
because of the LO of G. hirsuta as well as being an important
biostratigraphical marker in the western South Atlantic.

4.2.10. G. menardii complex disappearance event (D1) and highest occur-
rence of G. tumida flexuosa

The D1 virtual disappearance event of the G. menardii complex
(≤1%) was dated at 84 ka, during the oxygen isotopic substage 5b
(Table 2) in both records (0.53% GL-854 and 0.47% GL-852). According
to our results, and previous studies (Vicalvi, 1997; Portilho-Ramos et
al., 2006; Ferreira et al., 2012), this event is synchronous and coincident
with Ericson andWollin (1968) X/Y boundary zones. In core GL-854 the
D1 event also occurs at the base of the G. bermudezi Subzone (Bolli and
Saunders, 1985), which is defined by the HO of G. tumida flexuosa
(0.28%). However, in GL-852 the HO of G. tumida flexuosa (0.22%) was
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registered 9.5 kyr prior to theGL-854 record, at 93.5 kawithin Xbiozone
(Ericson and Wollin, 1968). In GL-852 the base of the G. bermudezi
Subzone (Bolli and Saunders, 1985) is located between substages 5c
and 5b.

4.2.11. Lowest and highest common occurrences of G. crassaformis complex
(acme zone) and G. crassaformis transition event (this study)

The LCO of the G. crassaformis complex occurred at 82 ka (GL-854,
4.3%) and 83.9 ka (GL-852, 4.9%), within substage 5b,when a sudden in-
crease in this group's abundance was recognized just after the well-
dated D1 event. This continuous record (mean abundance 6% in GL-
854 and GL-852) extended up to what we called the HCO event of the
G. crassaformis complex at 68.5 ka (GL-854, 4.3%) and 69.1 ka (GL-852,
3.6%) at the base of MIS 4 just before the highest peak of this MIS.

Our quantitative biostratigraphy allows us to observe an increase of
N7 times the G. crassaformis complex relative abundance out of this in-
terval from 0.86% to 6.4%, on average (GL-854 and GL-852). Some au-
thors (Vicalvi, 1997; Toledo, 2000; Sanjinés, 2006; Camillo, 2007)
have already mentioned such an increment in G. crassaformis along
the Brazilian continental margin and recently, Portilho-Ramos et al.
(2014) have reported the same feature, described as the G. crassaformis
Optimum Event. This 14 kyr (on average) long interval can be recog-
nized as an acme zone, as well as an important biostratigraphical mark-
er in the western South Atlantic. On the other hand, Bylinskaya (2005)
carried out a detailed study on the range and significance of the G.
crassaformis complex in a set of cores in the North Atlantic, but did not
describe such events or an acme zone.

It was also possible to recognize in our record a dramatic and punc-
tual reduction between the LCO-HCO of the G. crassaformis complex in-
terval (Fig. 5A, C). We could recognize this consistent drop in G.
crassaformis complex abundance not only in our record but also in
other studies (Vicalvi, 1997; Toledo, 2000; Sanjinés, 2006; Camillo,
2007; Portilho-Ramos et al., 2014). Therefore, this feature is a useful
biostratigraphical marker due to its proximity to the MIS 5/MIS 4 tran-
sition. Particularly in core GL-854 and GL-852 it occurred at 72 ka
(Table 2), but we calculated an average age of 71 ka for this feature for
five cores along the Brazilian continental margin (unpublished data).
Fig. 6. Summary of the positions of the biohorizons since 772 ka and their relationship with t
numbers on the right. Horizontal dotted lines indicate glacial terminations (T VIII to T I). L
highest common occurrence; D, G. menardii complex virtual disappearances; R, G. menardii com
Indeed, 71 ka is the MIS 5/MIS 4 boundary itself. We called this feature
the G. crassaformis transition event.

4.2.12. Highest occurrence of G. crassaformis hessi
The HO of G. crassaformis hessi was recorded at the highest peak of

MIS 4, close to theMIS4/MIS 3 transition, at 58.2 ka by 0.33% abundance
(GL-854) and 59.4 ka by 0.20% abundance (GL-852). This event is placed
between 100 and 200 ka by Bylinskaya (2005), who also observed it at
190 ka in the Tropical Atlantic (15°N).

4.2.13. G. menardii complex reappearance event (R1)
The highest G. menardii complex reappearance event (R1) (≥1%)

was recorded at 12 ka already during MIS1 in cores GL-854 (6%) and
GL-852 (3%) (Table 2). This event is equivalent to the Ericson and
Wollin's (1968) Y/Z boundary zone. Some authors have dated this reap-
pearance event at 11 ka (Vicalvi, 1997; Kohl et al., 2004).

4.2.14. Lowest occurrence of G. fimbriata
The LOofG.menardiifimbriatawas registered at 12 ka in coreGL-854

and at 10 ka in GL-852, both already during MIS 1 (Table 2). This event
marks the G. fimbriata Subzone of Bolli and Saunders (1985).

4.3. Calcareous plankton biochronology for the last 772,000 years

The bioevents recorded in GL-852 correlate well with those exhibit-
ed in core GL-854 through the studied interval. Our results show little
differences in the chronostratigraphic position of some bioevents in
both calcareous nannofossil and planktonic foraminifera groups when
compared to those ages in the literature data, although no clear pattern
was observed. As pointed out by Raffi (2002) we also believe these dif-
ferences may reflect the influence of regional environmental conditions
on diachronous placement of biological datum events. In this sense, our
results show that planktonic foraminifera events have been more dia-
chronic than the calcareous nannofossils events.

Before 480 ka (MIS 13) the events related to the cyclic appearances
and disappearances of the G. menardii complex occurred first in Santos
Basin and later in the Gulf of Mexico. After 480 ka, these events in the
he oxygen isotope curve. Gray bands correspond to marine isotope stages, identified by
O, lowest occurrence; HO, highest occurrence; LCO, lowest common occurrence; HCO,
plex virtual reappearances; T, Termination.

Image of Fig. 6
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South Atlantic have always occurred after those observed in the Gulf of
Mexico. On the other hand, the bioevents of both calcareous
nannofossils and planktonic foraminifera seem to have occurred earlier
in the Pacific than in South Atlantic Ocean. For calcareous nannofossils,
the events observed in this study were recorded earlier in the Southern
Ocean and Cape Basin and later in the North Atlantic. Our samples re-
corded an intermediate age, which is expected since the study area is lo-
cated between the Southern Ocean and theNorth Atlantic. An exception
was noticed for the LO of E. huxleyi, which was first recorded in the
North Atlantic and later in the western South Atlantic Ocean. These
age differences were calculated between 12 and 15 kyr. This event
seems to have a similar behavior to that reported by Hine and Weaver
(1998) for the eastern North Atlantic Ocean: a slightly time-transgres-
sive event occurring in progressively younger sediments from north to
south. To some extent, this assertion may have a wider application
than only the eastern North Atlantic since the oldest records of LO E.
huxleyi are from the northernmost Atlantic Ocean (Hine, 1990 in Hine
and Weaver, 1998) and the younger ones are in the South Atlantic. It
may suggest a migration of this species from north to south during its
evolution in the Atlantic Ocean.

Comparing our biostratigraphic framework to that of Sato et al.
(2009), which also correlates the nannofossil datum events with oxy-
gen isotope stratigraphy. They placed the datum of the LO of E. huxleyi
and the HO of P. lacunosa in MIS 8 and MIS 12 respectively, just before
the highest peak of each respective MIS. Sato et al. (2009) have argued
their high resolution study has clarified the critical stratigraphic posi-
tions of both datums. Although the stratigraphic position of LO E. huxleyi
and HO P. lacunosa are correlated to the final portion of MIS 8 and
MIS12, respectively, in our study their positions are traced to the highest
peak of MIS 8 and MIS 12 (Fig. 6), which slightly differs from the North
Atlantic datums. Fig. 6 also shows roughly a succession of both plank-
tonic foraminifera and calcareous nannofossil events as well as a se-
quence of six superimposed “acmes” since the end of MIS 15.

The oldest acme recorded in this studywas theG. caribbeanica acme,
from MIS 15 until the MIS 7e-7d transition followed by the G.
aperta + G. ericsonii complex acme, which intersects G. caribbeanica
acme at the MIS 7e peak. This acme extended until the MIS 5c-5b tran-
sition. Just before, at theMIS 5e-5d transition begins theG. hirsuta acme,
which extend up to MIS 3 near to MIS 3/MIS 2 transition. In the middle
of the G. hirsuta acme the G. crassaformis complex acme (LCO to HCO of
G. crassaformis complex) is easily recognized. In our record, this acme
was traceable fromMIS 5b to MIS 4. During the G. crassaformis complex
acme, we noticed what we called E. huxleyi acme s.l. (from the first in-
crease in E. huxleyi abundance) fromMIS 5a to recent. Lately, still within
G. hirsuta acme, we recognized the E. huxleyi acme s.s. (from when E.
huxleyi dominance is indubitable) very close to the highest peak of
MIS 3.

The bioevents identified in this study have been observed in almost
all marine isotopic stages except MIS 2, 14 and 17. The calcareous
nannofossil evolutionary events are related to glacial stages: LO of H.
inversa (MIS 18), HO of P. lacunosa (MIS 12) and LO of E. huxleyi (MIS
8) with the exception of HO of H. inversa that occurs in the interglacial
MIS 5, although during the cold substage 5d. On the other hand, those
events related to abundance variation were found during interglacial
stages: LCO of G. caribbeanica (MIS 15), HCO of G. caribbeanica (MIS
7), LCO of the G. aperta-ericsonii complex (MIS 7), HCO of the G.
aperta-ericsonii complex (MIS 5) and the first reversal between small
Gephyrocapsa/E. huxleyi (MIS 5). Except for the LCO of G. muellerae,
which occurs during the glacial MIS 6.

In contrast, the planktonic foraminifera evolutionary events were
mostly recorded during interglacials. This is the case of the LO of G.
crassaformis hessi (MIS 19), LO of G. hirsuta (MIS 11), LO of G. bermudezi
(MIS 9), LO of G. crassaformis imbricata (MIS 5), HO of G. tumida flexuosa
(MIS 5) and LO of G. fimbriata (MIS 1). However, only three events oc-
curred during glacials: LO of G. tumida flexuosa (MIS 10), LO of G. calida
calida (MIS 6) and HO of G. crassaformis hessi (MIS 4). The species
abundance events of planktonic foraminifera were also recorded during
interglacials: LCO of G. hirsuta (MIS 5), LCO of G. crassaformis complex
(MIS 5) and all reappearance events of the G. menardii complex (MIS
13, 5 and 1). Those bioevents related to decreasing abundance were re-
corded during glacials: HCO of theG. crassaformis complex (MIS 4), HCO
of G. hirsuta (MIS 3) and the disappearance events of the G. menardii
complex (MIS 16, and MIS 6). The exception was D1 event, the last dis-
appearance event of theG. menardii complex, which occurs in the inter-
glacial MIS 5, although during the cold substage 5b.

5. Conclusions

The cores selected for this study are located in a key region and pro-
vide anopportunity to study the evolution of calcareous nannofossil and
planktonic foraminifera assemblages in the South Atlantic. We con-
structed a biostratigraphic framework that can be useful for tropical re-
gions of the Atlantic, and provides high-resolution quantitative records
of themost important species of coccolithophorids and foraminifers for
a large part of the Pleistocene. Twelve Pleistocene calcareous
nannofossil events and twenty planktonic foraminifera events calibrat-
edwith the oxygen isotope record and correlatedwith literature stratig-
raphies are discussed. This is the first calcareous plankton
biochronology study for the last 772 kyr in the western South Atlantic
Ocean. Calcareous nannofossil events show minimum diachronism
with respect to the same events identified in different locations. On
the other hand, planktonic foraminifera events are more diachronous
according to the literature. Further studies in this region will help to es-
tablish a more precise biochronology for these calcareous microfossils.
This study also presented six new biostratigraphic events of planktonic
foraminifera isotopically calibrated. These bioevents can be used as
markers in the western South Atlantic: LO of G. bermudezi, LCO of G.
hirsuta, HCO of G. hirsuta, LCO of the G. crassaformis complex, HCO of
the G. crassaformis complex and the G. crassaformis transition event
(MIS 5/MIS 4).
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