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The global evolution of calcareous nannofossils during the Campanian-Maastrichtian interval is not fully
understood, and nannofossil zonations for the central and South Atlantic Ocean are yet to be constructed. Here,
we test the applicability of previous calcareous nannofossil zonations developed for other ocean basins, for
biostratigraphy in the South Atlantic Ocean, and refine Campanian-Maastrichtian biostratigraphy in the region.
We document calcareous nannofossil distributions at Deep Sea Drilling Project (DSDP) and Ocean Drilling
Program (ODP) sites from the high, mid and low latitudes in the South Atlantic Ocean (DSDP Sites 354, 356,
511, 525A, and 530A, and ODP Sites 690C; 700B; 661A, and 1258A). Combining nannofossil occurrences with
magnetostratigraphic schemes previously constructed for some of the sites, we propose three new zonations
tied to the global magnetostratigraphic chrons, with distinct bio-horizons selected at different latitudinal regions.
In this study we present detailed definitions of new South Atlantic Ocean Low-latitude (SAL), South Atlantic Mid-
latitude (SAM) and South Atlantic High-latitude (SAH) zonations. We identified significant diachronism of some
species between latitudes throughout the Campanian and Maastrichtian. These species diachronism, mainly be-
tween zonal markers from low and mid latitudes during the late Maastrichtian, was probably related to migration
patterns due to fundamental paleoceanographic changes.

Keywords:

Calcareous nannofossils
Atlantic Ocean

Late Cretaceous
Biostratigraphy
Paleoceanography

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The Late Cretaceous period records significant paleoceanographic
and paleobiological changes related to surface-water temperatures
and global climate (Jenkyns et al., 1994; Huber et al., 1995; Clarke and
Jenkyns, 1999; Huber et al., 2002; Lees, 2002; Linnert et al., 2014).
After the mid-Cretaceous (Albian-Turonian) hot greenhouse climate
(e.g., Forster et al., 2007), bottom-water and sea-surface temperatures
gradually declined throughout the latest Cretaceous (Coniacian-
Campanian) before exhibiting several cooling and warming episodes
in the Maastrichtian. The end of the Cretaceous culminated in a signifi-
cant warming in the latest Maastrichtian (Li and Keller, 1998; Thibault
et al.,, 2010; Friedrich et al., 2012; Thibault and Husson, 2016). These cli-
mate changes resulted in nannofossil migrations and provincialism,
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which still needs to be fully documented (Thierstein, 1981; Thibault
et al., 2010), and some of the highest diversities of calcareous
nannofossils species from the Mesozoic to Recent (Bown et al., 1991).
The provinciality and diachronism of calcareous nannofossils pose a
challenge for biostratigraphers, leading to unreliable stratigraphic inter-
pretation and correlation. For instance, it has been noted by several au-
thors that the global zonation of Burnett et al. (1998), encompassing
three provinces termed Boreal, Tethyan/Intermediate and Austral,
cannot be fully applied in several regions due to the absence and
diachronism of some marker species (e.g., NW Australian margin,
Howe et al., 2003; Campbell et al., 2004; NW Pacific, Lees and Bown,
2005; Equatorial Atlantic, Thibault and Gardin, 2006; Danish Basin,
Sheldon, 2008). The Southern Ocean zonation of Watkins et al. (1996)
also contains species that are different from those of the Austral scheme
of Burnett et al. (1998). Moreover, both the Watkins et al. (1996) and
the Burnett et al. (1998) zonations have yet to be tied to the standard
magnetostratigraphic time scale so that the correlation of the bio-
horizons among ocean basins should be achieved. In an isolated attempt
to assess this issue, Thibault et al. (2010) documented the global
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diachronous first occurrence of Micula murus in the late Maastrichtian
(moving from low to mid latitudes, see the Discussion section), and
concluded that further work is needed to construct two distinct
biozonations for the low- and mid-latitudes.

Biostratigraphic studies on Campanian and Maastrichtian calcareous
nannofossils from the South Atlantic Ocean are limited to Deep Sea
Drilling Project (DSDP) and Ocean Drilling Program (ODP) sites, mainly
during the 1980s and 90s (Wise and Wind, 1977; Perch-Nielsen, 1977;
Wise, 1983; Wind and Wise, 1983; Manivit, 1984; Manivit and Feinberg,
1984; Stradner and Steinmetz, 1984; Manivit, 1989; Pospichal and
Wise, 1990; Crux, 1991; Erbacher et al., 2004). In addition to these
studies, there are others on the Brazilian Continental Margin (Troelsen
and Quadros, 1971; Freitas, 1984; Antunes, 1987; Gomide, 1989;
Oliveira and Costa, 1997; Oliveira, 1997; Antunes, 1998; Guerra et al.,
2010, 2012) and on the Antarctic Peninsula (Concheyro et al., 1991;
Concheyro et al., 1994; Concheyro, 2004; Svabenicka et al., 2012;
Guerra et al., 2015). However, there is yet no assessment on the applica-
bility of the previous zonations for the South Atlantic Ocean, as well as
the degree of provincialism of marker species.

We revise Campanian and Maastrichtian calcareous nannofossil oc-
currences, taxonomy and biostratigraphy at selected DSDP and ODP
sites in the South Atlantic Ocean (354; 356; 511; 525A; 530A; 661A,;
690C; 700B and 1258A). Occurrences of marker species are tied to the
paleomagnetic records where possible and we propose new separate
zonations for the low-, mid- and high-latitudes and discuss their
paleoceanographic significance.

2. Materials and methods
2.1. Site information

Our revised biostratigraphy is based on a quantitative analysis of
nine DSDP and ODP sites from different locations of the South Atlantic
Ocean (Fig. 1). Important information about each site (locality; water
depth; stratigraphic range; main lithologies and number of samples
studied) can be seen in Table 1.
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Fig. 1. Location map of sites selected for this study.

2.2. Sampling, preparation and analysis

One sample was taken per section of drillcore, corresponding to a
sampling resolution of ~1.5 m. Samples were prepared following the
standard smear-slide technique described in Bown and Young
(1998).

A quantitative study was performed using a Zeiss Axio Imager A2
microscope at 1000x magnification. At least 300 specimens were
counted per sample, followed by the scanning of three more longitudi-
nal traverses (~300 fields of view) for rare taxa missing in the initial
counts, indicated in our range charts by “X”. Sometimes, important
markers were identified after the counting, denoting species present
but do not represent only one specimen.

Preservation of calcareous nannofossils was evaluated under light
microscope using qualitative criteria to assess the degree of etching
and/or overgrowth, where “good” indicates specimens with little or
no etching and/or overgrowth; “moderate” suggest that specimens ex-
hibit moderate etching and/or overgrowth, but still easily recognizable;
and “poor” shows specimens with extreme etching and/or overgrowth
(Roth and Thierstein, 1972; Roth, 1983).

Although the original taxonomic and biostratigraphical results are
available on DSDP and ODP websites, we re-examined 520 samples in
order to apply up-to-date taxonomic and biostratigraphic concepts,
since most studies were conducted several decades ago. The range
charts for each site selected for this study are available as supplementa-
ry data Tables S1 to S9, where it is possible to visualize the nannofossil
occurrences, preservation and abundances, as well as the biostrati-
graphic interpretations.

2.3. Taxonomy

The taxonomic identification is based on Perch-Nielsen (1985);
Burnett et al. (1998), original descriptions and Nannotax3 (Young et
al., n.d. - website that provides important information regarding calcar-
eous nannofossil taxonomy, URL: http://ina.tmsoc.org/Nannotax3). We
recognized 195 species, also in poorly preserved samples, which are all
listed in Appendix 1 (available as Supplementary data) with the ones rel-
evant for biostratigraphic interpretations illustrated in Fig. 2. Some Creta-
ceous species older than Campanian-Maastrichtian were recognized
during the taxonomic analysis, being considered as reworked
(e.g., Braarudosphaera africana, Flabellites oblongus, Eprolithus eptapetalus,
Lithtastrinus septenarius, Nannoconus sp. and Assipetra sp. on Site 530A;
Assipetra sp. and Rhagodiscus asper on Site 356; and Eprolithus floralis on
Site 661A).

2.4. Biostratigraphic zonations

In order to construct biozonations applicable to the South Atlantic
Ocean, we analyzed the position of the first and last occurrences (FO
and LO, respectively) of the species within the studied sites. Clear com-
positional differences were observed at the high-latitude DSDP/ODP
Sites 511, 690B, and 700B, when compared to the other locations,
confirming the well-known provincialism of the Southern Ocean
(Watkins et al., 1996). Mid-latitude Sites 356, 525A and 530A contain
similar flora to low-latitude Sites 354, 661A, and 1258A, although it
became apparent after analysis of the sequence of bio-horizons and
chronostratigraphic comparison that there were significant differences
in the timing of the bio-horizons between these regions. We, therefore,
propose two further provinces for the low and mid latitudes, based on
the sequence of bio-horizons recorded between sites.

We defined bio-horizons for our zonations based on the following
criteria: (a) that they occur in the majority of the sites within a given
province; (b) that the order of the bio-horizons is consistent among
provinces; (c) that each bio-horizon can be correlated to a
magnetostratigraphic chronozone; and (d) that the bio-horizons occur
in the same chronozone (where this information is available) or so
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Table 1
Relevant information about each site studied herein (locality; water depth; stratigraphic range; main lithologies and number of samples studied).
Site Year Coordinates Locality Water Stratigraphic range Main lithologies Number Magnetostratigraphy Figure
depth (m) of samples
354 1974 05°53.95’S Ceara Rise 4052 Early?/Late Maastrichtian ~Marly nannofossil chalk, and calcareous 9 No data 5
44°11.78'W chalk
356 1974 28°17.22'S Sao Paulo 3175 Middle/Late Campanian Foraminiferal-nannofossil chalk, 39 No data 8
45°05.28'W Plateau to Late Maastrichtian nannofossil chalk, and marly calcareous
chalk
511 1980 51°00.28'S Falkland 2589 Early to Late Campanian  Calcareous ooze, zeolitic calcareous 81 No data 11
46°58.30'W Plateau foraminiferal ooze, zeolitic claystone,
and claystone
525A 1980 29°04.24'S Walvis Ridge 2467 Late Campanian to Late Nannofossil chalk, 74 Manivit and 9
02°59.12’E Maastrichtian foraminiferal-nannofossil chalk, Feinberg (1984)
limestone, and conglomerate
530A 1980 19°11.26'S Southwest 4629 Early Campanian to Late ~ Mudstone, limestone, sandstone, 115 Keating and 10
09°23.15’E Angola Basin Maastrichtian claystone, and siltstone Herrero-Bervera
(1985)
661A 1986 09°26.81'S Kane Gap 4005.8 Late Campanian to Late Zeolite, clayey nannofossil ooze, 32 No data 6
19°23.116'E Maastrichtian nannofossil clay, and zeolitic clay
690C 1987 65°9.621'S Falkland 2914 Late Campanian to Late Foraminifer-bearing muddy 41 Hamilton (1990) 12
01°12.285'E Plateau Maastrichtian nannofossil chalk, muddy nannofossil
chalk, calcareous claystone, clayed
chalk, and muddy chalk
700B 1987 51°31.977'S Georgia Basin 3601 Early/Late Campanian? to  Micritic limestone, clay-bearing 67 Hailwood and 13
30°16.688'W Late Maastrichtian micritic limestone, and limestone Clement (1991)
1258A 2003 09°26.00'N Demerara 3192.2 Late Campanian to Late Clayey nannofossil chalk, nannofossil 77 Erbacher et al. 7
54°43.00'W Rise Maastrichtian chalk, foraminiferal-nannofossil chalk, (2004)

clayey calcareous chalk, and limestone

close to each other between provinces that the events are not signifi-
cantly diachronous.

Our zones were numbered from the top of the Mesozoic downward.
This is to allow additional numbered zones to be added afterwards for
older, as-yet unnumbered stratigraphic intervals.

3. Results of biostratigraphic zonations

The biostratigraphical ranges presented here, when compared to
magnetostratigraphic data published in the original site reports, dem-
onstrate that some of the bio-horizons of Watkins et al. (1996) and
Burnett et al. (1998) should be used carefully for South Atlantic Ocean
biostratigraphy (see Sections 4.2.1 and 4.2.2, Figs. 3 and 4). Taking into
account the high degree of diachronism observed in this wide area,
we suggest three new latitudinal zonations (low-, mid- and high-
latitudes) tied to the standard magnetostratigraphic timescale
(Fig. 3).

The need for proposing new biozonations for the Campanian-
Maastrichtian interval of the South Atlantic Ocean comes from our find-
ing that many of the zonal markers were in a different order compared
with the zonations of Burnett et al. (1998), and Watkins et al. (1996), or
were significantly diachronous between provinces. Furthermore, it is
not possible to correlate our calcareous nannofossil bio-horizons to
those zonations, as they are not tied to the paleomagnetic time scale.
Therefore, it would be misleading to use previously defined zonal
names from other regions. Although our low- and mid-latitude zona-
tions utilize many of the same species as the Burnett et al. (1998) zona-
tion, there are a number of species that are specific to each province, the
bio-horizons are mostly diachronous, and sometimes occur in a differ-
ent order. The zonations of Watkins et al. (1996) and Burnett et al.
(1998), discussed during the description of the zones, are shown in
Fig. 4.

Some information about each site including the stratigraphic
ranges of selected species (black color for markers used herein and
gray color for markers applied in other zonations), geomagnetic po-
larity chron records, core recovery, position of the studied samples
and previous nannofossil studies, can be seen as Online Supplementa-
ry data (Figs. S1 to S9).

3.1. South Atlantic Ocean Low-latitude region (SAL)

The proposed zones for the South Atlantic Ocean Low-latitude re-
gion are based on three sites: 354, 661A, and 1258A (Figs. S1-S3). The
prefix “SAL” stands for “South Atlantic Low-latitude region”. Most of
the markers used to define this zonation are the same as described by
Burnett et al. (1998). However, we cannot correlate their zonation
with ours since most of our bio-horizons have a high-degree of
diachroneity and their zonation lacks accurate magnetostratigraphic
control.

3.1.1. SAL1 nannofossil zone

Definition: Top defined by the LO of unreworked, non-survivor Cre-
taceous taxa and base defined by the FO of Micula prinsii.

Age: Late Maastrichtian (top/middle part of Chron C29r to top of
Chron C30r).

Remarks: The FO of M. prinsii has been placed inside Chron C29r by
some authors (Manivit and Feinberg, 1984; Thibault and Gardin, 2006,
2007; Gardin et al., 2012; Thibault et al., 2012). We place this bio-
horizon at the top of Chron C30r in Hole 1258A. Following a similar pat-
tern as described by Thibault et al. (2010) for M. murus, this species
seems to migrate from the Equatorial Atlantic to the South Atlantic
Ocean (see Section 4.2.2).

Stratigraphic distribution: From 103.33 to 109.80 mbsf at Hole 661A
(Fig. S2), and from 255.63 to 267.85 mbsf at Hole 1258A (Fig. S3).

3.1.2. SAL2 nannofossil zone

Definition: Top defined by the FO of M. prinsii and base defined by the
FO of Ceratolithoides kamptneri.

Age: Late Maastrichtian (top of Chron C30r to middle part/base of
Chron C31n).

Remarks: At Hole 1258A C. kamptneri occurs below the
magnetostratigraphic chronozone (Chron C30n) described by several
authors (Thibault and Gardin, 2007; Thibault et al., 2012), following
the same pattern of M. prinsii in this site having an earlier occurrence
in comparison to mid-latitude sites.

Stratigraphic distribution: From 109.80 to 111.35 mbsf at Hole 661A
(Fig. S2), and from 267.85 to 289.10 mbsf at Hole 1258A (Fig. S3).



R. do Monte Guerra et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 452 (2016) 55-67

Fig. 2. 1/2, Reinhardtites levis (Hole 690C/21-1); 3/4, Eiffellithus eximius (Hole 530A/78-7); 5/6, Nephrolithus corystus (Hole 690C/20-2); 7/8, Biscutum coronum (Hole 690C/21-2); 9/10,
Biscutum magnum (Site 511/24-7); 11/12, Gephyrobiscutm diabolum (Site 511/31-1); 13/14, (Site 511/33-6); 15/16, Arkhangelskiella cymbiformis (Hole 690C/19-3); 17/18, Broinsonia
parca constricta (Hole 690C/19-4); 19/20, Broinsonia parca parca (Hole 530A/77-2); 21/22, Lithraphidites quadratus (Hole 1258A/31-4); 23/24, Lithastrinus grillii (Hole 530A/79-5); 25/
26, Micula murus (Hole 530A/51-4); 27/28, Micula prinsii (Hole 661A/13-1); 29/30, Quadrum svabenickae (Site 356/34-2); 31/32, Uniplanarius sissinghii (Hole 661A/18-2); 33/34,
Uniplanarius trifidus (Hole 661A/17-1); 35/36, Ceratolithoides aculeus (Hole 1258A/35-2); 37/38, Ceratolithoides kamptneri (Hole 1258A/31-4).
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Fig. 3. Summary of the new Campanian-Maastrichtian calcareous nannofossil biozonation for the South Atlantic Ocean, shown compared with the paleomagnetic time scale of Gradstein

etal. (2012).

3.1.3. SAL3 nannofossil zone

Definition: Top defined by the FO of C. kamptneri and base defined by
the FO of M. murus.

Age: Late Maastrichtian (middle part/base of Chron C31n to middle
part/top of Chron C31r).

Remarks: The FO of Lithraphidites quadratus was identified within
this zone at Hole 1258A, nevertheless this biological event was not
included in our zonation because of the reversed order between this oc-
currence and the FO of M. murus (compared with the global distribution
of these two species). The same reverse order of bio-horizons was de-
scribed by Self-Trail (2001) in the western Atlantic region, Lees and
Bown (2005) in the northwest Pacific Ocean, and Thibault and Gardin
(2006) for the same hole studied herein (1258A). We did not recover
L. quadratus at Hole 661A, despite the Manivit (1984) comment about
the rare presence of poorly preserved fragments of this species. The
FO of M. murus (base of this zone) usually lies within Chron C30n
(Manivit and Feinberg, 1984; Thibault and Gardin, 2007; Gardin et al.,
2012; Thibault et al., 2012). Nevertheless, we identified this bio-
horizon in the middle part/top of Chron C31r at Hole 1258A.

Stratigraphic distribution: From 111.35 to 116.35 mbsf at Hole
661A (Fig. S2), and from 289.10 to 303.82 mbsf at Hole 1258A
(Fig. S3).

3.1.4. SAL4 nannofossil zone

Definition: Top defined by the FO of M. murus and base defined by the
LO of Reinhardtites levis.

Age: Early/Late Maastrichtian (top to middle part of Chron C31r).

Remarks: It appears as though the LO of R. levis within the middle of
Chron C31r at Hole 1258A correlates well with the position of this bio-
horizon in other locations (Gardin et al., 2012; Pérez-Rodriguez et al.,
2012). The remarkable lower position of the LO of M. murus at Hole
1258A prevents the recognition of a consistent FO of L. quadratus in
the low latitude South Atlantic Ocean.

Stratigraphic distribution: From 116.35 to 128.84 mbsf at Hole 661A
(Fig. S2), and from 303.82 to 306.80 mbsf at Hole 1258A (Fig. S3).

3.1.5. SAL5 nannofossil zone

Definition: Top defined by the LO of R. levis and base defined by the
LO of Uniplanarius trifidus.

Age: Early Maastrichtian (middle to base of Chron C31r).

Remarks: The LO of U. trifidus occurs close to the boundary between
chrons C31r and C32n at Hole 1258A, in the same pattern as reported
from other localities around the world (e.g., Manivit and Feinberg,
1984; Gardin et al., 2012). The LO of Lithastrinus grillii occurs within
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this zone in both holes (1258A and 661A) close to the LO of U. trifidus at
the base of Chron C31r.

Stratigraphic distribution: From 128.84 to 131.84 mbsf at Hole 661A
(Fig. S2), and from 306.80 to 327.34 mbsf at Hole 1258A (Fig. S3).

3.1.6. SAL6 nannofossil zone

Definition: Top defined by the LO of U. trifidus and base defined by
the LO of Broinsonia parca constricta.

Age: Early Maastrichtian to late Campanian (base of Chron C31r to
the middle part of Chron C32n).

Remarks: According to Burnett et al. (1998) the LO of B. parca
constricta defines the Campanian/Maastrichtian boundary. Some
authors suggest that this bio-horizon was younger, during the early-
middle part of the late Maastrichtian, within Chron C31r (Gardin et al.,
2012; Pérez-Rodriguez et al., 2012; Thibault et al., 2012). We identified
the LO of B. parca constricta at Hole 1258A as older than these previous
studies, in the middle of Chron C32r, which is probably due to migration
patterns (see Section 4.2). The LO of Uniplanarius sissinghii occurs within
this zone in both holes (1258A and 661A), close to the LO of U. trifidus
and at the limit between chrons C31r and C32n.

Stratigraphic distribution: From 131.84 to 155.85 mbsf at Hole 661A
(Fig. S2), and from 327.34 to 364.64 mbsf at Hole 1258A (Fig. S3).

3.1.7. SAL7 nannofossil zone

Definition: Top defined by the LO of B. parca constricta and base de-
fined by the FO of U. trifidus.

Age: Late Campanian (middle part of Chron C32r to upper-middle
part of Chron C33n).

Remarks: The FO of U. trifidus occurs within Chron C33n at Hole
1258A. Although the FO of this species is not detected at Hole 6614, it
co-occurs with B. parca constricta in the lowest sample at 155.85 mbsf.
The LO of B. parca constricta is present at both Holes 1258A and 661A,
within Chron C32r at Hole 1258A. Unlike Burnett et al. (1998), we did
not find the LOs of Eiffellithus eximius and Reinhardites anthophorus
and the FO of Eiffellithus parallelus in this zone. At Hole 1258A these
three species occur in the wrong position in comparison to Burnett
etal. (1998), and not all of them occur at Hole 661A (apart for one sam-
ple containing R. anthophorus). Unfortunately, there are no samples rep-
resentative of the early to mid-Campanian for low latitudes, therefore
this interval was marked by a questionable point on our summary of
the biostratigraphic zonation (Fig. 3).

Stratigraphic distribution: From 364.64 to 382.20 mbsf at Hole 1258A
(Fig. S3).

3.2. South Atlantic Ocean Mid-latitude region (SAM)

Our proposed zones for the mid-latitude South Atlantic Ocean region
are suggested based on three sites: 356, 525A, and 530A (Figs. S4-S6).
The prefix “SAM” stands for “South Atlantic Mid-latitude region”. As
for the SAL zonation, most of the markers used are the same as de-
scribed in Burnett et al. (1998). However, most of the events appear to
have a high-degree of diachroneity between ocean basins and latitudi-
nal zones, therefore, as mentioned previously, we do not use their
zonal names.

3.2.1. SAM1 nannofossil zone

Definition: Top defined by the LO of unreworked, non-survivor Cre-
taceous taxa and base defined by the FO of M. prinsii.

Age: Late Maastrichtian (top to base of Chron C29r).

Remarks: In the mid-latitude South Atlantic Ocean, the FO of
M. prinsii is within Chron C29r, which appears to correlate well with re-
sults from other ocean basins (south-eastern Atlantic Ocean, Manivit
and Feinberg, 1984 and Thibault and Gardin, 2007; equatorial Atlantic
Ocean, Thibault and Gardin, 2006; Umbria-Marche Basin, Italy, Gardin
et al,, 2012; and eastern Indian Ocean, Thibault et al., 2012). However

this datum is diachronous between the mid- and low-latitude South At-
lantic Ocean.

Stratigraphic distribution: From 410.70 to 418.77 mbsf at Site 356
(Fig. S4), from 452.30 to 457.63 mbsf at Hole 525A (Fig. S5), and from
592.80 to 594.25 mbsf at Hole 530A (Fig. S6).

3.2.2. SAM2 nannofossil zone

Definition: Top defined by the FO of M. prinsii and base defined by the
FO of C. kamptneri.

Age: Late Maastrichtian (base of Chron C29r to top/middle part of
Chron C30n).

Remarks: The FO of C. kamptneri was identified within the middle
part/top of Chron C30n at Hole 525A. The magnetostratigraphic record
for Hole 530A (Keating and Herrero-Bervera, 1985) unfortunately is
not sufficiently well-resolved to subdivide chrons C30n and C31n. Here-
in, the FO of C. kamptneri is placed within the top part of the undifferen-
tiated Chron C30n-C31n. Taking into account the magnetostratigraphic
compilation (Gradstein et al., 2012) that shows a wider Chron C30n and
a smaller C31n, we suggest this bio-horizon occurred close to the middle
part/top of Chron C30n.

Stratigraphic distribution: From 418.77 to 424.77 mbsf at Site 356
(Fig. S4), from 457.63 to 462.32 mbsf at Hole 525A (Fig. S5), and from
594.25 to 600.75 mbsf at Hole 530A (Fig. S6).

3.2.3. SAM3 nannofossil zone

Definition: Top defined by the FO of C. kamptneri and base defined by
the FO of M. murus.

Age: Late Maastrichtian (top/middle part to middle part/base of
Chron C30n).

Remarks: The FO of M. murus was identified in the middle-base of
Chron C30n at Hole 525A. At Hole 530A, this species first occurs in the
middle part/top of the undifferentiated Chron C30n-C31n. Using the
same criteria described in the previous zone (see SAM2) we suggest
that this bio-horizon occurs also in the middle part/base of Chron C30n.

Stratigraphic distribution: From 424.77 to 445.16 mbsf at Site 356
(Fig. S4), from 462.32 to 468.71 mbsf at Hole 525A (Fig. S5), and from
600.75 to 605.22 mbsf at Hole 530A (Fig. S6).

3.2.4. SAM4 nannofossil zone

Definition: Top defined by the FO of M. murus and base defined by the
FO of L. quadratus.

Age: Late Maastrichtian (middle part/base of Chron C30n to middle
part of Chron C31n).

Remarks: The FO of L. quadratus is within the middle part of Chron
C31n at Hole 5250A, a pattern that matches some studies from other
ocean basins (Umbria-Marche Basin, Italy, Gardin et al., 2012; northern
Spain, Pérez-Rodriguez et al., 2012).

Stratigraphic distribution: From 445.16 to 457.31 mbsf at Site 356
(Fig. S4), and from 468.71 to 480.80 mbsf at Hole 525A (Fig. S5).

3.2.5. SAM5 nannofossil zone

Definition: Top defined by the FO of L. quadratus and base defined by
the LO of R. levis.

Age: Late to early Maastrichtian (middle part of Chron C31n to mid-
dle part/base of Chron C31r).

Remarks: The LO of R. levis was only recovered at Hole 525A, within
the middle part/base of Chron C31r. At Sites 356 and 530A it seems that
this bio-horizon was lost due to coring gaps (see Figs. S4 and S6).

Stratigraphic distribution: From 480.80 to 509.30 mbsf at Hole 525A
(Fig. S5).

3.2.6. SAM6 nannofossil zone

Definition: Top defined by the LO of R. levis and base defined by the
LO of B. parca constricta.

Age: Early Maastrichtian (middle part/base of Chron C31r to top/
middle part of Chron C32n).
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Remarks: Unfortunately we could not identify a consistent LO of
U. trifidus for the mid latitudes in the South Atlantic Ocean. At all sites
analyzed here, this bio-horizon occurs together with the LO of B. parca
constricta. At Site 356 the LO of U. trifidus occurs at the same level as
LOs of B. parca constricta, E. eximius, R. levis, and U. sissinghii, just
below a large coring gap of ~20 m. At Hole 525A the LO of U. trifidus oc-
curs in the same sample of the LO of B. parca constricta in a continuous
section. At Hole 530A the LO of U. trifidus occurs together with the LOs
of B. parca constricta, R. levis, and U. sissinghii also below a recovery
gap of ~7 m. This pattern indicates the occurrence of a possible uncon-
formity at mid latitudes during the early Maastrichtian. The LO of
B. parca constricta at Holes 525A and 530A lies within the middle part/
top of Chron C32n.

Stratigraphic distribution: From 509.30 to 522.89 mbsf at Hole 525A
(Fig. S5).

3.2.7. SAM7 nannofossil zone

Definition: Top defined by the LO of B. parca constricta and base
defined by the LO of E. eximius.

Age: Late Campanian (top/middle part of Chron C32n to base of
Chron C32r).

Remarks: The LOs of E. eximius and R. anthophorus occur together
within the base of Chron C32r at Hole 530A. Unfortunately, this bio-
horizon was not recovered at Hole 525A and cannot be distinguished
at Site 356 due to a large coring gap of ~20 m.

Stratigraphic distribution: From 522.89 to the base of the studied sec-

tion at Hole 525A (Fig. S5) 638.56 to 676.77 mbsf at Hole 530A (Fig. S6).

3.2.8. SAM8 nannofossil zone

Definition: Top defined by the LO of E. eximius base defined by the FO
of U. trifidus.

Age: Late Campanian (base of Chron C32r to top/middle part of
Chron C33n).

Remarks: The LO of Quadrum svabenickae lies within this zone close
to the FO of U. trifidus, and could be identified at both sites (356 and
530A). The FO of U. trifidus is the only bio-horizon that seems to corre-
late well with the SAL (low-latitude) zonation described above. We
did not find E. parallelus at Hole 530A, but at sites 356 and 525A the
FO of this species is younger than described in Burnett et al. (1998).

Stratigraphic distribution: From 485.27 to 492.74 mbsf at Site 356
(Fig. S4), and from 676.77 to 708.25 mbsf at Hole 530A (Fig. S6).

3.2.9. SAM9 nannofossil zone

Definition: Top defined by the FO of U. trifidus and base defined by
the FO of U. sissinghii.

Age: Late to middle Campanian (top to middle part of Chron C33n).

Remarks: The FOs of U. sissinghii and Q. svabenickae were identified at
the same level at Hole 530A, suggesting that both can mark the base of
this zone. Site 356 seems to show the same pattern, since we recovered
both species together in the last sample analyzed (521.27 mbsf). Ac-
cording to the original Site 356 report by Perch-Nielsen (1977), there
is a sedimentary gap below this sample, followed by Santonian strata.

Stratigraphic distribution: From 492.74 to 521.27 mbsf at Site 356
(Fig. S4), and from 708.25 to 725.75 mbsf at Hole 530A (Fig. S6).

3.2.10. SAM10 nannofossil zone

Definition: Top defined by the FO of U. sissinghii base defined by the
FO Ceratolithoides aculeus.

Age: Middle Campanian (middle part to base of Chron C33n).

Remarks: The FO of C. aculeus, within the base of Chron C33n, was
identified only at Hole 530A (single mid-latitude hole studied herein
with early-mid Campanian recovery), and seems to correlate well
with the position of this bio-horizon in Burnett et al. (1998).

Stratigraphic distribution: From 725.75 to 781.25 mbsf at Hole 530A
(Fig. S6).

3.2.11. SAM11 nannofossil zone

Definition: Top defined by the FO of C. aculeus and base defined by
the FO of B. parca constricta.

Age: Early to middle Campanian (base of Chron C33n to top/middle
part of Chron C33r).

Remarks: We could not identify Misceomarginatus pleniporus or
Ceratolithoides verbeekii at either site, which are species used as early
Campanian markers in the zonation of Burnett et al. (1998). Bukryaster
hayi was recovered only at Hole 530A and its FO is younger than de-
scribed in Burnett et al. (1998).

Stratigraphic distribution: From 781.25 to 844.25 mbsf at Hole 530A
(Fig. S6).

3.2.12. SAM12 nannofossil zone

Definition: Top defined by the FO of B. parca constricta and base de-
fined by the FO of Broinsonia parca parca.

Age: Early Campanian (within Chron C33r).

Remarks: The FO of B. parca parca occurs in the middle part/base of
Chron C33r at Hole 530A. The same bio-horizons, used here to define
Zone SAM12, were also used by Burnett et al. (1998) to define the
early Campanian.

Stratigraphic distribution: From 844.25 to 866.75 mbsf at Hole 530A
(Fig. S6).

3.2.13. SAM13 nannofossil zone

Definition: Top defined by the FO of B. parca parca base defined by
the FO of Arkhangelskiella cymbiformis.

Age: Early Campanian (middle part/base to base of Chron C33r).

Remarks: The FO of A. cymbiformis lies within the base of Chron C33r.
This bio-horizon defines the limit of the Campanian/Santonian bound-
ary in Burnett et al. (1998).

Stratigraphical distribution: From 866.75 to 879.25 mbsf at Hole 530A
(Fig. S6).

3.3. South Atlantic Ocean High-latitude region (SAH)

The biozonation for the South Atlantic Ocean at the high-latitude
region is based on three sites: 511, 690C, and 700B (Figs. S7-S9). The
prefix “SAH” stands for “South Atlantic High-latitude region”. Some
markers are the same as described in the Southern Ocean zonation of
Watkins et al. (1996). We use different zonal names because many of
the markers were not recovered, showed diachronous range, or bio-
horizons occur in a different order compared to Watkins et al. (1996)
and Burnett et al. (1998).

3.3.1. SAH1 nannofossil zone

Definition: Top defined by the LO of unreworked, non-survivor Cre-
taceous taxa and base defined by the FO of the Prediscosphaera stoveri
acme.

Age: Late Maastrichtian (top of Chron C29r to middle part of Chron
C31n).

Remarks: The acme of P. stoveri in Chron C31n occurs at Holes 690C
and 700B, and corresponds to an interval where the abundance of this
marker species increases suddenly (see Supplementary data Tables S7
and S8).

Stratigraphic distribution: From 247.60 to 264.07 mbsf at Hole 690C
(Fig. S8), and from 331.40 to 332.94 mbsf at Hole 700B (Fig. S9).

3.3.2. SAH2 nannofossil zone

Definition: Top defined by the FO of the P. stoveri acme and base
defined by the LO of Biscutum magnum.

Age: Late to early Maastrichtian (middle part of Chron C31n to mid-
dle part of Chron C31r).

Remarks: Within this zone Watkins et al. (1996) described the
Nephrolithus corystus Subzone, based on the LO of N. corystus. We iden-
tified a diachronous LO for this species between Holes 690C (base of
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Chron C31n) and 700B (with its range continuing to the end of the sec-
tion within Chron C30n). The LO of B. magnum seems to be consistent at
both sites in the middle part of Chron C31r.

Stratigraphic distribution: From 264.07 to 277.80 mbsf at Hole 690C
(Fig. S8), and from 332.94 to 347.23 mbsf at Hole 700B (Fig. S9).

3.3.3. SAH3 nannofossil zone

Definition: Top defined by the LO of B. magnum and base defined by
the LO of R. levis.

Age: Early Maastrichtian (middle part to base of Chron C31r).

Remarks: The LO of R. levis lies at the base of Chron C31r at Holes
690C and 700B.

Stratigraphic distribution: From 277.80 to 281.82 mbsf at Hole 690C
(Fig. S8), and from 347.23 to 355.20 mbsf at Hole 700B (Fig. S9).

3.3.4. SAH4 nannofossil zone

Definition: Top defined by the LO of R. levis and base defined by the
LO of Biscutum coronum.

Age: Early Maastrichtian to late Campanian (base of Chron C31r to
top/middle part of Chron C32n).

Remarks: Watkins et al. (1996) identified the Neocrepidolithus
watkinsii subzone within this zone, based on the LO of N. watkinsii. In
our study, the LO of this species at Holes 690C and 700B is diachronous
and inconsistent. The LO of B. coronum lies within the middle part/top of
Chron C32n at Holes 690C and 700B.

Stratigraphic distribution: From 281.82 to 293.05 mbsf at Hole 690C
(Fig. S8), and from 355.20 to 367.75 mbsf at Hole 700B (Fig. S9).

3.3.5. SAH5 nannofossil zone

Definition: Top defined by the LO of B. coronum and base defined by
the FO N. corystus.

Age: Late Campanian (top/middle part of Chron C32n to chrons
(32n/C32r).

Remarks: The FO of N. corystus occurs in different chrons at Holes
690C and 700B (base of Chron C32r in the former and middle part/top
of Chron C32n in the latter). However, the age of this event is probably
the same, as is the order of the other bio-horizons at Site 511. This pat-
tern allowed us to place the FO of this species between chrons C32r and
C32n.

Stratigraphic distribution: From 195.99 to 209.10 mbsf at Site 511
(Fig. S7), from 293.05 to 307.15 mbsf at Hole 690C (Fig. S8), and from
367.75 to 369.24 mbsf at Hole 700B (Fig. S9).

3.3.6. SAH6 nannofossil zone

Definition: Top defined by the FO N. corystus and base defined by the
LO of E. eximius.

Age: Late Campanian (chrons C32n/C32r to top/middle part of Chron
C32r).

Remarks: The LO of E. eximius was delineated at Sites 511 and 700B,
the latter of which shows that this bio-horizon lies in the middle part/
top of Chron C32r. Watkins et al. (1996) described the Aspidolithus
parcus expansus subzone within this zone, based on the LO of A. parcus
(= B. parca) and related forms. In our study, the occurrences of these
species at high-latitudes sites are scarce and diachronous.

Stratigraphic distribution: From 209.10 to 230.21 mbsf at Site 511
(Fig. S7), and from 369.24 to 416.70 mbsf at Hole 700B (Fig. S9).

3.3.7. SAH7 nannofossil zone

Definition: Interval below the LO E. eximius.

Age: Early to late Campanian (middle part of Chron C32r to base of
Chron C33n).

Remarks: Site 511 recovered a well-constrained Early to Late Campa-
nian section, just below the LO of E. eximius. Unfortunately, there is no
magnetostratigraphic record for this site, and we have no other section
over this time period so we cannot locate these bio-horizons in our
high-latitude zonation. Two main bio-horizons identified at Site 511,

the FOs of Gephyrobiscutum diabolum and R. levis, were tied to the
early to late Campanian by Watkins et al. (1996). Taking into account
the position of the LO of E. eximius, our new zonation would probably in-
dicate the same ages as the one of Watkins et al. (1996) for these two
bio-horizons.

Stratigraphical distribution: From 230.21 to 349.20 mbsf at Site 511
(Fig. S7), and from 416.70 to 445.26 mbsf at Hole 700B (Fig. S9).

4. Discussion

In the magnetostratigraphic interpretation for Hole 1258A, Erbacher
et al. (2004) were not confident with the magnetostratigraphic signal of
the lower part of our section and suggested that age assignments would
probably change with new biostratigraphic data. We suggest that Core
41 and the middle part/base of Core 40 belong to Chron C33n, and not
to Chron C34n as suggested in the original study. This is mainly due to
the fact that there are no species indicative of a Santonian age for this in-
terval. The magnetostratigraphic reversal between the middle/top part
of Core 40 to the base of Core 38 is assigned to Chron C32r, and from
the middle/top part of Core 38 to the base of Core 35 to Chron C32n.
In this way the short Chron C33r?, interpreted by Erbacher et al.
(2004), is suggested here to be part of the Chron C32n, improving
correlation to Gradstein et al. (2012), who shows Chron C33n as a
long-lasting interval.

A similar situation is seen in Hole 700B where Hailwood and
Clement (1991) interpretations are inconsistent with the biostrati-
graphic data described herein. Those authors attributed the last two
cores of our section (49 and 50) to Chron C34n, Santonian in age,
while nannofossil distribution observed herein suggests these two
cores should be assigned to Chron C33n. The interval between Cores
46 to 40, identified as Chron C33n to Chron C32n by Hailwood and
Clement (1991), are herein suggested to span only Chron C32n. In this
case the reversal defined as Chron C32r by those authors is just the
short reversal within Chron C32n. This interpretation matches better
with the standard magnetostratigraphy of Gradstein et al. (2012).

4.1. Comparisons with previous biozonation schemes

One of the primary findings of this study is that many of the zonal
markers for the Campanian and Maastrichtian identified by Watkins
et al. (1996) at high latitudes and Burnett et al. (1998) in the Indian
Ocean are not consistently applicable to the South Atlantic Ocean. We
do not think that water depth or proximity to land (which commonly
limits the occurrence of species due to changes in salinity and nutrients
(Ziveri et al., 2004; Winter et al., 1994)) significantly affected species
ranges, as all our sites are located in deep water today (Table 1) and
were probably not located at shelf depths during the Late Cretaceous.

Specifically for low and mid latitudes, we could not identify the spe-
cies C. verbeekii and M. pleniporus, both early Campanian markers of
Burnett et al. (1998). The species B. hayi and E. parallelus, early and
late Campanian markers occur at our low- and mid-latitude sites
(Holes 661A and 530A), although their occurrences are scarce and
diachronous (see Figs. S2 and S6A-C) when compared to the zonation
of Burnett et al. (1998). At low latitudes, we could not utilize the bio-
stratigraphic markers L. quadratus and E. eximius. L. quadratus first oc-
curs at Site 354 where the recovery of nannofossils was poor, giving
us no information about the order of the bio-horizons. L. quadratus
was also recovered at Hole 1258A, where we identified this species in
a reversed stratigraphic order with M. murus. The LO of E. eximius was
identified only at Hole 1258A and appears to be in a different position
in relation to Burnett et al. (1998). In addition to the absence of some
markers, the correlation of our bio-horizons with magnetostratigraphic
data shows high diachronism between low and mid latitudes, particu-
larly for late Maastrichtian species, as recently demonstrated for
M. murus by Thibault et al. (2010).
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For high latitudes, Burnett et al. (1998) high-latitude zonation is not
applicable for the South Atlantic Ocean, where only four of their eleven
bio-horizons occur (FO of Cenozoic taxa and LOs of R. levis, B. coronum,
and E. eximius). On the other hand, Watkins et al. (1996) provided a
Southern Ocean zonation based on some of the sites studied herein in
addition to sites drilled in the Indian Ocean. Based on our analyses,
some bio-horizons described by Watkins et al. (1996) seem to be
diachronous (see Figs. S8 and S9) or do not occur in the South Atlantic
Ocean (LOs of N. corystus, N. watkinsii, and B. parca), thus we did not
use those markers in our new zonation.

Site 511 recovered levels below the LO of E. eximius (from 230.21 to
350.70 mbsf). In these samples, it was possible to identify two of
Watkins et al. (1996) bio-horizons probably dated as mid-early Campa-
nian (the FOs of R. levis and G. diabolum). Taking into account our meth-
odology to describe the new zones, based on more than one site or tied
to magnetostratigraphy, we do not define zones with these two bio-
horizons although further work may prove them suitable.

4.2. Late Cretaceous climate change and nannofossil migrations

The vertical and horizontal distribution of living coccolithophores in
the oceans is controlled by several factors, including salinity, tempera-
ture, nutrients and productivity, which vary with latitude (temperature
and light intensity) and ocean currents (Ziveri et al., 2004; Winter et al.,
1994). Dominant coccolithophores in the modern Atlantic Ocean show
strong regional distributions that appear to be largely controlled by
temperature and availability of nutrients (Ziveri et al., 2004). Many of
the species show different distributions between the North and South
Atlantic Oceans, although others show similarities. Understanding the
preferences of modern species, however, has become more difficult
with the recent identification of subspecies within many previously ac-
cepted broad morphological groups (Ziveri et al., 2004). For extinct
nannofossils there are even more uncertainties in assigning ecological
preferences of taxa and a careful taxonomic work, coupled with
paleobiogeographic studies, is needed. Several studies of Upper Creta-
ceous sections interpret the occurrences of certain taxa as controlled
by latitude and, consequently, related to climate (Wind, 1979;
Thierstein, 1981; Roth and Krumbach, 1986; Wise, 1988; Watkins,
1989; Shafik, 1990; Erba, 1992; Lees, 2002; Erba, 2004; Lees et al.,
2005; Mutterlose et al., 2005; Watkins and Self-Trail, 2005; Hardas
et al., 2012; Thibault and Gardin, 2006; Thibault et al., 2010; Linnert
et al., 2014; Linnert and Mutterlose, 2015; Thibault and Husson,
2016). Recent works have made particular progress, and some species
preferences for distinct paleoecological conditions have been demon-
strated as useful for constraining climatic and oceanographic changes
(Lees, 2002; Thibault et al., 2010; Linnert et al., 2014).

4.2.1. Campanian

Our findings show that high-latitude (Southern Ocean and Antarc-
tic) zonal markers are quite different from those of the mid and low lat-
itudes in the South Atlantic Ocean, confirming the different floral
provinces suggested by many authors. There is just one bio-horizon syn-
chronous across these latitudes, the LO of E. eximius in the late Campa-
nian (Fig. 3). This indicates that a strong latitudinal gradient, probably
related to temperature, occurred during the Campanian. Global deep-
ocean foraminiferal 680 records (Friedrich et al., 2012), controlled by
changes in temperature and salinity, indicates that a continuous global
cooling trend during the Coniacian and Santonian persisted throughout
the early and mid Campanian. Sea-surface temperatures at the high-
latitude Site 511 (Huber et al., 1995, 2002) diverged from temperatures
at low-latitude locations such as the Gulf of Mexico (Linnert et al., 2014)
during this time interval, confirming the increased latitudinal gradient.
At about 77 Ma, deep waters appear to have started warming
(Friedrich et al., 2012), which could account for the similarity of the
bio-horizon E. eximius at this time (Fig. 3). Comparison of mid- to low-
latitude differences during the early-mid Campanian is not possible

due to the poor recovery of low-latitude assemblages in our study. How-
ever, the FO of U. trifidus indicates that there may have been some sim-
ilarity between both latitudes in the late Campanian supporting the idea
that this warming, and the possible diminution of the latitudinal gradi-
ents, may have contributed to the observed pattern in nannofossil
distributions. Interestingly, B. parca constricta disappears much earlier
at low latitudes during the late Campanian (~74 Ma as opposed to
~72 Main the mid-latitude region). Although there is no latitudinal con-
trol defined for this species yet (Lees, 2002), we suggest that B. parca
constricta may have had a mid-latitude preference and that the late
Campanian warming at ~74 Ma (Friedrich et al., 2012) enables this spe-
cies to migrate from low to mid latitudes. The latest Campanian saw a
return to cooling conditions that persisted into the early Maastrichtian
(Friedrich et al,, 2012).

4.2.2. Maastrichtian

It appears that the LO of R. levis (early Maastrichtian) is a unique bio-
horizon, similar in both the high and mid/low latitudes during the
Maastrichtian. This bio-horizon, however, is not synchronous suggest-
ing that a strong latitudinal ecological gradient was in place. An
enhanced latitudinal temperature gradient through much of the
Maastrichtian has been suggested by Linnert et al. (2014), based on
temperature records from high-latitude Site 511 and the Gulf of
Mexico. Thibault et al. (2010) pointed out that the planktonic foraminif-
era Abathomphalus mayaroensis has a diachronous FO from the mid lat-
itude (Chron C31r) to the equator (top of Chron C31n; Huber and
Watkins, 1992), and the nannofossil Nephrolithus frequens migrated
from the Southern Ocean to equatorial regions within Chron C31n
(Pospichal and Wise, 1990; Nifuku et al., 2008). These migrations of
cool-water species can be seen as evidence of equatorial cooling during
the early and early late Maastrichtian (Linnert et al., 2014), although
changes in ocean circulation and evolutionary adaptations may also
have had an impact (Barrera and Savin, 1999; Friedrich et al., 2009).

A striking finding of our study is that, during the late Maastrichtian
(chrons C30n and C29r) most of the bio-horizons, which are evolution-
ary origination events, appear earlier in low latitudes and these species
migrate later to the mid latitudes (Fig. 3). Thibault et al. (2010) de-
scribed the latitudinal migration pattern of M. murus during the
Maastrichtian, which supports our findings. According to those authors,
this species was characteristic of warm surface waters and remained
confined to the Tropical Realm during the early/late Maastrichtian be-
fore spreading out to temperate latitudes in the late Maastrichtian.
Thibault et al. (2010) regarded this as suggestive of a major change in
surface-water circulation, as cooler condition led to a modern style of
thermohaline circulation, forced from high rather that low latitudes.
Although this pattern would have impacted province boundaries and
produced greater high- to low-latitude heat transport, the sequential
migration of bio-horizons (FO of M. murus, C. kamptneri, M. prinsii) is
difficult to explain, and perhaps argues against changes in ocean circu-
lation as the predominant cause, since it would have more likely affect-
ed all species simultaneously. Although Thibault et al. (2010) argue that
warmer conditions did not start until the latest Maastrichtian (Chron
C29r), Friedrich et al.'s (2012) global composite record indicates that
global warming may have started as early as 67 Ma (top C30n). Thus,
we consider it possible that a continuous global warming trend sequen-
tially allowed the invasion of warm-water low-latitude species at mid
latitudes starting with M. murus (~67.5 Ma), then C. kamptneri
(~67 Ma), and finally M. prinsii (~66 Ma) during the latest Maastrichtian
(Fig. 5).

5. Conclusions

In this study we present new calcareous nannofossil data from nine
ODP/DSDP Sites from the South Atlantic Ocean, and construct three new
latitudinal-based zonations, since some bio-horizons previously consid-
ered global are found as unsuitable for biostratigraphic purposes at all
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Fig. 5. Late Maastrichtian paleogeographic reconstruction (after www.odsn.de; Scotese, 2014) indicating the migration pattern of the marker species Micula murus, Ceratolithoides

kamptneri and Micula prinsii from low to mid latitudes.

Sites. This is sometimes due to the complete absence of the marker
species (e.g., C. verbeekii and M. pleniporus) and sometimes due to
diachronism of bio-horizons between Sites at the same latitudinal
band (e.g., B. hayi and E. parallelus). The same can be concluded for
high-latitude bio-horizons, where some of the bio-horizons proposed
previously were not applied because of the diachroneity (e.g., LOs of
N. corystus, N. watkinsii, and B. parca). An important refinement was
made tying the nannofossil bio-horizons to the standard
magnetostratigraphic timescale (Gradstein et al., 2012).

With the use of both magnetostratigraphy and biostratigraphy, we
suggest that late Campanian and late Maastrichtian species diachronism
is related to migration from low to mid latitudes. The LO of B. parca
constricta in the late Campanian occurs in Chron C32r at low latitudes
later than at Chron C32n at mid latitudes, which we suggest may be re-
lated to global warming at ~74 Ma and a retraction of its range to higher
latitudes. The FOs of the warm surface-water species M. prinsii,
C. kamptneri and M. murus (Tantawy, 2003; Sheldon et al., 2010) in
the late Maastrichtian occur earlier at low latitudes and these species
migrate to mid latitudes sequentially during the latter part of the late
Maastrichtian. This pattern may be related to ocean circulation changes
and global warming that expanded the paleobiogeographic range of
these species.

The proposed zones suggested herein provide a step-change in our
understanding of Late Cretaceous calcareous nannofossil evolution in
the South Atlantic Ocean. Due to poor recovery at some of the older
sites, we envisage that future drilling in the South Atlantic will be able
to build upon our findings and further constrain these zonations and
paleoceanographic interpretations.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.palae0.2016.04.010.
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