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ARTICLE INFO ABSTRACT

Keywords: Planktonic foraminifera are an important biochronostratigraphic tool and one of the main proxies used in
Planktonic foraminifera paleoceanographic studies. Here we present the integration of quantitative analyses of planktonic foraminifera
Biostratigraphy

biostratigraphy, planktonic and benthic foraminifera oxygen isotopic data, and planktonic foraminifera radio-
carbon ages in a biochronostratigraphic framework for the last 1.93 Ma of the western equatorial Atlantic. The
ages of the biostratigraphic events derived from our records are consistent with previous works except for the
highest occurrences of Globigerinoidesella fistulosa (~1.82 Ma; MIS 66), Globigerinoides obliquus (~1.48 Ma; MIS
49), Globorotalia tosaensis (~1.05 Ma; MIS 31), and G. viola (~0.34 Ma; MIS 10). The largest difference in age
(~1.13 Ma) was found for the highest occurrence of G. viola. In addition, we describe for the first time in the
equatorial and western South Atlantic the oldest Pleistocene Globorotalia menardii disappearance (D) and reap-
pearance (R) events D5 (~1.79 Ma; MIS 64), R5 (~1.68 Ma; MIS 60), D4 (~1.05 Ma; MIS 30) and R4 (~0.96 Ma;
MIS 26). Our records present a consistent difference in the ages of G. menardii D and R events compared to the
North and South Atlantic. While the onset of D events occurs initially at high latitudes and later in the equatorial
region, the timing of R events exhibit the opposite trend. The oscillations in abundance of the complexes Pul-
leniatina and Globorotalia crassaformis together with the species Globorotalia truncatulinoides and Globoconella
inflata allowed the subdivision of the last 1.93 Ma into 20 subzones, substantially improving the bio-
chronostratigraphic resolution for the western equatorial Atlantic.

Equatorial western Atlantic
Brazilian equatorial margin
Para-Maranhao Basin

ideal biostratigraphic index fossils (Wade et al., 2011). Throughout the
Cenozoic, planktonic foraminifera are an abundant and diverse micro-

1. Introduction

Robust stratigraphic correlations within and between different
oceanic basins are essential to deciphering the evolution of various
components of the Earth system (Wade et al., 2011). Due to their high
sensitivity to environmental conditions, high morphological diversity,
global distributions, rapid evolution throughout the Mesozoic and
Cenozoic, and high preservation potential, planktonic foraminifera are

fossil group in the tropics and subtropics, and the evolutionary events of
this group are used to set biozone boundaries, allowing the construction
of detailed zonal schemes for the last 65 Ma (Blow, 1969; Bolli and
Premoli Silva, 1973; Kennett and Srinivasan, 1983; Bolli and Saunders,
1985; Wade et al., 2011).

In addition to first and last occurrences of planktonic foraminifera
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species (ten new appearances and seven disappearances of taxons; Wade
et al., 2011) described for the Quaternary (last 2.58 Ma, Gibbard et al.,
2010), glacial/interglacial climatic oscillations caused significant ex-
pansions and contractions in the geographic distribution of certain as-
semblages and/or species due to migration events with
non-evolutionary characteristics (Kennett and Huddlestun, 1972; Bé
et al., 1976; Thunnel, 1984; Caley et al., 2012). These changes in the
relative abundance of assemblages and/or species of planktonic fora-
minifera themselves can provide an increased resolution of stratigraphic
zoning during the Quaternary (Ericson and Wollin, 1968; Kennett and
Huddlestun, 1972; Martin et al., 1993; Kohl et al., 2004; Ferreira et al.,
2012; Toledo et al., 2016).

Yet, Quaternary biochronostratigraphical studies are scarce in the
western equatorial Atlantic (e.g., Chaisson and Pearson, 1997), despite
the great relevance of the region as an archive of climate variability of
tropical South America (Arz et al., 1998; Nace et al., 2014; Zhang et al.,
2017; Crivellari et al., 2018). Here, we present the integration of
quantitative analyses of planktonic foraminifera biostratigraphy, cali-
brated with planktonic and benthic foraminifera oxygen isotopic records
and radiocarbon ages for the last 1.93 Ma in a core with an average
accumaltion rate around 3.35 cm/ka.

2. Study area

The modern surface ocean circulation in the western equatorial
Atlantic is dominated by the North Brazil Current (NBC) and the North
Equatorial Countercurrent. The NBC results from the bifurcation of the
South Equatorial Current at 10-15°S. The NBC flows northwestwards
along the continental margin of northeastern Brazil (Fig. 1; Peterson and
Stramma, 1991; Schott et al., 1995; Stramma et al., 1995). The south-
ward flowing Brazil Current also originates at the bifurcation and sub-
sequently moves southward along the continental margin of eastern
Brazil. With its large anticyclonic rings, the NBC is the main pathway for
the cross-equatorial transport of warm and salty surface waters that
balances the southward export of North Atlantic Deep Water (Johns
et al., 1998; Goni and Johns, 2001; Haarsma et al., 2011). The NBC
extends from the surface to intermediate water depths (approximately
800 m water depth) where it merges with northward advected Antarctic
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Intermediate Water (Talley et al., 2011). In the region of core CDH-79,
long-term annual mean sea surface temperature is 27.5 °C (between
27.3°Cand 28.2 °C) (Locarnini et al., 2018), while sea surface salinity is
35.7 (varying widely between 28.2 and 36.2) (Zweng et al., 2018).

The NBC transport is highly variable, with maximum and minimum
measured transport of approximately 36 Sv during the austral winter
and 13 Sv during the austral fall (Johns et al., 1998). This variability in
NBC transport is associated with the north-south migration of the
Intertropical Convergence Zone and with changes in wind stress curl
(Richardson et al.,, 1994; Talley et al, 2011). Between July and
February, the NBC detaches from the continental margin at approxi-
mately 8°N feeding the North Equatorial Countercurrent in a process
known as the NBC retroflection (Fonseca et al., 2004). Between March
and June, the NBC flow continues farther northwestward along the
continental slope of South America, entering the Caribbean Sea and
eventually feeding the Gulf Stream (Johns et al., 1998; Lux et al., 2001).

The NBC transport variability is also observed on different timescales
and correlates positively with the strength of Atlantic meridional over-
turning circulation (AMOC) on decadal timescale (Zhang et al., 2011).
On millennial timescales, decreases in NBC strength coincided with
northern Hemisphere cold events like the Heinrich stadials and the
Younger Dryas (Arz et al., 1999; Wilson et al., 2011; Nace et al., 2014;
Zhang et al., 2015).

3. Material and methods

We investigated core CDH-79 (00° 39.6853' N, 44° 20.7723' W;
32.12 m core length; 2345 m water depth; Fig. 1), retrieved during RV
Knorr cruise KNR 197-4 in February 2010. The coring site is located on
the top of a seamount in the western equatorial Atlantic (Para-Maranhao
Basin), 320 km from the modern coastline of northeastern Brazil. Core
CDH-79 was shipped to Woods Hole Oceanographic Institution for
storage at 4 °C. The working halves of the split cores were visually
described and sampled (10 em®) every 10 cm for a total of 322 samples.

3.1. Preparation of planktonic foraminifera

The unlithified sediment samples were washed through a sieve of 62
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Fig. 1. Location of marine sediment core CDH-79 (green star) with long-term mean annual sea surface temperature (color scale) (Locarnini et al., 2018) and surface
ocean currents of interest for this study (black arrows). The white dashed rectangle indicates the area used to estimate the long term mean sea surface temperature for
the study area. The white circles represent sites discussed in the text (see Table S1 and Fig. S1 for details). BC - Brazil Current; NBC - North Brazil Current; NECC -
North Equatorial Countercurrent; SEC - South Equatorial Current (Peterson and Stramma, 1991). (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)
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pm mesh size (retaining the coarse fraction) and dried at 50 °C (Leipnitz
et al., 2005). Dry residues were weighed and stored in glass vials.
Planktonic foraminifera were dry picked from the >150 pm fraction in
subsample splits (if necessary) containing 300-600 specimens. This re-
sults in a 95% level of confidence for species with at least 1% of abun-
dance (Patterson and Fishbein, 1989). The subsamples were stored in
micropaleontological slides and all specimens were identified and
counted. The specimen preservation was qualitatively estimated and the
Le and Shackleton (1992) fragmentation index (FRAG) was calculated
for each sample. The taxonomic concepts for Neogene taxa were adopted
from Stainforth et al. (1975), Kennett and Srinivasan (1983), Bolli and
Saunders (1985) and revised based on Hayward et al. (2019). The
taxonomic terms that were utilized are available in Table S2.

3.2. Planktonic foraminifera biostratigraphy

Only species significant for Quaternary biostratigraphy were
considered for the construction of the biostratigraphic framework (e.g.,
Ericson and Wollin, 1968; Berggren et al., 1985a, 1995a; 1995b; Wade
et al., 2011; Toledo et al., 2016). The biostratigraphic zonal scheme for
the Neogene followed Blow (1969), modified by Kennett and Srinivasan
(1983). The Quaternary biostratigraphic zonal scheme followed Bolli
and Premili Silva (1973), with the modifications from Bolli and Saun-
ders (1985), Berggren et al. (1995a, 1995b) and the revision of the
Cenozoic tropical biostratigraphy presented by Wade et al. (2011). The
nomenclature adopted for evolutionary events, new appearance and
disappearance of the taxon follow Wade et al. (2011), where lowest
occurrence (LO) is used with the same meaning as first appearance
datum and/or first occurrence. Similarly, the highest occurrence (HO) is
used with the same meaning as the last appearance datum and/or the
last occurrence. Following Wade et al. (2011), we also applied the letter
B (base) in the same meaning of LO, and T (top) in the same meaning of
(HO).

In addition, the Globorotalia menardii complex abundance events
(G. menardii zonation) from Ericson and Wollin (1968) were employed
and referred to as EW68 zones/subzones. G. menardii complex refers to
the assemblage which combines G. menardii spp., Globorotalia tumida,
and Globorotalia flexuosa without distinction between the different
morphotypes or subspecies. The same nomenclature was applied for
Globorotalia crassaformis (G. crassaformis, G. hessi, G. ronda, G. viola, and
G. crassaformis imbricata) and the Pulleniatina (P. obliquiloculata and
P. primalis) genera. However, when the abundance of G. flexuosa,
G. crassaformis imbricata, G. hessi, and G. viola are considered, their in-
dividual relative abundance, rather than those of the complexes are
presented. The EW68 zonation is extensively used in biostratigraphic,
paleoclimatic and paleoceanographic studies in tropical (e.g., Martin
etal., 1990, 1993; Kohl et al., 2004) and subtropical areas (e.g., Vicalvi,
1997; Ferreira et al., 2012, 2014; Portilho-Ramos et al., 2014; Toledo
etal., 2016), providing a more detailed biostratigraphic zonation for the
Quaternary. For this study, the virtual disappearance of the G. menardii
complex is defined when its relative abundance drops to <1%.
Following Toledo et al. (2016), the disappearance events were
numbered top-down by G. menardii D1, D2, D3, D4, and D5, and were
respectively associated with the base of the EW68 zones Y, W, U, S, and
Q. The reappearance events were numbered top-down by G. menardii
R2, R3, R4, and R5 and were respectively associated with the base of
EW68 zones X, V, T, and R.

3.3. Oxygen isotopic analyses and radiocarbon dating

Five specimens of the planktonic foraminifer Globigerinoides ruber
(white) within the size fraction 250-350 pm, and at least two specimens
of the benthic foraminifer Uvigerina peregrina and Cibicidoides wueller-
storfi within the size fraction >125 pm were hand-picked for stable ox-
ygen isotopic analyses (5'20). The tests of planktonic foraminifera were
soaked in 15% H20; for 30 min to remove organic matter, and then
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rinsed with methanol and ultra-sonically cleaned to remove fine-grained
particles. The methanol was removed with a syringe, and samples were
dried at 50 °C for 24h. The clean foraminifera tests were crushed, and
between 20 and 60 mg of calcite was loaded into glass reaction vessels.
Benthic foraminifera crushed tests were rinsed with alcohol, dried, and
directly loaded into glass reaction vessels. Both planktonic and benthic
foraminifera were reacted with three drops of H3POy4 (specific gravity =
1.92) using a Finnigan MAT Kiel III carbonate preparation device.
Isotope ratios were measured by a Finnigan MAT 252 mass spectrom-
eter. The standard deviation of the international standard NBS19 is <
0.07%o during the measurement periods. Planktonic foraminifera were
analyzed at the Light Stable Isotope Mass Spectrometer Laboratory,
Department of Geological Sciences, University of Florida USA. Benthic
foraminifera were analyzed at the State Key Laboratory of Marine Ge-
ology, Tongji University, China. The results of benthic foraminifera were
corrected following Machitto et al. (2014).

Five samples composed of mixed well-preserved specimens of
planktonic foraminifera from the size range 250-350 pm were used for
radiocarbon (**C) dating (Table 1). The samples were hand-picked and
analyzed by accelerator mass spectrometry (AMS) at the National Ocean
Sciences Accelerators Mass Spectrometry - USA. The radiocarbon ages
were calibrated with the software PaleoDataView version 0.9.2
(Langner and Mulitza, 2019) using the IntCall3 calibration curve
(Reimer et al., 2013) and a variable reservoir age correction (Butzin
et al., 2017).

The chronology adopted for this study follows Gradstein et al.
(2020), where the base of the Quaternary Period, that coincides with the
base of the Pleistocene Epoch, has an estimated age of 2.58 Ma. The
Pleistocene Epoch is divided into the Gelasian (2.58-1.80 Ma), Cala-
brian (1.80-0.774 Ma), Middle Pleistocene (Chibanian Stage;
0.774-0.129 Ma) and Upper Pleistocene (0.129-0.011 Ma) (Gibbard
and Head, 2020).

4. Results
4.1. Stable oxygen isotopes

The planktonic foraminifera 5!80 values range between —1.64 and
0.38%o with a maximum amplitude of ~2.02%o (310 samples; 3210-10
cm core depth; Fig. S2). Lower variability was found near the base of the
core (3210 - 2330 cm core depth), with values oscillating between —1.63
and -0.46%o (average amplitude of —1.03%o; Fig. S2). Above this inter-
val, from 2310 to 1240 cm core depth, the record shows the highest
average values —0.63%o, oscillating between-1.41 and 0.38%., with
average amplitude of ~1.79%.. The depth interval 1240-1228 cm
showed the highest change between two adjacent samples 2%o (from
0.38 to —1.62%o; Fig. S2). In the uppermost depth interval 1228-10 cm
core depth, the 580 values oscillate between-1.64 and 0.02%o (average
amplitude ~1.66%o and an average value of —0.74%o).

The benthic foraminifera 5'%0 record varies from 2.70 to 4.63%o
(average 3.74%o), with a maximum amplitude of ~1.93%o (288 samples;
3210 - 40 cm core depth; Fig. S2). The lowest variability (amplitude
average of ~1.27%o) was found in the base of core (3210 - 2330 cm),
with values oscillating between 2.93 and 4.20%o (mean value of 3.64%o;
Fig. S2). Above this interval, from 2310 to 1236 cm core depth, the
record shows average values of 3.81%o (ranging from 2.70 to 4.63%o),
with an average amplitude of ~1.93%o. In the uppermost depth interval,
1228 - 40 cm core depth, the 5'80 values oscillate between 2.85 and
4.52%o (average amplitude~1.67%o and the average value of 3.87%o).

4.2. Chronology and age model

The age model for core CDH-79 is based on five calibrated AMS **C
ages (Table 1) and 118 5'%0 tie-points (Table S3). The tie-points were
derived from the alignment of our 880 records to the reference §'%0
stack LR0O4 (Lisiecki and Raymo, 2005). Following Govin et al. (2015),
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Table 1
Raw AMS-'C data and calibrated ages for core CDH-79.

Quaternary International 598 (2021) 24-37

Depth Lab Radiocarbon Age Reservoir Reservoir Calibrated age median Calibrated age min Calibrated age max
age error age age error [95%] [95%] [95%]

(cm) D (yr BP) (yr) (yr) (yr) (cal BP) (cal BP) (cal BP)

10 08122410 13900 290 559 55 16054 15225 16942

20 05122411 17950 510 675 46 20930 19738 22202

30 05122412 22800 940 781 62 26347 24438 28115

40 08122413 22900 960 793 63 26437 24506 28272

50 05122414 25700 1400 740 92 29355 26973 32361

we estimated the age uncertainty for each tie-point (Table S3) by taking
into account (i) the mean resolution and dating uncertainty of the
reference curve LR04 (resolution 1 ka; uncertainty 6 ka from 2 to 1 Ma
and 4 ka from 1 to 0 Ma; Lisiecki and Raymo, 2005), and (ii) an esti-
mated relative alignment uncertainty (~1.04 ka).

The age model and associated uncertainties were calculated by using
the BACON algorithm version 2.2 (Blaauw and Christen, 2011) within
the PaleoDataView software version 0.9.2 (Langner and Mulitza, 2019).
A total of 10,000 age depth realizations have been used to calculate the
median age and the 20 uncertainty at 1 cm resolution for the interval
10-50 cm core depth (Fig. 2b), and 5 cm resolution for the interval
60-3212 cm (Fig. 2a). We assume the presence of a depositional un-
conformity (hiatus) between 50 and 60 cm, as discussed in section 4.4.

The biochronostatrigraphic model built for core CDH-79 indicates an
average accumulation rate of 3.35 cm/ka, showing a good correlation
with the LR04 stack (Lisiecki and Raymo, 2005) and the revised isotopic
stratigraphies of ODP Leg 154 (Ceara Rise - Sites 925, 927, and benthic
smooth; Wilkens et al., 2017), and ODP Site 806b (equatorial Pacific; de
Garidel-Thoron et al., 2005) (Fig. 3). CDH-79 reaches an estimated age
of 1.93 Ma at the base (i.e., 3212 cm core depth) of the core and records
marine isotopes stages (MIS) 1-73, thus continuously covering most of
the Quaternary (Fig. 3).
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4.3. Planktonic foraminifera and biostratigraphy

A total of 111,749 foraminifera (planktonic and benthic forms) were
recovered, of which 99.24% (110,913 specimens) are planktonic forms.
In general, the foraminifera presented an excellent state of preservation,
which allowed the classification at the species level. Among the 24
recovered species (a taxonomic list is presented at Tables S2) and 14 can
be used for the biostratigraphic approach, resulting in the recognition of
19 biostratigraphic events (see details in the supplementary material
section Text S1) in the Quaternary of the Para-Maranhao Basin
(Table 2). The events range from the Gelasian to the Upper Pleistocene,
with estimated ages of ~1.93 and 0.016 Ma (MIS 73 and MIS 2,
respectively).

The LO of Globorotalia truncatulinodes (~1.90 Ma; MIS 73), G. hessi
(~0.78 Ma; MIS 19), and Globigerinella calida calida (~0.140 Ma; MIS 6),
as well as the HO of Globigerinoidesella fistulosa (~1.82 Ma; MIS 66),
Globigerinoides extremus (~1.77 Ma; MIS 63), Globigerinoides obliquus
(~1.48 Ma; MIS 49), Globorotalia tosaensis (~1.05 Ma; MIS 30/31), and
G. flexuosa (~0.85 Ma; MIS 5) were used as the main bioevents for the
establishment of the biostratigraphy of the area (Table 2; Fig. 4a and b).
Also, the relative abundance of the complexes of G. menardii, Pul-
leniatina, and Globorotalia crassaformis), together with the relative
abundance of the species G. truncatulinoides and Globoconella inflata,
were used to define the EW68 zones/subzones.
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Fig. 2. Age model of core CDH-79 based on calibrated AMS-'*C ages (blue triangle:
isotopic (8'80) records to the reference §'%0 stack LR04 (Lisiecki and Raymo, 2005).

2800 3200

s) and tie-points (green triangles) based on the alignment of our stable oxygen
Black dotted lines indicate the uncertainty of the median age (solid red line) at

(a.) 5 cm, and (b.) 1 cm resolution. Note that between 50 and 60 cm core depth, there is a hiatus. (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)
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Fig. 3. Stable oxygen isotopic (5'%0) records from (a.) LRO4 stack (Lisiecki and Raymo, 2005); revised isotope stratigraphy of Ceara Rise ODP Leg 154 (b.) smooth;
(c.) Site 925; (d.) Site 927 (Wilkens et al., 2017); (e) equatorial Pacific ODP Leg 130 - Site 806b (de Garidel-Thoron et al., 2005); and western equatorial Atlantic core
CDH-79 (f.) Globigerinoides ruber (white); (g.) benthic foraminifera (this study). Marine isotopic stages according to the LR04 stack (Lisiecki and Raymo, 2005), and

substages according to Railsback et al. (2015).

The bioevents include G. menardii D5 (3092 cm; MIS 63/64; ~1.79
Ma), R5 (2892 cm; MIS 59; ~1.68 Ma), D4 (2032 cm; MIS 30; ~1.05
Ma), R4 (1912 cm, MIS 26/27, ~0.96 Ma), D3 (1362 cm, MIS 15, ~0.59
Ma), R3 (1310 cm; MIS 13/14; ~0.54 Ma), D2 (352 cm, MIS 6, ~0.16

Ma), R2 (292 cm, MIS 5/6; ~0.14 Ma) and D1 (62 cm; MIS 5; ~0.08 Ma)
and respectively mark the base of EW68 zones Q, R, S, T, U, V, W, X and
Y (Fig. 4a and b; Table 2). The oscillations in abundance are controlled
by the entire genus Pulleniatina, the G. crassaformis complex, as well as
the G. truncatulinoides and G. inflata species, which allowed the division
of recognized zones into 20 subzones (Q2, Q1, R3,R2,R1, S2, S1, T4, T3,
T2, T1, V3, V2, V1, W2, W1, X3, X2, X1 e Y1A; Fig. 4a and b; Table 3)
with a subzonal average resolution of ~85 ka. The detailed descriptions
of the EW68 zones and subzones are presented in the supplementary
materials (see details in the supplementary material section Text S2).

4.4. Unconformity (hiatus)

Based on the combination of the radiocarbon ages, biostratigraphic
events, and MIS identification, two unconformities were detected and
confirmed by examination of the core lithology. The lower unconformity
was recorded within the interval 60-50 cm core depth (Fig. 5), above the
HO of G. flexuosa (~0.085 Ma; 70 cm) and G. menardii D1 event (~0.08
Ma; 62 cm), both recorded during MIS 5 within EW68 Zone X (Subzone
X1), and below the AMS l4c age (Table 1) obtained at 50 cm core depth

28

(~0.03 Ma; MIS 2; EW68 Zone Y). In the visual core description, a thin
bed (~2 cm) of sand was observed within the interval 60-50 cm, while
the planktonic foraminifera fragmentation rate showed a slight increase.
Thus, we suggest the presence of a stratigraphic unconformity (hiatus)
close to the top of core CDH-79. This unconformity spans from the top of
MIS 5 (~0.08 Ma based on G. menardii D1 event) to the base of MIS 2
(~0.03 Ma based on a calibrated AMS '“C age) and is represented by a
no depositional/erosional gap covering MIS 4-3 (approximately 50 ka).

The interval 50-10 cm contains no specimens of the G. menardii
complex. The G. menardii R1 event (~0.012 Ma) of Toledo et al. (2016)
represents the return of the G. menardii complex to the South Atlantic
after a period of absence represented by the EW68 Zone Y. Event R1
records Holocene ages and establishes the base of EW68 Zone Z (Holo-
cene) in the Gulf of Mexico and the tropical Atlantic (e.g., Ericson and
Wollin, 1968; Martin et al., 1990, 1993; Kohl et al., 2004), as well as the
southeastern Brazilian continental margin (e.g., Vicalvi, 1997; Ferreira
et al., 2012; Portilho-Ramos et al., 2014; Toledo et al., 2016). The
absence of specimens from the G. menardii complex in the uppermost
samples of core CDH-79 suggests the absence of the EW68 Zone Z and
therefore sediments of Holocene age. This topmost hiatus is also sup-
ported by the only AMS **C results of CDH-79 obtained from the interval
10-12 cm (~0.016 Ma; Table 1).
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Table 2

Quaternary planktonic foraminifera events ages and marine isotopic stages (MIS) for core CDH-79 and references. The Globorotalia crassaformis events as
G. crassaformis Optimum Event (GcOE) from Portilho-Ramos et al. (2014); and the Highest Common Occurrence (HCO) G. crassaformis, the Transition Event (GcTE) and
Lowest Common Occurrence (LCO) G. crassaformis from Toledo et al. (2016) were also presented; The Quaternary planktonic foraminifera events recorded in the core
CDH-79 are highlighted in bold, while the events not recorded are identified by (**).

Bioevents (Datum) CDH-79 Age - Referecens Location References
Depth Age (Ma) MIS (Ma) MIS
(cm) (interval)
B Globorotalia truncatulinoides 2.58 South Pacific Srinivasan and Sinha (1992)
1.93 Ceara Rise Chaisson and Pearson (1997); Lourens
et al. (2004)
1.93 Revision Wade et al. (2011)
3200 1.90 (1.89-1.91) 72 Para-Maranhao Basin This work
T Globigerinoidesella fistulosa 1.77 Panama Basin Shackleton et al. (1990)
1.88 Ceara Rise Chaisson and Pearson (1997); Lourens
et al. (2004)
3130 1.82 (1.81-1.82) 66 Para-Maranhao Basin This work
Globorotalia menardii D5 1.80 Gulf of Mexico Martin et al. (1990, 1993)
Base EW68 Zone Q 3092 1.79 (1.78-1.79) 64 Para-Maranhao Basin This work
T Globigerinoides extremus 1.99 Revision Wade et al. (2011)
1.98 Ceara Rise Chaisson and Pearson (1997); Lourens
et al. (2004)
1.80 Lau Basin and Tonga Platform Chaproniere et al. (1994)
1.77 Revision Berggren et al. (1985b); Berggren et al.
(1995b)
3070 1.77 (1.77-1.78) 63 Para-Maranhao Basin This work
Globorotalia menardii R5 1.50 Gulf of Mexico Martin et al. (1990, 1993)
BaseEW68 Zone R 2890 1.68 (1.67-1.68) 59 Para-Maranhao Basin This work
T Globigerinoides obliquus 1.30 Ceara Rise Chaisson and Pearson (1997); Lourens
et al. (2004)
1.30 Revision Wade et al. (2011)
2610 1.48 (1.47-1.48) 49 Para-Maranhao Basin This work
T Globorotalia tosaensis 0.61 Mix et al. (1995); Lourens et al. (2004)
2052 1.07 (1.06-1.07) 31 Para-Maranhao Basin This work
Globorotalia menardii D4 1.20 Gulf of Mexico Martin et al. (1990, 1993)
Base EW68 Zone S 2032 1.05 (1.04-1.06) 30 Para-Maranhao Basin This work
Globorotalia menardii R4 1.00 24/ Gulf of Mexico Martin et al. (1990, 1993)
Base EW68 Zone T 25
0.99 27/ Nishi et al. (2000)
28
1912 0.96 (0.96-0.97) 26 Para-Maranhao Basin This work
Table 2. Continued
B Globorotalia hessi 0.75 Equatorial to Subarctic Bylinskaya (2005)
regions
0.75 17 Lau Basin and Tonga Chaproniere et al. (1994)/Wade et al.
Platform/Revision (2011)
0.77 Santos Basin Toledo et al. (2016)
1692 0.78 (0.77-0.78) 19 Para-Maranhao Basin This work
Globorotalia menardii D3 0.62-0.52 16 Gulf of Mexico Martin et al. (1993)
Base EW68 Zone U 0.61 Gulf of Mexico/Santos Basin Kohl et al. (2004)/Ferreira et al. (2012)
0.63 16 Santos Basin Toledo et al. (2016)
1362 0.59 (0.58-0.59) 15 Para-Maranhao Basin This work
Globorotalia menardii R3 0.48 Gulf of Mexico/Santos Basin Kohl et al. (2004)/Ferreira et al. (2012)
Base EW68 Zone V 13 Caribbean Sea Martin et al. (1990); Martinez et al.
(2007)
0.49 13 Santos Basin Toledo et al. (2016)
1312 0.54 (0.53-0.55) 13/ Para-Maranhao Basin This work
14
1.47 Rio Grande Rise Barash and Oskina, 1983
T Globorotalia viola 1.48 Bylinskaya (2005)
1040 0.34 (0.34-0.51) 10 Para-Maranhao Basin This work
T Globorotalia hessi 0.10-0.20 Equatorial to Subarctic Bylinskaya (2005)
regions
0.058 4 Santos Basin Toledo et al. (2016)
920 0.33 (0.32-0.33) 9/10 Para-Maranhao Basin This work
Globorotalia menardii D2 0.20-0.18 7 Gulf of Mexico Martin et al. (1993)/Kohl et al. (2004)
Base EW68 Zone W 7/6 Caribbean Sea Martin et al. (1990)
6 Caribbean Sea Martinez et al. (2007)
0.142 6b Santos Basin Toledo et al. (2016)
352 0.16 (0.15-0.16) 8 Para-Maranhao Basin This work
B Globigerinella calida calida 4.70 Revision Kennett and Srinivasan (1983)
0.220 Pacific Ocean Chaproniere et al. (1994); Wade et al.
(2011)
0.140 Equatorial Atlantic Bolli and Premoli Silva (1973)
0.135 6a Santos Basin Toledo et al. (2016)
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Bioevents (Datum) CDH-79 Age - Referecens Location References
Depth Age (Ma) MIS (Ma) MIS
(cm) (interval)
320 0.14 (0.14-0.15) 6 Para-Maranhao Basin This work
Table 2. Continued
Globorotalia menardii R2 0.13 Gulf of Mexico Kohl et al. (2004); Martinez et al.
Base EW68 Zone X (2007)
0.12 5 Santos Basin Toledo et al. (2016)
0.12 Campos Basin Vicalvi (1997)
290 0.13 (0.13-0.14) 5/6 Para-Maranhao Basin This work
T Globorotalia flexuosa 0.068 Florida Continental slope Joyce et al. (1990)
0.084 Santos Basin Vicalvi (1997), Ferreira et al. (2012)
0.077 Revision Berrgren et al. (1995a, b)/Wade et al.
(2011)
0.088 5 Santos Basin Toledo et al. (2016)
70 0.085 5 Para-Maranhao Basin This work
(0.080-0.085)
Globorotalia menardii D1 0.090/0.084 Gulf of Mexico Martin et al. (1993)/Kohl et al. (2004)
Base EW68 Zone Y 0.084 Campos Basin Vicalvi (1997); Portilho Ramos et al.
(2006)
0.084 Santos Basin Ferreira et al. (2012); Toledo et al.
(2016)
62 0.077 5 Para-Maranhao Basin This work
(0.069-0.083)
G. crassaformis Optimum Event o * 0.084-0.071 Campos Basin/Santos Basin Portilho-Ramos et al. (2014)
GcOE
HCO G. crassaformis o ok ok 0.082.9 5 Santos Basin Toledo et al. (2016)
G. crassaformis Transition ok * 0.072 5/4 Santos Basin Toledo et al. (2016)
Event GcTE
LCO G. crassaformis o e e 0.068.8 4 Santos Basin Toledo et al. (2016)
Globorotalia menardii R1 * ok wk 0.012 Gulf of Mexico Kohl et al. (2004)
Base EW68 Zone Z 0.012 Campos Basin Vicalvi (1997); Portilho Ramos et al.
(2006)
B Globorotalia fimbriata Santos Basin Ferreira et al. (2012); Toledo et al.
(2016)
* ok o 0.011 Equatorial Atlantic Bolli and Premoli Silva (1973)

5. Discussion

5.1. Biochronostratigraphic zonation of the western equatorial Atlantic
for the last 1.93 Ma

Our data allow the establishment of a biochronostratigraphic
framework for the longest Quaternary sediment core from the Para-
Maranhao Basin in the western equatorial Atlantic, spanning from the
Gelasian (~1.93 Ma; MIS 73) to the Upper Pleistocene (~0.016 Ma; MIS
2). The evolutionary events allowed the recognition and chronostrati-
graphic position of the Neogene zones N21 to N22 from Blow (1969), as
well as the Cenozoic Zone PL6 and Zone PT1, and the subzones PT1a and
PT1b from Berggren et al. (1995a, 1995b) and Wade et al. (2011). The
Bolli and Saunders (1985) zones G. tosaensis tosaensis and
G. truncatulinoides truncatulinoides and the subzones G. crassaformis viola,
G. crassaformis hessi, G. calida calida, and G. bermudezi were further
recorded. Appling the EW68 zonation increased the resolution in our
record, with ten zones (from P to Y) and 20 subzones, with the first
record and description of the zones P, Q, R, and S for the western
equatorial Atlantic.

The described stratigraphic unconformities (hiatus; section 4.4)
could have been triggered by at least two processes: (i) major changes in
sea level at the EW68 zonal boundary X/Y (from the exceptionally warm
interglacial MIS 5 to the succeeding glacial MIS 4) and later to the Last
Glacial Maximum (Grant et al., 2012) may have triggered mass transport
deposits (Martin et al., 1993); or (ii) piston coring may have disturbed
the uppermost soft sediments of the sedimentary column (Stow and
Aksu, 1978).

30

5.1.1. Gelasian - Calabrian (~1.93-0.781 Ma — MIS 73-19)

The presence of the G. menardii complex at the base of the core
(between ~5 and 12%; 3212 - 3102 cmy; Fig. 4b), followed by the first
disappearance event G. menardii D5 (~1.79 Ma; MIS 64; Table 2), sup-
port the EW68 Zone P as recorded in the Northwest Gulf of Mexico (ODP
625B), Caribbean Sea (DSDP 502B), and Tropical Atlantic (V16-205) by
Martin et al. (1990, 1993). Both presence and disappearance events are
recorded for the first time in the western equatorial Atlantic, and Bra-
zilian basins as well. Within Zone P, two evolutionary events have been
used to define zone and subzone boundaries, the LO of
G. truncatulinoides, and HO of G. fistulosa (B G. truncatulinoides, ~1.90
Ma; T G. fistulosa, ~1.82 Ma; Table 2). The absence of G. truncatulinoides
associated with the presence of G. tosaensis recorded between the base of
core CDH-79 and the LO of G. truncatulinoides (3200 cm, MIS 72;
Table 2) points towards the Neogene Zone N21 of Blow (1969). Bolli and
Saunders (1985) associated the upper part of Blow’s Zone N21 with the
Zone G. tosaensis tosaensis (Bolli and Premoli Silva, 1973), as recorded in
core CDH-79. The LO of G. truncatulinoides has been used to define the
boundary of the Neogene zones N21/N22 (Blow, 1969), and between
the Bolli and Saunders (1985) Zone G. tosaensis tosaensis and Quaternary
Zone G. truncatulinoides truncatulinoides as well. The HO of G. fistulosa
(3130 cm, MIS 66; Table 2) defined the boundary between the basal
Zone PL6 — Globigerinoides fistulosa Highest-occurrence Zone and Zone
PT1 - Globigerinoides ruber Partial-range Zone, and the boundary be-
tween Zone PL6 and Subzone PTla - Globorotalia tosaensis
Highest-occurrence Subzone as well (Berggren et al., 1995a, 1995b;
Wade et al., 2011). The evolutionary events place the base of the core in
the Neogene Zone N21 (Blow, 1969), and in the Cenozoic Zones PL6
(Berggren et al., 1995a, b; Wade et al., 2011) and G. tosaensis tosaensis
(Bolli and Saunders, 1985), while the abundance event G. menardii D5
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Fig. 4. a. Planktonic foraminifera biostratigraphy of core CDH-79. Quaternary Polarity time scale (C1n = Brunhes; Clr.1r = Matuyama; Clr.1n = Jaramillo; C1r.2n
= Cobb Mountain; C2n = Olduvai) of Ogg (2020); Zonal scheme (EW68 = Ericson and Wollin, 1968; Subzone G. ber. = G. bermudezi Subzone), biostratigraphic events
(V.P. = Pulleniatina complex events - see Table 4; T = top/highest occurrences, B = base/lowest occurrence; D = disappearance, R = reappearance) and estimated
ages; planktonic (blue) and benthic (green) oxygen isotopic records (5'%0) and LR04 marine isotope stages (MIS; numbered gray and white horizontal bands; Lisiecki
and Raymo, 2005); and relative abundance of selected planktonic foraminifera species.

Fig. 4b. Planktonic foraminifera biostratigraphy of core CDH-79. Quaternary Polarity time scale (C1n = Brunhes; Clr.1r = Matuyama; Clr.1n = Jaramillo; C1r.2n
Cobb Mountain; C2n = Olduvai) of Ogg (2020); Zonal scheme (EW68 = Ericson and Wollin, 1968), biostratigraphic events (T = top/highest occurrences, B

base/lowest occurrence; D = disappearance, R = reappearance) and estimated ages; planktonic (blue) and benthic (green) oxygen isotopic records (5'0) and LR04
marine isotope stages (MIS; numbered gray and white horizontal bands; Lisiecki and Raymo, 2005); and relative abundance of selected planktonic foraminifera
species. . (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Ericson and Wollin (1968) zones and subzones, calibrated ages, marine isotope stages (MIS), and accumulation rate in core CDH-79. The disappearance events of
G. menardii complex were associated with the base of the EW68 zones Y, W, U, S, and Q, while the reappearance events were associated with the base of the zones X, V,
T, and R. The MIS identifications were based on the reference 5'%0 stack LR04 (Lisiecki and Raymo, 2005).

EW68 Depth(cm) Age (Ma) MIS (LR04) Accumulation
Zones /Subzones Top Base Top Base Top Base rate (cm/ka)
Y 10 52 0.02 0.03 2 2 3.18
X X1 60 92 0.08 0.09 5 5 3.28
X2 100 222 0.09 0.12 5 5 4.66
X3 230 292 0.12 0.13 5 5/6 4.11
w w1 300 322 0.13 0.14 6 6 2.87
w2 330 352 0.15 0.16 6 6 2.12
\' Vi 360 702 0.16 0.26 6 8 3.34
V2 710 982 0.26 0.34 8 9 3.75
V3 990 1312 0.34 0.54 9 13/14 1.60
U 1320 1362 0.55 0.59 14 15 1.06
T T1 1370 1500 0.60 0.67 15 16 1.85
T2 1510 1562 0.68 0.70 16 17 2.19
T3 1570 1802 0.70 0.89 17 22 1.27
T4 1810 1912 0.89 0.96 22 26 1.41
S S1 1920 1962 0.97 0.99 26/27 28 1.92
S2 1970 2032 1.00 1.05 28 30 1.18
R R1 2040 2442 1.06 1.31 30/31 41 1.60
R2 2450 2832 1.32 1.65 41 58 1.13
R3 2840 2892 1.66 1.68 58 59 2.41
Q Q1 2900 3002 1.68 1.74 59 61 1.97
Q2 3010 3092 1.74 1.79 61 64 1.67
P 3102 3212 1.80 1.93 64 73 0.94
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Fig. 5. Position of the lower unconformity recorded between 60 and 50 cm of core CDH-79. Quaternary polarity time scale (Ogg, 2020); Planktonic foraminifera
zonal scheme (EW68 = Ericson and Wollin, 1968); location of samples used for planktonic foraminifera biostratigraphic events and estimated ages (green triangles; T
= top/highest occurrence, D = disappearance), oxygen isotopic records (5'®0; blue triangles), AMS-'*C analyses (yellow triangles; the values denote calibrated AMS
l4¢c ages); LRO4 marine isotope stages (MIS; numbered gray and white horizontal bands; Lisiecki and Raymo, 2005), and planktonic (blue) and benthic (green)
oxygen isotopic records (§'%0); and relative abundance of G. menardii and Pulleniatina complexes; and Fragmentation index. (For interpretation of the references to

color in this figure legend, the reader is referred to the Web version of this article.)

position it in EW68 Zone P. Taken together, we place the base of core
CDH-79 within the Olduvai Subchron (C2n) supporting an estimated age
between 1.90 and 1.93 Ma (median age 1.92 Ma; MIS 73), as indicated
by our 5180 records (Figs. 2 and 3).

The LO of G. truncatulinoides is recorded for the first time in the Para-
Maranhao Basin, supporting the position of both zones, Blow (1969)
Neogene Zone N22, and Quaternary Zone G. truncatulinoides

32

truncatulinoides of Bolli and Saunders (1985) on the interval 3200 - 10
cm of the core CDH-79. The HO of G. fistulosa marks the base of Zone
PT1, which extends from the HO of G. fistulosa to the Recent, further
characterized by the base of Subzone PT1a, which ranges the HO of
G. fistulosa to the HO of G. tosaensis (Berggren et al., 1995a, b; Wade
et al., 2011). These events differ slightly in chronostratigraphic position
from the ages reported in the literature (e.g., Shackleton et al., 1990;
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Srinivasan and Sinha, 1992, Table 2). However, in the tropical Atlantic
(Site 925; Chaisson and Pearson, 1997) they appeared isochronously (e.
g., Lourens et al., 2004; Wade et al., 2011). An exception occurs with the
event HO of G. tosaensis (usually record above the HO of G. hessi, Wade
et al., 2011), which is located earlier in CDH-79 within MIS 31 (2050
cm; Table 2). This inserts the top of Subzone PT1a, as well as the sub-
zonal boundary PT1b/PT1a, within the Calabrian in the Para-Maranhao
Basin (between 1.06 and 1.07 Ma).

The evolutionary HO events of G. extremus (T G. extremus — median
age 1.77 Ma; MIS 63) and G. obliquus (T G. obliquus - 1.48 Ma; MIS 49),
are in accordance with a Calabrian age (older than ~1.40 Ma) for the
interval below 2610 cm core depth (Table 2; Fig. 4b). The abundance
events G. menardii R5 (1.78-1.79 Ma, MIS 64), G. menardii D4
(1.04-1.06 Ma, MIS 30), and G. menardii R4 (0.96-0.97 Ma, MIS 26)
mark the base and the first record of EW68 zones R, S, and T, for this
area. These G. menardii events further support Calabrian ages for the
interval 2890 - 1910 cm core depth (Table 2; Fig. 4b). The event HO of
G. extremus can be correlated with the top of the Olduvai Subchron
(~1.77 Ma; Lourens et al., 2004; Ogg et al., 2020) in our core, and are
considered to be isochronous as previously observed in the southwest
Pacific (DSDP Legs 22, 23, 24 and 90) by Srinivasan and Shina (1992)
and in the Lau Basin (ODP Leg 135, Sites 834, 835, 837, and 839) and
Tongan Platform (ODP Leg 135, Sites 840 and 841) by Chaproniere et al.
(1994). The events G. menardii R5 and HO G. obliquus appear older
(around 180 ka) than previously published (e.g., Martin et al., 1990,
1993; Wade et al., 2011, Table 2), while G. menardii D4 (boundary S/R)
and G. menardii R4 (boundary T/S) present lower records in the Gulf of
Mexico (Martin et al., 1990, 1993, Table 2). In our record, however, the
G. menardii complex events D4 and R4 showed slight differences in both
ages, base (MIS 31; ~1.07 Ma) and top (MIS 28; ~0.99 Ma) of Jaramillo
Subchron (Clr.1n). Yet, these abundance events can be used to estimate
the position of the Subchron in the Brazilian Equatorial Margin, as
diachronism presumably is related to the changes in the climatic system
of the Mid-Pleistocene Transition (Berger et al., 1993; Berger and Loutre,
1994). The Mid-Pleistocene Transition marks the change from an earlier
41-ka dominant oscillation to the higher-amplitude100-ka eccen-
tricity-dominated periodicity present in the Upper Pleistocene. These
higher amplitude and longer duration glacial/interglacial cycles mark
the reorganization of ice sheets and ocean currents around 0.9 Ma (MIS
25-22; Berger et al., 1993; Nishi et al., 2000), which might contribute to
higher uncertainties in the transitions of S/R and T/S zones (Caley et al.,
2012).

The LO of G. hessi (0.77-0.78 Ma; Table 2) occurs within the lower
5180 values of MIS 19 (Subzone T3) and has been used as a marker for
the top of Calabrian Subzone G. crassaformis viola (Bolli and Premoli
Silva, 1973). The presence of G. viola between evolutionary events LO of
G. truncatulinoides and LO of G. hessi (Table 2) supports a Gelasian to
Calabrian age, spanning from ~1.93-0.781 Ma (MIS 73-19) and the
Subzone G. crassaformis viola to this interval. This event is synchronous
to the one recorded by Toledo et al. (2016) in the Santos Basin and is
used in our records to define the boundary between the Calabrian and
the Middle Pleistocene.

5.1.2. Middle Pleistocene (~0.781-0.126 Ma — MIS19-6)

The Middle Pleistocene is characterized by the Subzone
G. crassaformis hessi (Bolli and Premoli Silva, 1973) indicated at the base
by the LO of G. hessi (B G. hessi - 0.78 Ma; MIS 19; Table 2) and at the top
by the LO of G. calida calida (0.14-0.15 Ma; Table 2). This Subzone
covers almost the entire Middle Pleistocene. In addition to these zonal
marker events, three abundance events of the G. menardii complex (D3,
R3, and D2) were recorded within this subzone in the Para-Maranhao
Basin, supporting the Middle Pleistocene age estimate (Fig. 4a and b;
Table 2). The evolutionary event HO of G. hessi is usually associated with
the Subzone G. calida calida (Upper Pleistocene), however, this event
appears to be older in our record, within Subzone V2 in the Middle
Pleistocene, showing a wider range in comparison with the tropical
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Atlantic (0.20-0.10 Ma; Bylinskaya, 2005) and southeastern Brazilian
continental margin (Cores GL-852 and GL-854; Toledo et al., 2016).
Besides.

The event G. menardii D3 had been recorded in the Santos Basin
around 0.63 Ma (MIS 16; Toledo et al., 2016), while in the Gulf of
Mexico it was registered at ~0.61 Ma (Kohl et al., 2004) and between
0.62 and 0.52 Ma (MIS 16 - MIS 15; Martin et al., 1990, 1993) suggesting
that this event occurred first in the South Atlantic and later in the North
Atlantic. In the Pard-Maranhao Basin, the third disappearance of the
G. menardii complex (G. menardii D3; 0.58-0.59 Ma) occurs within a
small increase in 5'%0 values during MIS 15 (Fig. 4a and b). Our records
show a younger age than reported in the North and South Atlantic
(Table 2), suggesting that the G. menardii complex D3 spread from the
South and North Atlantic to the equatorial Atlantic. The third reap-
pearance event of G. menardii complex (R3), in turn, occurred first in the
equatorial Atlantic, spreading later to the southeastern Brazilian conti-
nental margin (Toledo et al., 2016), the Caribbean Sea and North
Atlantic (Gulf of Mexico; Martin et al., 1993). This is an opposite trend
than that of the G. menardii D3.

As described by Ferreira et al. (2012) for the southeastern Brazilian
continental margin, a set of disappearance and reappearance events of
the Pulleniatina complex (Table 4) has been recorded in the base of EW68
Zone V (Subzone V3). In general, these events appear to be older in the
southeastern Brazilian continental margin (Cores BS-C and BS-D; Santos
Basin), spreading later to the equatorial Atlantic (core CDH-79;
Para-Maranhao Basin). An exception is event VP.1, which occurs first
in the equatorial margin. Prell and Damuth (1978) in the Gulf of Mexico,
the Caribbean Sea, and equatorial Atlantic recorded a set of disappear-
ance and reappearance events of the Pulleniatina complex, especially
from Pulleniatina obliquiloculata, during the last 0.175 Ma (EW68 zones V
to Z; Middle Pleistocene to Holocene), named as biohorizon YP. Those
authors used these events for regional correlation during EW68 Zone Y.
These events presented diachronic ages, ranging from ~0.60 Ma in the
Gulf of Mexico to ~0.50 Ma in the Caribbean Sea and ~0.35 Ma in the

Table 4

Position, ages, and marine isotope stages (MIS) of Pulleniatina complex disap-
pearance (D) and reappearance (R) events in the Ericson and Wollin (1968) Zone
V (Subzone V3) of core CDH-79, western equatorial Atlantic (text in bold; this
study). Events ages from the Santos Basin cores BS-C and BS-D, southeastern
Brazilian continental margin (normal text), are from Ferreira et al. (2012).

Pulleniatina Zone/ Age (Ma) MIS Depth
complex (cm)
events Subzone  BS-C BS-D CDH-79 CDH-  CDH-
79 79
VP.8 (R) V2 0.357  0.379
v3 0.337 9 980
(0.332-0.340)
VP. 7 (D) V3 0.399  0.400
v3 0.342 10 1010
(0.338-0.345)
VP. 6 (R) V3 0.410  0.407
V3 0.348 10 1040
(0.344-0.351)
VP. 5 (D) V3 0.416  0.428
V3 0.367 10 1120
(0.364-0.372)
VP. 4 (R) V3 0.446  0.450
V3 0.368 10 1122
(0.364-0.372)
VP. 3 (D) V3 o 0.462
V3 0.411 11 1228
(0.406-0.422)
VP. 2 (R) V3 ok 0.471
V3 0.436 12 1242
(0.430-0.441)
VP. 1 (D) V3 0.481  0.480
V3 0.525 13 1300

(0.522-0.530)
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equatorial Atlantic. These events showed older ages in the North
Atlantic, and later spread to the equatorial Atlantic (Prell and Damuth,
1978), an opposite behavior from that observed for the proposed events
of Zone V in the equatorial Atlantic (Para-Maranhao Basin). Although
the Pulleniatina complex disappearance and reappearance events can be
established as biostratigraphic markers, their local and regional corre-
lation to the EW68 Zone V needs further investigation.

The diachronism recorded for G. menardii D2 event at the base of
EW68 Zone W (Subzone W2), supports the conclusion of Toledo et al.
(2016) of the disappearance of G. menardii complex initially in the
Northern Hemisphere, in the Gulf of Mexico and the Caribbean Sea
(0.20-0.18 Ma - MIS7/6 to 7; Martin et al., 1993 and Kohl et al., 2004),
spreading to the equatorial Atlantic (0.15-0.16 Ma — MIS 6; Table 2),
and later to the southeastern Brazilian continental margin (~0.14 Ma —
MIS6b; Toledo et al., 2016). Recorded within EW68 Zone W (Subzone
W1; Table 2), the LO of G. calida calida (~0.14 Ma; MIS 6; Table 2) marks
the top of the Bolli and Premoli Silva (1973) Pleistocene Subzone
G. crassaformis hessi, and upper Middle Pleistocene, close to the
boundary between Middle and Upper Pleistocene in our core.

The HO of G. tosaensis, recorded during the Lower Pleistocene in the
Para-Maranhao Basin, marks the base of Wade et al. (2011) Subzone
PT1b. According to Berggren et al. (1995a, b) and Wade et al. (2011) this
Subzone (PT1b) spans the last 0.61 Ma (from 0.61 Ma to the Recent),
and support the interval covered by the Bolli and Premoli Silva (1973)
Subzone G. crassaformis hessi and Subzone G. calida calida were repre-
sented by sediments deposited during the Middle Pleistocene (between
0.781 and 0.126 Ma).

5.1.3. Late Pleistocene (0.126-0.016 Ma)

The LO of G. calida calida marks the boundary between the Middle
Pleistocene Subzone G. crassaformis hessi and the Bolli and Premoli Silva
(1973) Late Pleistocene Subzone G. calida calida. This Subzone extends
from the LO of G. calida calida to the HO of G. flexuosa (0.080-0.085 Ma;
Table 2). In addition to the zonal markers, one abundance event has
been recorded within this Subzone, namely the fourth reappearance
event of the G. menardii complex (R2). The G. menardii R2 event
(0.13-0.14 Ma; Table 2) from Toledo et al. (2016), marks the base of the
EW68 Zone X. This zone was recorded in many basins from the North
and South Atlantic during the last ~0.13 Ma (e.g., Ericson and Wollin,
1968; Martin et al., 1990, 1993; Vicalvi, 1997; Kohl et al., 2004; Ferreira
etal., 2012; Portilho-Ramos et al., 2014; Toledo et al., 2016), supporting
the suggestion that the interval represents the Late Pleistocene. The HO
of G. flexuosa has been recorded in the Para-Maranhao Basin with an
estimated median age of 0.085 Ma (Table 2), representing the top of
Subzone G. calida calida, and the boundary between the subzones
G. calida calida and G. bermudezi, subzone from Bolli and Premoli Silva
(1973).

The Late Pleistocene Subzone G. bermudezi has been recorded in the
top of core CDH-79 (62-0 cm; Fig. 4a). During this Subzone, the abun-
dance G. menardii D1 event (0.069-0.083 Ma; Table 2) has been recor-
ded, marking the boundary between EW68 zones X/Y. The records in
core CDH-79 suggest the presence of a hiatus (around 50 ka), during the
Subzone G. bermudezi, located above the G. menardii D1 event, and
below to the AMS 1C sample at 50 cm (median age 0.030 Ma; Table 1;
Fig. 5). The absence of the abundance events based on the G. crassaformis
complex recorded by Portilho-Ramos et al. (2014) and Toledo et al.
(2016) above the G. menardii D1 event confirms the presence of a hiatus
in core CDH-79. The top of our core has a calibrated AMS *C age
~0.016 Ma (10 cm; Table 1), within the Subzone G. bermudezi. The
absence of the evolutionary event LO G. fimbriata (~0.011 Ma; Bolli and
Premoli Silva, 1973), which characterizes the top of Subzone
G. bermudezi, as well as the boundary between the subzones G. bermudezi
and G. fimbriata from Bolli and Saunders (1985), explains the complete
absence of Subzone G. fimbriata from core CDH-79. The absence of
Subzone G. fimbriata in addition to the calibrated AMS '*C ages supports
the lack of Holocene sediments in our core from the Para-Maranhao
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Basin.

5.2. Summary of the main biostratigraphic events from Gelasian to Late
Pleistocene in the western equatorial Atlantic

During the Gelasian to Late Pleistocene (last 1.93 Ma), six species
became extinct (HO), and three species appeared (LO) in the Brazilian
Equatorial Margin (Table 2; Fig. 4a and b). Biostratigraphic events of
highest occurrence (T G. fistulosa; T G. extremus; Table 2) observed in the
base of our core during the Gelasian - Calabrian (~1.93-1.70 Ma) in
agreement with previous findings (e.g., Berggren et al., 1985b, 1995b;
Chaisson and Pearson, 1997; Lourens et al., 2004). However, the event T
G. obliquus occurs earlier in our record (1.47-1.48 Ma) than in previous
studies (~1.30 Ma; Chaisson and Pearson, 1997; Wade et al., 2011),
while the T G. tosaensis (1.06-1.07 Ma) and T G. hessi (0.32-0.33 Ma)
events occurred with a large age difference between records from the
tropical Pacific Site 846 (~0.61 Ma; ODP Leg 138; Mix et al., 1995) and
southeastern Brazilian continental margin (~0.58 Ma; Toledo et al.,
2016). Most of these HO events were recorded during interglacial MIS or
deglaciations (Table 2). The most notable exceptions are the HO of
G. fistulosa, recorded during the glacial MIS 66, and the HO of G. hessi,
recorded during the MIS 9/10 glacial inception. The LO biostratigraphic
events observed in our record (B G. truncatulinoides; B G. hessi, and B
G. calida calida; Table 2), on the other hand, agree with previous ob-
servations (e.g., Chaisson and Pearson, 1997; Wade et al., 2011; Toledo
etal., 2016). These events were associated with glacials, except for the B
G. hessi that occurred during MIS 19.

In addition to the LO and HO events, the abundance events of the
G. menardii complex allowed the recognition of ten EW68 zones (from P
to Y). We report the oldest G. menardii complex Quaternary abundance
events in the Brazilian basins. These events are represented by the
disappearance of the complex during G. menardii D5 (1.78-1.79 Ma) and
D4 (1.04-1.05 Ma), while the reappearance events were recorded as R5
(1.67-1.68 Ma) and R4 (0.96-0.97 Ma). The disappearances events
G. menardii D5 and D4 took place first in the North Atlantic (Gulf of
Mexico; Martin et al., 1990, 1993), spreading transgressively to the
equatorial Atlantic. The same behavior was observed with the events
G. menardii D3 and D2, while G. menardii D1 was isochronous
throughout (Martin et al., 1993; Kohl et al., 2004; Martinez et al., 2007,
Table 2). In contrast, G. menardii complex reappearances events
occurred first in the equatorial Atlantic, spreading later to the North and
South Atlantic.

Our data suggest a small diachronism between the disappearance/
reappearance events of the G. menardii complex compared to the records
of North and South Atlantic. The average difference in the age of the
G. menardii D events (D5, D4, D3, D2, and D1) between the North
Atlantic and the equatorial Atlantic (our core CDH-79) is ~0.067 +
0.022 Ma, while the difference in the age of the G. menardii D events (D3,
D2, and D1) between the South Atlantic and the equatorial Atlantic is
~0.022 + 0.010 Ma. However, the average age differences of the
G. menardii R (events R5, R4, R3, and R2) events between the North
Atlantic and equatorial Atlantic are ~0.065 + 0.040 Ma, while the
average difference in the age of the G. menardii R events (R3 and R2)
between the South Atlantic and the equatorial Atlantic is ~0.030 +
0.020 Ma. These systematic differences in age may be related to the
mechanism responsible for inter-ocean exchange of surface and central
waters from the Indian Ocean to the South Atlantic via the Agulhas
leakage (Peter et al., 2004; Caley et al., 2012). Caley et al. (2012)
demonstrated that the reseeding of G. menardii in the Atlantic over the
last 1.35 Ma is related to extreme leakage events, associated with the
southward migration of the subtropical front. These conditions pro-
duced strong peaks in the accumulation rate of G. menardii at ODP Site
1087 (southern Benguela region). On the other hand, periods of reduced
Indian-to-Atlantic transfer and northward migration of the subtropical
front, are marked by minimum abundance, if not complete absence, of
the taxon.
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6. Conclusions

Based on the identification of planktonic foraminifera from the ~32
m-long core CDH-79 and the calibration of the biostratigraphic events
with oxygen isotope records and radiocarbon ages, a bio-
chronostratigraphic framework was established for this, the longest
continuous record (~1.93-0.01 Ma) in the Brazilian equatorial margin.
We present 17 calibrated biostratigraphic events and their associated
uncertainties, providing the first recognition and description of the
taxon appearance, such as the earliest presence of G. truncatulinoides
(1.89-1.91 Ma) and taxon disappearance, such as G. fistulosa (1.81-1.82
Ma) for the Para-Maranhao Basin. Evolutionary events in deeper time,
such as last occurrences of G. fistulosa and G. viola appear to be younger
in our record, while G. obliquus and G. tosaensis presented older ages
than in previously published records. The explanation for these differ-
ences is not known, demonstrating the need for more biostratigraphic
studies for the lower Pleistocene, particularly in the tropical Atlantic.

Oscillations in the abundance of the G. menardii complex showed the
oldest Pleistocene disappearance and reappearance events of the com-
plex (G. menardii D5, R5, D4, and R4) in the western Atlantic and Bra-
zilian basins in this study. These new events allowed the first
determination of the biostratigraphic zones P, Q, R and S and subzones
Q2, Q1, R3, R2, R1, S2, and S1 in the Brazilian basins, improving the
resolution of lower Pleistocene events for the area. Our data presented a
small diachronism of G. menardii events compared to other sites in the
North and South Atlantic, possible related to the reseeding mechanism
of the taxon due to latitudinal migration of the subtropical front, which
appears to be directly connected to the strength of warm waters entering
the South Atlantic from the Indian Ocean through the Agulhas leakage.

The integration of observations of the bioevents G. menardii R2
(reappearance) and T G. flexuosa (disappearance), a radiocarbon age,
and lithologic observation, suggests the presence of an unconformity
(hiatus) of approximately 50 ka close to the top of our core (i.e., 50-62
cm core depth) between MIS 5 and MIS 2. Furthermore, the absence of
G. menardii R1 event and G. fimbriata specimens, corroborated by the
uppermost radiocarbon age (10 cm core depth), demonstrate the
absence of sediments deposited during the Holocene. Both un-
conformities were recognized in the upper section of our records (up-
permost 60 cm) and may relate to changes in sea level and/or coring
disturbance.

This record greatly improves the resolution of the biostratigraphic
events from the Gelasian to the Late Pleistocene, thus forms an impor-
tant basis for improved age constraints for all future paleoenvironmental
reconstructions in the tropical western Atlantic.
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