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ARTICLE INFO ABSTRACT

Keywords: We investigated the calcareous nannofossil biostratigraphy and magnetostratigraphy of middle Eocene — lower

Calcareous nannofossils Oligocene sediments from ODP Hole 709 C, equatorial Indian Ocean.

E(I)?ene The new bio-magnetostratigraphic analyses have resulted in an accurate biochronology of the interval span-

O_ 1gocene . ning Chrons C20r (middle Eocene) to C12r, in which 29 bioevents were investigated, in a 12 myr interval. The

Biomagnetostratigraphy . L . - I, .
magnetostratigraphic signal is less clear across the Eocene-Oligocene transition (EOT) but becomes more reliable

Paleoceanography

at the top of Chron C13n to Chron C12r (early Oligocene). Quantitative analyses of calcareous nannofossil as-
semblages allowed recognition of the Middle Eocene Climatic Optimum (MECO) and the long cooling trend
leading to the glacial state starting in the early Oligocene. We identify two hiatuses, in the lower middle Eocene
and across the Eocene-Oligocene Transition (EOT).

Across the latter unconformity, a major transition from oligotrophic to eutrophic favoring nannofossil taxa
highlights the enhanced sea surface nutrient availability during the transition to the early Oligocene glacial
system. Finally, a late Oligocene warming event is recorded at this site by the increase in calcareous nannofossil
taxa that preferred warm water.

ODP Site 709

1. Introduction

Earth's climate underwent a distinct cooling trend from the early-
middle Eocene to early Oligocene, with the emplacement of continen-
tal ice sheets on Antarctica (~34 Ma) (Francis et al., 2009; Liu et al.,
2009; Bijl et al., 2013). This trend toward the cooler climate was
punctuated by transient warming periods, of which the more prominent
is the Middle Eocene Climatic Optimum (MECO; ~40 Ma) (Bohaty and
Zachos, 2003; Jovane et al., 2007; Villa et al., 2008; Bohaty et al., 2009;
Westerhold et al., 2020). The transition to glacial conditions, with the
formation of a large and permanent East Antarctic Ice Sheet (EAIS), has
been linked to a number of causes such as the opening of the Southern
Ocean (SO) gateways (Kennett, 1977; Lagabrielle et al., 2009; Sarkar
et al., 2019), which led to thermal isolation of Antarctica, the drawdown
of pCO, (DeConto and Pollard, 2003; Pagani et al., 2005, 2011; Goldner
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et al., 2014; Kennedy-Asser et al., 2019), and/or a favorable orbital
configuration which induced an insolation minimum (Coxall et al.,
2005; Palike et al., 2006).

The Eocene-Oligocene transition (EOT, described by Coxall and
Pearson, 2007, and recently reviewed in detail by Hutchinson et al.,
2021) encompasses the transition from a greenhouse to an icehouse
world, and is characterized by a sudden and sizeable positive change in
oxygen isotopic (6180) values of benthic foraminifera (Miller et al.,
1987; Coxall and Wilson, 2011; Westerhold et al., 2020). This interval is
also associated with a perturbation of the carbon cycle, an increase of
primary productivity, a 1 km deepening of the Carbonate Compensation
Depth (CCD) (Van Andel, 1975; Coxall and Pearson, 2007; Palike et al.,
2012), and a sea-level drop (Miller et al., 2008). A biotic turnover is also
recorded in association with the EOT, both in terrestrial (Hooker et al.,
2004; Zanazzi et al., 2007) and in marine realms (Wade and Pearson,
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2008; Dunkley Jones et al., 2008; Cotton and Pearson, 2011; Villa et al.,
2014). These changes have been recorded in several oceanic sites at both
high and low latitudes, but data are scarce from the western Indian
Ocean.

ODP Leg 115 was drilled in the Indian Ocean (Backman et al., 1988)
to obtain a south-north bathymetric transect, to investigate the Réunion
volcanic system, and to record the Paleogene to Quaternary stratig-
raphy. Site 709 was the shallowest core drilled in the transect, and
sediments were deposited well above the average CCD during the time
interval considered in this work (Touchard et al., 2003).

Through high-resolution quantitative calcareous nannofossil
biostratigraphy and new magnetostratigraphic analyses, we compared
the results with previous studies carried out in this region (Fioroni et al.,
2015; Jones et al., 2019) and constructed a detailed middle Eocene-early
Oligocene biochronology for the Equatorial Indian Ocean. In addition,
calcareous nannofossils, as previously used to identify ocean latitudinal
temperature gradients and productivity (Wei et al., 1992; Aubry, 1992,
1998; Bralower, 2002; Gibbs et al., 2006; Kalb and Bralower, 2012),
enabled us to reconstruct the paleoclimatic and paleoceanographic
conditions through changes in the assemblages (e.g., Bralower, 2002;
Persico and Villa, 2004; Villa et al., 2008; Villa et al., 2014) within a
biomagnetostratigraphic framework.

2. Material and methods

Site 709 is located in the western equatorial Indian Ocean at 3°54.9'S
and 60°33.1'E at a modern water depth of 3038.2 m on the Madingley
Rise, a local topographic high between the Mascarene Plateau and the
Carlsberg Ridge (Fig. 1) (Backman et al., 1988). Three holes were cored
at this site, recovering a particularly homogeneous section of nanno-
fossil ooze and chalk that ranges in age from the Eocene to the Holocene.
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The estimated seafloor paleodepth at Site 709 during the middle Eocene
through the early Oligocene is 2200 m (Bohaty et al., 2009). Sediments
generally have a high carbonate content (CaCO3 wt%) ranging from
about 85% to about 94%; a few samples have lower values. Hole 709C
was cored to 353.7 m below sea floor (mbsf), with a 93% recovery and
ended in nannofossil chalks of middle Eocene age (Backman et al.,
1988).(

2.1. Calcareous nannofossils

Micropaleontological analyses were performed on 140 samples, from
the working half of the split core Section 709C-29X-1, 28-29 (266.68
mbsf) to Section 709C-37X-7, 12-14.5 (353.13 mbsf) (Appendix A).
Sample resolution was approximately 20 cm from middle Eocene to
early Oligocene, corresponding to a minimum temporal resolution of
about 50 kyr, but was lower in intervals with core disturbance. An upper
Oligocene set of 17 samples (from Section 709C-28X-3 to Section 709C-
22X-2) was taken at a lower resolution for paleoecological
investigations.

Smear slides were prepared from unprocessed samples, following the
standard technique (Bown and Young, 1998), and quantitative analyses
were conducted under a light microscope at 1250x magnification on a
Zeiss Axioscope 40. For each sample at least 300 specimens were
counted and classified (Villa et al., 2008) and two additional long tra-
verses were scanned in order to identify rare taxa. The absolute abun-
dance of each taxon was estimated by normalizing the number of the
observed specimens to an area of 1 mm? (Rio et al., 1990), then plotted
versus depth. The number of specimens per mm? was used as an indi-
cator of the total abundance of nannofossils in each sample.

The position of biozonal boundaries was calculated as the midpoint
between two consecutive samples. The bioevents are indicated here as B
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Fig. 1. Location of the studied site (ODP Site 709) and of the nearby ODP Site 711.
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(Base, lowest occurrence of the considered taxon), Bc (Base common,
common and continuous presence of a taxon), T (Top, highest occur-
rence of a taxon), Tc (Top common) following Backman et al. (2012).

Nannofossils are usually well preserved but overgrowth is pro-
nounced for some species (e.g., Discoaster spp., C. floridanus), while
other show weak dissolution (e.g., Helicosphaera spp.). Reworking is
common in some intervals [e.g., 115-709C-29, 115-709C-32 (upper
middle Eocene), and 115-709C-33 (lower Oligocene)], but it is negli-
gible in others.

The percentage abundances of the different taxa were used to
interpret the assemblage variation in terms of paleoecological changes,
since their quantitative analysis is a key proxy for paleoceanographic
reconstruction (Winter and Siesser, 1994; Gibbs et al., 2006; Kalb and
Bralower, 2012; Villa et al., 2014). Taxa with eutrophic affinities were
separated from those with warm/oligotrophic preferences (following
Villa et al., 2014 and Fioroni et al., 2015). This allowed the nannofossil
species to be grouped with the same paleoecological preference. These
values were then plotted against depth to examine stratigraphic
changes. Groups include only taxa with well-known paleoecological
preferences (Gibbs et al., 2006; Dunkley Jones et al., 2008; Villa et al.,
2014; Fioroni et al., 2015; Jones et al., 2019). The warm-water taxa
group comprises Discoaster spp., E. formosa, and Sphenolithus spp.; the
oligotrophic taxa group includes Discoaster spp., and E. formosa; the
eutrophic taxa group consists of R. daviesii, C. floridanus, and Retic-
ulofenestra spp. (i.e. R. dictyoda, R. samodurovi, and R. umbilicus)
(Table 1).

2.2. Paleomagnetism

Twenty-one advanced piston corer (APC) cores from Hole 709A, nine
cores from Hole 709B and thirteen cores from Hole 709C were measured
during the ODP cruise with the shipboard pass-through cryogenic
magnetometer. The results were described as “erratic paleomagnetic
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data” and it was not possible to determine the reversal stratigraphy
(Shipboard Scientific Party, 1988). Subsequently, Schneider and Kent
(1990) investigated additional intervals from Site 709 where they re-
ported that the results were of poor quality. They were able to determine
a magnetostratigraphic record for two small intervals along the
retrieved succession; from ca. 15 to 35 mbsf (Pliocene-Pleistocene age)
and from ca. 170 to 200 mbsf, near the Oligocene-Miocene boundary.

For this study, we collected one hundred and six oriented 7-cc plastic
cubes at the Integrated Ocean Drilling Program (IODP) Kochi Core
Center, Japan. All samples were taken from the working half of the split
core sections 709C-31X-1 to -37X-7 (middle to late Eocene in age) be-
tween depths of 286.08 and 353.13 mbsf. We collected a second set of
samples up to 266.7 mbsf to extend the analysis into the Oligocene
portion of the hole. Both sets of samples were oriented only with respect
to vertical, therefore absolute paleomagnetic declinations could not be
recovered for the polarity zonation.

Magnetic analyses were performed at the Istituto Nazionale di Geo-
fisica e Vulcanologia (INGV) in Rome. Natural and artificial magneti-
zations were measured using a narrow-access pass-through 2-G
Enterprises cryogenic magnetometer, with in-line alternating field (AF)
demagnetization capability, housed in a magnetically shielded room.
After measurement of the NRM, samples were demagnetized at succes-
sive peak AFs of 5, 10, 15, 20, 25, 30, 35, 40, 50, 60, 80 mT.

The stability of the natural remanent magnetization (NRM) was
assessed using vector component diagrams (Zijderveld, 1967). Charac-
teristic remanent magnetization (ChRM) directions were determined
using principal component analysis (PCA) with linear best fits calculated
from 3 or more demagnetization steps using the PuffinPlot paleomag-
netic analysis application (Lurcock and Florindo, 2019).

Following AF demagnetization of the NRM, low-field magnetic sus-
ceptibility (k) was measured using an AGICO KLY-2 Kappabridge mag-
netic susceptibility meter with a field of 0.1 mT at a frequency of 470 Hz.
An anhysteretic remanent magnetization (ARM) was imparted using a

Table 1
Calcareous nannofossil biohorizons identified at Hole 709C.
Bioevent Mean depth Min depth Max depth AGE (MA) this AGE (MA) Agnini et al., GPTS (1. Cande and Kent, 1995; 2. Tie
mbsf mbsf mbsf work 2014 Palike et al., 2006) points
TOP R. umbilicus 268.74 268.4 269.08 32.02 2
TOP E. formosa 272.5 272.1 2729 32.02 2
BASE S. akropodus 281.45 281.2 281.7
BC Clausicoccus spp. 282.73 282.56 282.9 33.88 (C. subdistichus) 2
TOP D. saipanensis 285.02 284.1 285.95 hiatus
BC R. daviesii 285.02 284.1 285.95 hiatus
BC S. predistentus 285.02 284.1 285.95 hiatus
TC D. barbadiensis 285.02 284.1 285.95 hiatus
TC C. reticulatum 285.02 284.1 285.95 hiatus
BC C. isabellae 294.73 293.74 295.73 36.9 2
TC C. erbae 296.1 295.9 296.3 37.47 2
TOP C. grandis 300.56 300.4 300.73 38.1 2
TOP S. obtusus 300.56 300.4 300.73 38.1 2
BC C. erbae 301.38 301.15 301.62 38.15 2
TOP S. runus 309.64 309.83 309.45 39.55 2
BASE S. obtusus 312.44 312.19 312.7 39.73 2
BASE D. bisectus 313.91 312.93 314.9 low recovery
interval
TOP S. spiniger 313.91 312.93 314.9 low recovery
interval
TOP 315.26 315.12 315.4 40.51 40.51 (S. furc. Type B) 2 X
S. furcatolithoides
TOP S. strigosus 316.61 316.47 316.75 40.6 2
BASE S. predistentus 319.03 318.9 319.16 40.95 2
BC C. reticulatum 323.13 322.86 323.4 42.37 42.37 2
TOP Nannotetrina 327.64 327.55 327.73 42.52 2
spp.
BC R. umbilicus 327.91 327.73 328.1 42.52 2 X
BASE S. strigosus 345.48 345.07 345.9 43.82 1
BASE S. runus 347.08 346.77 347.4 43.86 1
TOP S. kempi 348.71 348.37 349.06 43.9 1
TOP P. gigas 350.8 350.51 351.1 43.96 1 X
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0.05 mT direct current (DC) bias field superimposed on a 100mT peak
AF and by translating samples through the AF and DC coil system at 10
cm/s, which is the lowest speed allowed by the control software.

Continuously monitored temperature dependence of the low-field
magnetic susceptibility (x) on a few milligrams of powdered samples
(up to 700 °C) was performed at the Instituto Oceanografico da Uni-
versidade de Sao Paulo, Brazil. This was measured in air using a KLY-4
(AGICO) furnace-equipped Kappabridge, in order to determine the
characteristic Curie or Néel temperatures of magnetic minerals (Hrouda,
1994). The thermomagnetic curves were analyzed using the Cureval8
program (http://www.agico.com).

2.3. Multivariate analyses on calcareous nannofossil assemblages

Using number of nannofossils/mm?, dominance and species diversity
(H Shannon-Wiener) were calculated by means of the PAST software
(Hammer et al., 2001).

Multivariate R-mode Principal Component Analysis (PCA) was per-
formed on the same quantitative database (nannofossils/rnmz) previ-
ously converted to natural logarithm, because percentage counts
represent a closed set.

We identified the major components of the nannofossil assemblage
using PCA. We graphically plotted the factors that explain the maximum
variance, and we draw on paleoecological interpretation from these
relationships. The interpretation of the factors and their comparison
with the abundance curves of the species allow the interpretation of the
paleoecological behaviors of the nannofossil species in the stratigraphic
sequence. This interpretation, combined with reference data from Villa
et al. (2014) and Fioroni et al. (2015), allowed us to subdivide the
assemblage into paleoecological groups of species, as already described
in Section 2.1.

3. Results and discussion
3.1. Biohorizgons

Previously published papers on nannofossil biostratigraphy of Site
709 were presented respectively by Okada (1990) for the Paleogene and
Quaternary interval, and by Fornaciari et al. (1990) for the Oligo-
Miocene interval. Here we provide a new high resolution biostrati-
graphic framework based on calcareous nannofossils spanning from
about 43.96 Ma (Top of Pletolithus gigas, Agnini et al., 2014, Cappelli
et al., 2020) to 32.02 Ma (Top of Reticulofenestra umbilicus, Agnini et al.,
2014) and thus covering ca. 12 myr.

Comparing our results with the nearby Site 711 (Fioroni et al., 2015)
provides the opportunity to test the local reliability of the main bio-
horizons. However, the magnetostratigraphic data available at Site 711
has a low resolution because of the high number of samples (66% of the
analyzed samples) with no reliable magnetic directions (Savian et al.,
2013). At Site 709, magnetostratigraphic results are more detailed and
accurate, and thus suitable to construct a reliable age model and
determine correlations on a global scale.

The distribution patterns of the main bioevents plotted against depth
are summarized in Fig. 2 and the index species documented in Plate 1. A
detailed discussion on each identified bioevent is available in Appendix
B.

3.2. Paleomagnetic behavior

NRM intensity ranges between 9.4 x 107> and 4.4 x 10~> A/m with
an average of 7.6 x 10~* A/m. Two higher intensity intervals are located
at 296.8 and at 308.7 mbsf (Fig. 3). Downcore variations in NRM in-
tensity and directions are not associated with variations of the
concentration-dependent magnetic parameters x and ARM (Figs. 3, 4).

Stepwise AF demagnetization enabled isolation of the ChRM
component for 95% of the samples analyzed, with maximum angular
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deviation (MAD) values between 0.81 and 10.6. Typical demagnetiza-
tion behavior is shown in Fig. 4. Most of the samples have a low-
coercivity, normal polarity overprint that was successfully removed at
peak fields of 10 mT. We interpret this overprint to have been acquired,
as an isothermal remanent magnetization, during the drilling process
and/or storage (e.g., Fuller et al., 1998). From observations made on-
board, Schneider and Kent (1990) reported the presence of a remagne-
tization induced by the magnetized core barrels that mostly affected the
external portions of the cores.

The ChRM inclinations enable delineation of magnetozones, which
are defined, in most cases, using at least two consecutive samples with
inclinations distinctly different from neighboring intervals (Fig. 5). In
some magnetozones, occasional isolated samples have polarities oppo-
site to those of the rest of the magnetozone (e.g., 298.28 mbsf, 322.48
mbsf). Such isolated samples were used with caution to define magne-
tozones and their correlation with the geomagnetic polarity time scale
(GPTS) was inferred by integrating biostratigraphic data.

The observed ChRM inclinations are steeper than the present-day
geocentric axial dipole (GAD) inclination (+7.06°) at the site latitude
and steeper than the expected GAD paleoinclination (+4°) considering
the calculated mean paleolatitude (2.9°S, +2.8°) of Hole 709C at 40 Ma
(Torsvik et al., 2012; van Hinsbergen et al., 2015). A similar inconsis-
tency with the GAD predictions is present in the results obtained at
nearby ODP Site 711 by Savian et al. (2013). The authors interpreted
this discrepancy as being due to some unresolved combination of un-
accounted for motion of the plate, long-term non-dipole fields, and ef-
fects of hotspot motion on the plate circuit models. With the available
data we cannot rule out that the discrepancy may be related to an
unremoved overprint (e.g., Bowles, 2007).

Mean ChRM inclinations were computed separately for normal and
reverse polarity populations using the Arason-Levi inclination-only al-
gorithm (Arason and Levi, 2010) as implemented in the PuffinPlot
application (Lurcock and Florindo, 2019). The normal polarity samples
and the reverse polarity samples have a mean inclination of —36.3° (N =
39; ags = 8.1°) and 41.8° (N = 64; ags = 5.4°), respectively. These values
very narrowly fail an inclination-only reversals test at the 95% confi-
dence level (since the antipode of the mean normal inclination lies 0.1°
outside the 95% cone of confidence for the mean reversed direction), but
the marginal nature of this result suggests that the mean directions could
indeed represent a reliable polarity record.

3.2.1. Magnetic properties

Magnetic properties do not show substantial changes along the
studied interval. The magnetic susceptibility ranges between —16 x
107> and 154 x 107> SI with a mean of 61.6 x 10> SL. The ARM, which
is acquired by stable single domain magnetite, shows an average value
of 6.8 x 103 A/m and ranges between 3.2 x 10 > and 1.2 x 10~2 A/m
(Fig. 3). The relative stability of magnetic susceptibility and ARM sug-
gests that this record does not have significant variations in magnetic
mineral concentration.

Continuous monitoring of x-T changes shows a change in slope
(albeit noisy) at approximately 580 °C. This suggests the ubiquitous
presence of Fe spinels with a composition similar to magnetite (Fig. 3).
The behavior of the discrete samples during AF demagnetization (Fig. 4)
provides additional support for the presence of magnetite as the main
magnetic carrier.

The observed increases in x during heating are probably due to the
thermally induced growth of new magnetite from iron-bearing clays (e.
g., Hirt et al., 1993). The cooling curve has higher overall k than the
heating curve, which indicates production of new magnetic phases
during heating.

3.3. Age model and magnetobiochronology

We provide an interpretation of the magnetic polarity pattern of Hole
709C from 266.7 to 353.13 mbsf, using the nannofossil bioevents
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observed throughout the section. Following the methodology proposed
by Palike et al. (2010) and applied by Agnini et al. (2014), the bioevents
and the interpretation of the magnetic polarity pattern are calibrated
against the orbitally tuned time scale of Palike et al. (2006) from the
base of Chron C12r (33.157 Ma) to the base of Chron C19n (41.510 Ma),
and with the GPTS of Cande and Kent (1995) between the top of Chron
C20n (42.536 Ma) and the base of Chron C20r (46.264 Ma). The age-
depth plot and the magnetobiostratigraphic framework are presented
in Figs. 6 and 7, respectively.

The combined bio- and magnetostratigraphy results highlight at least
two relevant hiatuses. The first hiatus is located between Chron C19r
and Chron C18r and the single normal polarity sample at 322.48 mbsf
could represent a portion of Chron C19n. The presence of the lower part
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Plate 1. Photomicrographs of selected calcareous
nannofossils from Site 709, light microscope, cross-
polarized light, 1250x magnification. Figs. 1, 2:
Sphenolithus akropodus, sample 29 5 50; Fig. 3: Sphe-
nolithus predistentus, sample 30 1 138; Fig. 4: Retic-
ulofenestra daviesii, sample 30 5 46; Fig. 5:
Cribrocentrum isabellae, sample 31 5 90; Fig. 6: Sphe-
nolithus obtusus, sample 33 3 135; Fig. 7: Pletolithus
gigas, sample 35 5 70; Fig. 8: Pletolithus gigas, sample
36 2 110; Fig. 9: Discoaster bifax, sample 35 5 70;
Fig. 10: Bramletteius serraculoides, sample 30 5 70;
Figs. 11, 12: Sphenolithus runus, sample 36 3 130;
Fig. 13, 14: Sphenolithus strigosus, view at 0° and 45°;
sample 36 3 130; Fig. 15: Sphenolithus furcatolithoides,
view at 45°; sample 37 4 56.

of Chron C19r at 328.37 mbsf is confirmed by the Bc of Cribrocentrum
reticulatum at 323.13 mbsf, just below the hiatus. The hiatus represents
at least 1 myr of missing time, from the Bc of C. reticulatum (aged at
42.37 Ma by Agnini et al., 2014) to the top of Chron C19n (41.358 Ma
according to Palike et al., 2006). A second hiatus, at ca. 285 mbsf, is
highlighted by the concurrent extinctions of Discoaster barbadiensis, and
D. saipanensis, whose Tops are at 34.77 Ma, and at 34.44 Ma respec-
tively, C. reticulatum (Top at 35.24 Ma, according to Agnini et al., 2014),
and Cribrocentrum isabellae (Fornaciari et al., 2010) (Figs. 2, 6). Based on
calcareous nannofossil data, this hiatus spans Zone CNE20. In addition,
at Site 709 just above the hiatus, a noticeable increase in Clausicoccus
spp. is documented (Fig. 2; Appendix B). Due to overgrowth, specimens
of this genus were not recognized at the species level. Based on the mean



285

295

305

=315

depth (mbsf)

325

335

345

355

(a)

NRM intensity@10 mT

0

0.001 0.002 0.003

Magnetic susceptibility

(b)

2

6 SI

(c)

Anhysteretic
Remanent magnetization

\

/

Susceptibility [10-6 SI]

6 Sl

0

0.001 0.002 0.003
NRM intensity

[A/m]

0

60

[10-5 8I]

120

0.002 0.006 0.01

S

[A/m]

Su

Susceptibility [10-

S|
5

Susceptibility [10-6

()]

a
o

o
o

w
o

N
o

-
o

w
o o

30

NN
o o

3
- N w »

a
o o

o o,

N
&)

- N = =2 N
o S owo o’
P

¥
- N w

-
o

N W w
a o O,
L

o
L

L
.3
-
N I o o

0
0 100 200 300 400 500 600 700

(d)

depth 291.81 mbsf

¥
- N w > (63}

depth 308.08 mbsf

depth 325 mbsf

depth 347.38 mbsf

S

Temperature [°C]

0
0 100 200 300 400 500 600 700

Temperature [°C]

Fig. 3. Stratigraphic variations of intensity of (a) NRM and NRM@10mT, (b) k, (c) ARM and (d) Temperature dependence of k (up to 700 °C) for four representative samples.

0 32 DA "D

150Z01 (1Z0Z) 691 £30]01u02)pd0.OYN JULDI



G. Villa et al.

Marine Micropaleontology 169 (2021) 102051

Depth: 288.695 mbsf

1 35 215 Depth: 296.3 mbsf
2 s NRM dec 247.9; NAM inc 22.3; NRM int 2.21e-04 g NRM dec 163.8; NRM inc 54.2; NRM int 1.17e-03
z2s ChRM dec 263.12; inc 45.52; MAD 2.78 £ ChRM dec 158.17; inc 44.39; MAD 1.59
< 2 overtical < avertical
§1s =horizontal § =horizontal
5 Units: A/m x10~* Sos Units: A/m x10~# NU
N 5 4
505 5
g g
H
= 20 40 60 80 100 e " 20 40 60 80 100
3-axis AF strength (mT) 3-axis AF strength (mT)
g EN
EN
5 I
12
Zg,D S0

15 Depth: 305.97 mbsf 25 Depth: 309.15 mbsf
S NRM dec 15.0; NRM inc 59.5; NRM int 1.32¢-04 5 NRM dec 334.8; NRM inc -36.5; NRM int 2.07e-03
£ ChRM dec 270.87; inc 41.95; MAD 0.45 % 2 ChRM dec 337.59; inc ~37.22; MAD 3.71
L3 overtical £ overtical
S, mhorizontal = mhorizontal
g Units: A/m x10~ £ 1 Units: A/m x10~
gy ]
g %)0 5-

. NU g

20 40 60 80 100 15 S . % o ) & o0
Saxis AF strengh () 3-axis AF strength (mT)
£ N.U
= 20
EN
15
w, T EN
Sy —
35
SD 5
SD
Depth: 312.185 mbsf v

N,
NRM dec 265.9; NRM inc -51.9; NRM int 9.45¢-04 &

Depth: 326.025 mbsf

7 1.5
o 1 ° NRM dec 322.6; NRM inc 41.7; NRM int 9.55e-04
° ChRM dec 266.63; inc ~65.89; MAD 1.96 X ChRM dec 304.44; inc 40.55; MAD 3.47
: 08 avertical £ crertical
206 whorizontal < saorizontal
= Units: A/m x10 - 5 Units: A/m x10 -4
2 04 So5
g g
202 )
g =z .
=

20 40 60 80
3-axis AF strength (mT)

100

20 40 80 100 i
3-axis AF strength (mT)

EN

. 2 Depth: 338.81 mbsf 7 18 Depth: 351.065 mbsf
E NRM dec 321.9; NRM inc -34.4; NRM int 1.68e-03 3 NRM dec 269.4; NRM inc 50.7; NRM int 1.16e-03
=15 . x g .7} B
5 ChRM dec 324.60; inc -39.01; MAD 1.70 E 4 ChRM dec 269.83; inc 43.09; MAD 2.52
£ overtical < overtical
5 whorizontal § mhorizontal
g Units: A/m x10~ Jos Units: A/m x10~
0.5 3
20 40 60 80 100

3-axis AF strength (mT)

20 40 60 80 100
3-axis AF strength (mT)

Fig. 4. AF (alternating field) demagnetization behavior for 8 representative samples from Hole 709. For the vector component diagrams, open (closed) symbols
represent projections onto the vertical (horizontal) plane. The stereoplots are equal-area projections, with solid (open) symbols representing points projected onto the

lower (upper) hemisphere. The cores were not azimuthally oriented; declinations are reported in the laboratory coordinate system with respect to the split face of the
core. Plots were produced using PuffinPlot (Lurcock and Florindo, 2019).



G. Villa et al.

(a) (b) (c)
Polarity MAD [°]
04 812
ITTT1

Depth (mbsf)

||

355 Laqo1 Y
-90-60-30 0 30 60 90
ChRM incl. [°]

Marine Micropaleontology 169 (2021) 102051

(d) (e) (f)

Polarity

MAD [°]
265 — T 0{%??72
275 : : ::
285 : : ::
295: i [ ! [ 1§

-90-60-30 0 30 60 90
ChRM incl. []

Fig. 5. (a) Magnetic polarity zonation (black = normal polarity and white = reverse polarity), (b) downcore variations of ChRM inclination, (c) MAD. Additional
samples collected up to a depth of 266.7 mbsf and analyzed at the Laboratério de Paleomagnetismo of Universidade de Sao Paulo, Brasil: (d) Magnetic polarity
zonation (black = normal polarity and white = reverse polarity), (e) downcore variations of ChRM inclination, (f) MAD.

size of the specimens, however, we are confident that the group is
mainly composed of C. subdistichus. The beginning acme of this species is
reported to have occurred at 33.88 Ma, indicating the base of Zone
CNO1 (Agnini et al., 2014) and suggesting that the unconformity also
includes Zone CNE21. In contrast, at the nearby Site 711, the nominate
bioevents (i.e., Discoaster spp., C. reticulatum, and Clausicoccus spp.)
occur stratigraphically close to each other, but are clearly spaced
(Fioroni et al., 2015). At Site 711, the availability of a good magneto-
stratigraphic record during this time interval confirms these data
(Savian et al., 2013); in particular, the Top of C. reticulatum is recorded
in Chron C15n, whereas the top of the “rosette shaped” Discoaster group
is recorded in Chron C13r.

The presence of hiatuses at Site 709, unlike the continuous and
relatively more expanded record at Site 711, is possibly explained by the
more effective role played by the bottom paleocurrents at a shallower
depositional setting of this site.

3.4. Multivariate analysis

The interpretation of the PCA factors is based on graphic comparison
with the paleoecologically sensitive taxa (Figs. 8, 9) . The indices show
fairly stable values from the base up to about 292 mbsf. At this depth, the
dominance index and H Shannon-Wiener diversity index show, respec-
tively, increasing and decreasing trends, revealing a change typical of an
environmental condition variation. The general trend toward a decline
in specific diversity suggests a cooling trend from the middle Eocene to
the early Oligocene (Bown et al., 2008; Cronin and Cronin, 2015).

The PCA analyses of the census data show that two significant

principal components (PCA1 and PCA2) explain 77% of the variance
(Fig. 9). The PC1 scores (PC1, 61.77% of the variance) display a clear
shift from negative to positive values at 320 mbsf, at the base of C18r
(41.358 Ma) (Fig. 9). This trend is interrupted only at 315 mbsf by a
short negative peak, dated at about 40 Ma, that also correlate to a shift in
warm-water taxa value. The overall PC1 trend is reminiscent of the §!%0
records from several sites indicative of the paleoclimate evolution of the
middle Eocene (Bohaty et al., 2009). Therefore, we associate PC1 with
the paleoclimatic factor SST. The positive shift at 320 mbsf should
therefore correspond to the pre-MECO cooling event (Bohaty et al.,
2009; Savian et al., 2016). We interpret the negative peak at 315 mbsf,
as likely coinciding with the MECO, while upward, cooling conditions
prevailed.

The PCA factor 2 (PC2, 15.39% of the variance) is dominated by
positive scores up to 287 mbsf where it records an abrupt change to
negative values. Based on the correlation with diversity and oligotrophy
versus eutrophic taxa, we interpret this index to indicate trophic con-
ditions of the surface waters (see § 3.5.3).

3.5. Response of nannofossil abundance to middle Eocene - late Oligocene
climate variability

The paleoecological interpretation is based on the relative abun-
dance of the key taxa and on groups of taxa with the same preference
treated with a statistical approach (Figs. 8, 9).

3.5.1. The middle Eocene climatic optimum

A peak in warm/oligotrophic-water taxa is identified at
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approximately 315 mbsf, corresponding to an age of about 40 Ma
(Fig. 9). This timing is consistent with the MECO event (Jovane et al.,
2007; Villa et al., 2008; Bohaty et al., 2009; Boscolo Galazzo et al., 2014)
and represents the highest value in warm/oligotrophic taxa, before the
beginning of the late Eocene cooling trend in which these taxa decrease
prior to the EOT. The warm-water taxa peaks below this depth are
consistent with the Eocene warm conditions and in particular at equa-
torial latitudes.

A core gap right above this depth prevents us from establishing if the
MECO is extended upward. Furthermore, the extremely low resolution
of the available 5'%0 stable isotope data (Baker et al., 1990) precludes
identification of this transient warming event, and future work should
focus on obtaining a higher resolution of stable isotope chemo-
stratigraphy. PCA factor 1 (variance 61%) fits well with the warm taxa
curve, and we interpret that it records SST variation (Fig. 9).

3.5.2. The Late Eocene climatic instability

In the SO, at about 37 Ma a decrease of warm-water taxa has been
evidenced and referred to as “Cooling C” (Villa et al., 2008) and later
recognized as the Priabonian oxygen isotope maximum (PrOM, Scher
etal., 2014, Pascher et al., 2015) which has been interpreted as a cooling
event and which might be associated with a possible onset of widespread
glaciation of Antarctica (Carter et al., 2017).

At equatorial latitude at Site 709 a weak response of this climatic
event could be recognized as a decrease in warm-water taxa within
Subchron C17n.1n.

3.5.3. The Eocene - Oligocene transition
Although the very low sedimentation rate makes data difficult to

10

interpret, the decrease in warm/oligotrophic taxa from ~287 mbsf
(about 35.2 Ma), is noteworthy. The change in the PCA Factor 2 toward
negative values, at the base of Chron C15n is also noteworthy. As dis-
cussed in § 3.4, these modifications indicate a change in the surface
nutrient regime, from oligotrophic to more eutrophic surface waters
(Fig. 9). This result is related to the initiation of a proto-Antarctic
Circumpolar Current (ACC) at ~35.5 Ma (Sarkar et al., 2019), as well
as invigorated surface and bottom paleocurrents around Antarctica
starting from about 35.7 Ma (Houben et al., 2019; Barker et al., 2007).

At 285 mbsf a relevant change in the nannofossil assemblage is
identified and corresponds with a hiatus that juxtaposes upper Eocene
taxa with common lower Oligocene eutrophic-taxa and indicating a
reorganization of the sea surface nutrient regime. The hiatus includes at
least the entire Chron C13r, and prevents the identification of the exact
extent and position of the assemblage change. The hiatus has completely
erased the reorganization of the nannofossil assemblage positioned at
nearby Site 711 (Fioroni et al., 2015) in the late Eocene within Chron
C13r between 34.5 and 34.1 Ma. This reorganization is also documented
in Tanzania (Dunkley Jones et al., 2008), Java (Jones et al., 2019), and
in the tropical Atlantic (Ravizza and Paquay, 2008). This assemblage
variation indicates a measurable response of nannofossils to increased
sea surface nutrient availability in the equatorial Indian Ocean and is
possibly linked to the formation at high latitudes of nutrient-rich waters.
In particular, the Subantarctic Mode Water (SAMW) is a water mass
formed in the Southern Ocean by deep mixing, which sinks below the
ocean surface and moves northward, carrying a large amount of re-
generated nutrients to lower latitudes (Sarmiento et al., 2004). Changes
in ocean paleocirculation, precursors of major glaciation at Oi-1, trig-
gered enhanced mixing also at low latitudes, and consequently produced
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major climatic deterioration that occurred during the EOT. Prominent
changes in Southern Ocean circulation related to the geographic isola-
tion of Antarctica and invigorated bottom water currents in the late
Eocene led to increased upwelling and enhanced nutrient supply at low
latitudes. This change in nutrient supply is recorded in the shift from
prevailing late Eocene oligotrophic to early Oligocene eutrophic
assemblages.

An increase in warm water nannofossil taxa in the late Oligocene
suggests a warming event at equatorial latitudes prior to the cooling at
the Oligocene/Miocene boundary.
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