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ABSTRACT We present a biostratigraphic and biochronologic study of calcareous nannofossils of middle Eocene - early
Oligocene age recovered during IODP Expedition 320, at Hole U1333C in the equatorial Pacific Ocean. The study succession
encompasses nannofossil Zones NP16—NP21 (equivalent to CP13—CP16) and Chrons C20r—C12r (middle Eocene-early Oli-
gocene). The distribution patterns of calcareous nannofossil taxa are studied by means of relative abundance and semiquantita-
tive counts with the final aim to test the reliability of biohorizons used in the Paleogene standard biozonations (Martini 1971;
Okada and Bukry 1980) and check alternative bioevents included in a more recent mid-latitudes biostratigraphic scheme (For-
naciari et al. 2010). Calibration ages are estimated based on the ranges of the biozones relative to a detailed magnetostratigra-
phy constructed for the site. Of particular biostratigraphic significance, our study shows that the Top of Sphenolithus furcato-
lithoides, the Base of common and continuous occurrence (Bc) of Dictyococcites bisectus and the total range of Sphenolithus
obtusus can be used to better constrain the middle Eocene interval. The studied sediments cover the crucial time period that
followed maximum Cenozoic warmth and led up to the initial major glaciation on Antarctica, including two important climat-
ic events, the Middle Eocene Climatic Optimum (MECO), a transient episode of global warming during a long-term cooling
trend, and the Oi-1 event. The peculiar regime in sedimentation observed in the equatorial Pacific, which roughly consists of
alternating phases of Carbonate Accumulation Events (CAE) and crashes in carbonate content, are correlated with increases
and decreases in calcareous nannofossil abundances. A more detailed comparison indicates that the MECO corresponds to
an interval with very low carbonate in between CAE3 and CAE4. This event is correlative with the Top of S. furcatolithoides,
the Bc of D. bisectus and a prominent increase in the relative abundance of heavy calcified nannofossils (e.g., discoasters).
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INTRODUCTION

The Eocene time was an intriguing interval because it represents
the transition between Greenhouse climatic conditions, that lasted
through the Eocene, climaxing in the early Eocene climatic
optimum (EECO; ca. 50 Ma), and Icehouse conditions (Zachos et
al., 2001; 2008), initiated at the base of the Oligocene ca. 33.8 Ma,
with the O-1 event and correlated with the onset of large icesheets
in the southern hemisphere (Miller et al. 1991; Zachos et al
1992). The long-term cooling trend initiated after the EECO was
not monotonic, but instead was punctuated by several transient
cooling and warming episodes (Bohaty and Zachos 2003; Edgar et
al. 2007; Sexton et al. 2006; 2011; Tripati et al. 2005a; Westerhold
and Rohl 2009).

The early Eocene was a time of extremely warm climates, reaching
the warmest temperature of the past 80 Myr, but also of progressive
deterioration, during the middle to late Eocene, coinciding with
permanent changes in calcareous plankton (Aubry 1992; 1998;
Wade 2004; Aubry and Bord 2009). Unfortunately, calcareous
nannofossils from this period are poorly documented in expanded
and/or well-preserved stratigraphic successions (Fornaciari et al.
2010) and this lack is particularly evident in the material recovered
from the equatorial Pacific Ocean (ODP Leg 199; text-fig. 1), where
middle to upper Eocene sediments can be broadly described as

radiolarian ooze and clay (Lyle and Wilson 2006). The Pacific
Equatorial Age Transect (PEAT) program conducted during
IODP Expeditions 320 and 321, recovered a continuous record of
this interval, which indicated the calcium carbonate depth (CCD)
was very dynamic and shallow during the Eocene, with numerous
excursions of as much as 500m (Lyle et al. 2010; Pilike et al.
2010; 2012). The recovered drill cores represent an exceptional
archive in which modifications of nannoplankton assemblages can
be thoroughly investigated in the equatorial Pacific (Bown and
Dunkley Jones 2012). Relative abundance and semiquantitative
counts of calcareous nannofossils were performed for the middle
Eocene to early Oligocene interval with the two-fold aim to
provide a robust biostratigraphic framework and investigate causes
of environmental-forced change in nannoplankton assemblages.

MATERIALS AND METHODS
Materials

IODP Site U1333 is located in the equatorial Pacific (12°04.0892°N,
142°09.720°W; 5113 mbsl; text-fig. 1) and represents the third
oldest and deepest component of the PEAT depth transect. At Site
U1333, seafloor basalt is overlain by ca. 183 m of pelagic sediment,
dominated by nannofossil and radiolarian ooze with varying
amounts of clay (Expedition 320/321 Scientists 2010; Pilike et
al. 2010). Three holes were cored at the site allowing a complete
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composite section to be constructed with minimal stratigraphic
gaps (Expedition 320/321 Scientists 2010; Westerhold et al.
2012). Depths below seafloor for this composite section are given
in a “adjusted revised meters composite depth” (armcd) scale
as described by Westerhold et al. (2012). The armcd mapping
procedure allows data and samples located outside the spliced
composite record to be placed in the new revised composite depth
scale at each hole and site. We focus our sampling on sediments
from 192.06 to 124.80 armcd in Hole 1333C, with samples
collected every 20 to 40 cm in the interval from 178 to 159 armcd
and about every 100 cm in the basal and upper parts of the section.
The study material consists of biogenic sediments comprising
clayey nannofossil ooze, nannofossil radiolarian ooze, nannofossil
ooze, radiolarian nannofossil ooze, and porcellanite in the middle
to upper Eocene, and alternating very pale brown nannofossil ooze
and yellowish brown nannofossil ooze with radiolarians in the
upper Eocene-lower Oligocene. Mean accumulation rates are about
4-5 m/Myr from 45 to 31 Ma (middle Eocene to early Oligocene)
and increase up to ca. 12 m/Myr from the early Oligocene. In the
Eocene, CaCO, contents vary abruptly between <1 and 74 wt%
because of variations of equatorial Pacific CCD (Pilike et al.
2012). The Eocene paleodepth for IODP Site U1333 is estimated to
have been ca. 3800m and preliminary results reported sediments
with high carbonate content around the MECO event, providing
the opportunity to study the high-carbonate preservation events
(CAEs) in relation to global modification in Earth’s climate (Lyle
et al. 2005; Pilike et al. 2010).

METHODS

Calcareous Nannofossils

We prepared 109 smear-slide samples for calcareous nannofossil
analysis from unprocessed material using standard techniques
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described in Bown and Young (1998). Smear slides were then
analyzed with a Zeiss Axiophot optical microscope, at 1250X
magnification. Calcareous nannofossils were determined using the
taxonomy of Perch-Nielsen (1985) and Aubry (1984; 1988; 1989;
1990; 1999), except for sphenoliths for which we have followed
Fornaciari et al. (2010). The biostratigraphic standard schemes
of Martini (1971) and Okada and Bukry (1980) were applied and
compared with the mid latitude zonal scheme recently published by
Fornaciari et al. (2010). Age calibration of calcareous nannofossil
biohorizons is based on magnetostratigraphic data available for
Site U1333.

The state of preservation, the degree of dissolution and/
or overgrowth of calcareous nannofossil assemblages vary
throughout the study interval. We thus decided to describe every
sample following the qualitative classification proposed by Roth
and Thierstein (1972) and Roth (1983). This approach provides
three main subgroups of samples, that are defined as follows:
1) well preserved (G) for samples with slightly etched and/or
overgrown coccoliths; 2) moderately preserved (M) for samples
with moderate etching and/or overgrowth, 3) poorly preserved (P)
for strongly etched and/or overgrown coccoliths assemblages with
reduced diversity. Additionally a specific classification for etching
and overgrowth is also provided (see Table 1 supplementary data).

Relative abundance analyses, expressed in percentage, were
estimated for species and genera based on counts of at least 300
specimens. Semiquantitative data are determined counting all
calcareous nannofossil specimens present in a prefixed area (1
mm?, 50 fields of view). To monitor the species abundance within
the same genus, a total of 100 specimens belonging to Discoaster
and Sphenolithus were counted following the strategy of Rio et
al. (1990). To provide a more reliable biostratigraphic framework,
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Abundance patterns of Discoaster, total number of specimens in a prefixed area (#/mm2) and CaCO, content (after Pilike et al. 2010) from the IODP
Hole 1333C are plotted against magnetostratigraphy and biostratigraphy (NP—Martini, 1971; Okada and Bukry 1980). The light grey shaded bar em-
phasizes the MECO event that correlates with one of the episodes of CCD shallowing during the Eocene. Chronostratigraphic boundaries are located

following the Geological Time Scale 2012 (GTS2012; Gradstein et al. 2012).

additional counts were carried out in a prefixed area of 9 mm? (three
transects) for Chiasmolithus solitus, C. grandis, C. oamaruensis
and Isthmolithus recurvus, which are index species that are very
rare to virtually missing in the study material.

Magnetostratigraphy and age model

Cleaned paleomagnetic data provide a series of distinct ~180°
alternations in declination and subtle changes in inclination,
which, when combined with biostratigraphic age constraints, allow
a continuous magnetostratigraphy to be constructed that correlates
well with the geomagnetic polarity timescale (Expedition 320/321
Scientists 2010; Pélike et al. 2010; Acton et al., unpublished data).
In Table 1, we report ages and relative positions of bioevents in
relation to magnetochrons based on the GPTS of Cande and Kent
(1995; CK95).

The MECO event is here tentatively correlated with the low
carbonate content interval observed from ca. 174 to 166
armcd, which is associated with a clear decrease in calcareous
nannofossil abundance. In particular, the onset of the MECO
event is placed ca. 500 kyr before the base of Chron CI8r
following Bohaty et al. (2009).

RESULTS AND DISCUSSION

Calcareous nannofossils are present and moderately to poorly
preserved through most of the study material with some short
barren/very impoverished intervals in the middle/upper Eocene.
The study interval spans a complete sequence of nannofossil zones
from middle Eocene Zone NP15 to lower Oligocene Zone NP22
in which fossil assemblages are mainly composed of discoasters,
placoliths and sphenoliths. The relative abundance of Discoaster
and Sphenolithus is highly variable and anti-covariant. Placoliths
are well represented in the assemblages with Dictyococcites
showing a relative abundance pattern similar to that of Discoaster
and opposite to the other placoliths (Reticulofenestra, Coccolithus,
Ericsonia).

Dissolution and preservation

The preservation of carbonate microfossils is mainly affected
by primary and export productivity as well as by water-column
and seafloor chemistry. In particular, at Site U1333, the strength
of dissolution is directly related to the depth/paleodepth and
fluctuations of the CCD of the drilling site (Pilike et al. 2010;
2012; Bown and Dunkley Jones 2012). Estimates of Eocene
equatorial CCD give depths that are shallower than 3.5 km (Lyle
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Abundance patterns of standard and additional calcareous nannofossil index taxa from the IODP Hole 1333C are plotted against magnetostratigraphy
and biostratigraphy (NP—Martini 1971; Okada and Bukry 1980). The light grey shaded bar emphasizes the MECO event that correlates with one of
the episodes of CCD shallowing during the Eocene. Chronostratigraphic boundaries are located following the Geological Time Scale 2012 (GTS2012;

Gradstein et al. 2012).

et al. 2005), with several CCD shallowing phases occurring
during the middle to late Eocene. However, the most striking
change in carbonate sedimentation is the CCD deepening at
the Eocene—Oligocene transition, which produces a shift from
siliceous sediments to calcareous plankton oozes (Pilike et al.
2010).

Overall, coccoliths are found to be more abundant than
foraminifera close to CCD (e.g.; Hay 1970; Mclntyre and
Mclntyre 1971) and are often present even in very low carbonate
sediments. Within the nannofossil assemblages, however, certain
taxa are more resistant than others to dissolution and their
abundance can be investigated with the aim of reconstructing
the degree of dissolution through time (Henriksen et al. 2004;
Hassenkam et al. 2011; Toffanin et al 2011). At Hole U1333C,
the preservation of the calcareous nannofossil assemblages
varies throughout the study succession, from moderate to poor.
In particular, 13 barren samples are found during the MECO
(ca. 172-170 armcd). In the same interval, between 174.40 and
165.15 armcd, an overall decrease in preservation is observed
with samples showing strong dissolution. In general, calcareous
nannofossil assemblages are strongly affected by dissolution,
ranging from moderate (etching level E-2) below and above the
critical interval to strong (etching level E-3) during the event.

The degree of preservation of an assemblage is affected by
two main factors, calcite overgrowth and dissolution (Roth and
Thiestein 1972; Roth 1983). In our samples, overgrowth processes
are sporadically occurring only in large specimens of heavily-
calcified genera, for instance, Discoaster, Reticulofenestra and
Dictyococcites. In general, overgrowth blurs species specific
features making correct identification of species difficult. The
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overgrowth process is thus able to modify the relative abundance
of some taxa within the assemblage, because of incorrect
identification, but does not significantly alter the absolute
abundance of calcareous nannofossil taxa. On the contrary,
dissolution, which is by far the most common process affecting
calcareous nannofossil assemblages in our material, is species
preferential and therefore alters both the relative and absolute
abundance of calcareous nannofossil taxa (Roth and Thierstein
1972). The way by which dissolution modifies calcareous
nannofossil assemblages is twofold. Firstly, it lowers the total
number of taxa observed (species richness), dissolving the more
fragile species almost completely. This mechanism eventually
results in higher relative abundances of dissolution-resistant taxa
and lower relative abundance or even absence of more delicate
species (Bornemann and Mutterlose 2008). Secondly, it causes
the decrease of absolute abundance of calcareous nannofossils
taxa, even the more resistant and robust ones. The stronger the
dissolution, the lower the number of specimens in a prefixed area.

Looking back over our data, if dissolution would have severely
affected nannofossil taxa, the assemblage should be dominated
by dissolution-resistant taxa, such as Discoaster (Adelseck et al.
1973). The absolute and relative abundance patterns of discoasters
are thus used to evaluate the degree of dissolution. Actually, this
genus shows a prominent decrease in the number of specimens
present in a prefixed area (mm?). Indeed a remarkable increase in
the relative abundance of discoasters was also observed. These
two abundance patterns, that seem apparently irreconcilable,
are on the contrary easily explained if we consider the fossil
calcareous nannofossil assemblage as the result of a pristine
assemblage altered/biased by preferential dissolution, where
even the most resistant taxa decrease in absolute abundance,
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used to calibrate this biohorizon is that of CK95 (see also Table 1).

but obviously increase their relative abundance becoming the
dominant taxa in dissolved assemblages.

Changes in the absolute and relative abundance of calcareous
nannofossils observed during the MECO are correlated with
an episode of CCD shallowing (text-fig. 2; Bohaty et al. 2009;
Pilike et al. 2010). Very similar modifications are found to recur
at least two more times before the end of the Eocene virtually
mirroring CaCO, contents and CCD reconstruction. At the base
of the Rupelian, a final increase in the absolute abundance of
calcareous nannofossils is associated with a prolonged increase
in carbonate content suggesting a permanent deepening of the
equatorial Pacific CCD (text-fig. 2; Pilike et al. 2010; 2012).

Calcareous nannofossil biostratigraphy

Calcareous nannoplankton first appeared in the Late Triassic as
low diversity assemblages and rapidly radiated during the Early
Jurassic (Bown et al. 2004). From that time they have colonized
the oceans and their abundance, wide geographic distribution
and rapid evolution have been used in biostratigraphy. In fact,
the stratigraphic distributions of calcareous nannofossil taxa
are utilized to construct a number of standard biozonations.
For the Paleogene interval these biostratigraphic frameworks
have been assembled by Martini (1971) and Okada and Bukry
(1980), but more recently, other authors (i.e.; Catanzariti et al.
1997; Fornaciari et al. 2010) have proposed new biostratigraphic
schemes for the middle Eocene-early Oligocene interval.

Here, we identified the biohorizons of the Paleogene standard
zonations of Martini (NP; Martini 1971) and Okada and Bukry
(CP; Okada and Bukry 1980), as well as those of the mid latitude
biostratigraphic zonal scheme of Catanzariti et al. (1997),
integrated by Fornaciari et al. (2010). The following biohorizons
were used: Base (B), Base common (Bc), Top common (Tc),
Top (T) and Cross-over (X) following Backman et al. (2012)..
Additionally, we used two types of biohorizons based on intervals
in which the abundance of a certain taxon is significantly more
abundant than in the rest the stratigraphic record (acme interval).
We thus refer to as the Base of increased abundance (Bi) where
a notable increase in abundance of a certain taxon is observed,
while we define the Top of increased abundance (Ti) where the
same taxon shows a remarkable decrease in abundance.

Micropaleontology, vol. 59, no. 1, 2013

Abundance patterns of the index species adopted in considered
zonal schemes are reported in text-figure 3. Images of the
standard markers and several other calcareous nannofossil taxa
are provided in Plates 1-2. The taxonomic list of taxa observed
during this study is available in Appendix 1.

Standard calcareous nannofossil biohorizons

The Base of Reticulofenestra umbilicus

The Base of R. umbilicus defines the base of CPl4a Zone of
Okada and Bukry (1980) and is used to approximate the base of
NP16 Zone of Martini (1971) when Blackites gladius is missing
(Perch-Nielsen 1985). At Hole 1333C the Base of R. umbilicus
>14pm occurs within Chron C19r (184.55 +0.75 armcd; Table 1),
consistent with previous findings (Wei and Wise; 1989; Jovane
et al. 2007; Fornaciari et al. 2010). The taxonomic concept of
R. umbilicus proposed by Backman and Hermelin (1986), which
includes all specimens >l4um, is now commonly accepted
and the more recent calibrations based on this morphometric
definition seem to minimize the large discrepancies existing in
previous age estimations.

The Top of Blackites gladius

The Top of the B. gladius defines the base of NP16 Zone of
Martini (1971). This species is very fragile and tends not to be
preserved in deep-sea sediments (e.g. Bukry et al. 1971; Backman
1986) and is seldom reported from deep-sea settings (Wei and
Wise 1989). Here, the species is absent likely because of the poor
preservation, thus preventing its use for biostratigraphic aims.

The Top of Chiasmolithus solitus

The Top of Chiasmolithus solitus defines the base of Zones
NP17 and CP14b (Martini 1971; Okada and Bukry 1980). The
species is reported to be scarce in low latitude sediments and
diachronous at different latitudes (Perch-Nielsen 1985; Wei
and Wise 1992; Aubry 1992; Villa et al. 2008; Fornaciari et al.
2010). At Hole 1333C, C. solitus is present but very rare up to ca.
160 armcd (159.95 + 0.20; Table 1), in the upper part of Chron
C18n.1n. This datum is quite consistent with recent findings from
mid-high latitudes (Villa et al. 2008; Fornaciari et al. 2010) but
some previous studies reported a final extinction of this taxon in
Chron C18r in low-mid latitude areas (Poore et al. 1984; Wei and
Wise 1989; 1990a).

The Top of Discoaster bifax

The Top of D. bifax is used by Okada and Bukry (1980) to mark
the base of CP14b Zone. This species is usually common in
equatorial sediments (e.g., Bukry 1973) and rare/absent at middle
to high latitudes (Percival 1984; Proto Decima et al. 1975; Nocchi
et al. 1988; Wei and Wise 1989; 1992; Wei and Thierstein 1991,
Marino and Flores 2002a; b; Fornaciari et al. 2010). At Hole
1333C, only few specimens of D. bifax were observed during the
analysis within CP16 Zone, a more continuous presence has been
reported by Bown and Dunkley Jones (2012). The Top of D. bifax
is not used in this study.

The Base of Chiasmolithus oamaruensis

The Base of this species defines the base of NP18 Zone and
is secondarily used to define the CP15a Zone as a secondary
biohorizon (Martini 1971; Okada and Bukry 1980). Previous
authors reported a rare presence of C. oamaruensis from
low latitude areas (e.g., Wei and Wise 1989). These data are
confirmed by the absence of this taxon at Site 1333 and, overall,
in equatorial Pacific sites (U1331-U1334; Bown and Dunkley
Jones 2012).
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TABLE 1

The positions of biohorizons are reported together with their chron notations and age estimations.

Type Depth | Depth | Depth | Depth Depth Depth | Average Depth Average Age
?fj Species Sample Base (:::‘) Sample Top (:’:) Bal;e T:p Bar;e T:p Ba';e T:p Dept: UncenZinty * g:;:': CT';'::' Ag'(”;:se‘ Ag(;‘la')op’ Ageg Uncer!;inty

event (mbsf) | (mbsf) | (rmcd) | (rmed) | (armed) | (armed) | (armcd) m) (Ma) (xm)
T E. formosa U1333C-14H-1 | 135 | U1333C-13H-7 70 | 108,950 | 107,800 | 130,850 | 126,800 | 130,850 | 126,639 | 128,745 2,106 C13n C12r 33,320 32,944 33,132 0,188
|Bi C. subdistichus U1333C-14H-5 | 35 | U1333C-14H-4 | 85 | 113,950 | 112,950 | 135,850 | 134,850 | 135,850 | 134,850 | 135,350 0,500 C13r |C13n/C13] 34,093 33,720 33,906 0,186
T D. saipanensis U1333C-14H-5 | 135 | U1333C-14H-5 35 | 114,950 | 113,950 | 136,850 | 135,850 | 136,850 | 135,850 | 136,350 0,500 C13r C13r 34,466 34,093 34,279 0,186
Bc I recurvus U1333C-15H-4 | 45 | U1333C-15H-3 | 95 | 122,050 | 121,050 | 144,250 | 143,250 | 144,250 | 143,250 | 143,750 0,500 C16n.2n | C16n.2n 36,160 36,003 36,082 0,079
Ba S. intercalaris U1333C-15H-4 | 45 | U1333C-15H-3 | 95 | 122,050 | 121,050 | 144,250 | 143,250 | 144,250 | 143,250 | 143,750 0,500 C16n.2n | C16n.2n 36,160 36,003 36,082 0,079
T S. obtusus U1333C-17H-2 5 U1333C-17H-1 | 115 | 132,650 | 132,250 | 158,350 | 157,950 | 158,350 | 157,950 | 158,150 0,200 C18n.1n [ C18n.1n 38,587 38,537 38,562 0,025
T C. grandis U1333C-17H-2 | 45 | U1333C-17H-2 5 133,050 | 132,650 | 158,750 | 158,350 | 158,750 | 158,350 | 158,550 0,200 C18n.1n | C18n.1n 38,637 38,587 38,612 0,025
T C. solitus U1333C-17H-3 | 35 | U1333C-17H-2 | 145 | 134,450 | 134,500 | 160,150 | 159,750 | 160,150 | 159,750 | 159,950 0,200 C18n.1n | C18n.1n 38,813 38,763 38,788 0,025
1B S. obtusus U1333C-17H-6 5 U1333C-17H-5 | 115 | 138,650 | 138,250 | 164,350 | 163,950 | 164,350 | 163,950 | 164,150 0,200 C18n.1n | C18n.1n 39,339 39,289 39,314 0,025
Bc D. hesslandii U1333C-18H-5 | 105 | U1333C-18H-5 85 | 146,290 | 146,090 | 172,790 | 172,590 | 172,790 | 172,590 | 172,690 0,100 C18r C18r 40,432 40,410 40,421 0,011
Bc D. bisectus U1333C-18H-5 | 105 | U1333C-18H-5 | 85 | 146,290 | 146,090 | 172,790 | 172,590 | 172,790 | 172,590 | 172,690 0,100 C18r C18r 40,432 40,410 40,421 0,011
T S. furcatolithoides U1333C-18H-6 | 137 | U1333C-18H-6 | 115 | 148,110 | 147,890 | 174,610 | 174,390 | 174,610 | 174,390 | 174,500 0,110 C18r C18r 40,626 40,602 40,614 0,012
B R. umbilicus U1333C-20H-3 | 25 U1333C-20H-2 | 25 | 157,350 | 155,850 | 185,300 | 183,800 | 185,300 | 183,800 | 184,550 0,750 C19or C19r 42,012 41,647 41,829 0,182

Depth scales:
mbsf = meters below seafloor as measured by the drill pipe on Expedition 320

rmed = revised meters composite depth (also referred to as revised CCSF-A). This is based on correlation between holes U1333A, B, and C from Westerhold et al. (2012
armed = adjusted revised meters composite depth (also referred to as adjusted revised CCSF-A). Adjustments made to the rmcd to improve between hole correlation from Westerhold et al. (2012)
' Ages are based on magnetostratigraphy of Site U1333 from Acton et al. (unpublished data) and the composite GPTS of Expedition 320 (llike et al. 2010).
The composite timescale is based on GPTS2004 (Lourens et al., 2004) from C6n down to the base of C6n.2n, on Pélike et al. (2006) down to the base of C19n, and on Cande and Kent (1995) for older chron

* Chron Base gives the chron in which the sample base occurs. Chron Top gives the chron in which the sample top occurs

The Top of Chiasmolithus grandis

The Top of C. grandis defines the base of CP15a Zone (Okada and
Bukry 1980). The species is previously reported to be common
at low to middle latitudes (Wei and Wise 1990a) but shows low
frequencies and discontinuous presence, albeit counted in 9mm?,
at Hole 1333C. At this hole, C. grandis is present from the base
of the section up to the upper part of Chron C18n.In (158.55 +
0.20 armcd; Table 1). Recent data from middle latitudes suggests
a significant decrease in abundance of this taxon, that the authors
named Highest Common Occurrence (HCO), just in the upper
part of Chron C18n.1n (Fornaciari et al. 2010). Our results on the
Top of C. grandis seem to be consistent with this, but provide
an older age estimate for the last occurrence of this species,
observed at Chron C17n.2n by the same authors (text-fig. 04). At
Hole 1333C, the extinction of C. grandis thus occurs well before
most of the published calibrations, except for findings of Monechi
and Thierstein (1985), which observed the final presence of this
taxon in the upper part of Chron C18n in the Mediterranean area.
On this basis, we find that this biohorizon is either diachronous
or inconsistent and should thus be used with caution.

The Base and Base common of Isthmolithus recurvus

The Base of I. recurvus defines the base of NP19-NP20 Zone
and CP15b Subzone (Martini 1971; Okada and Bukry 1980).
Data available from the literature provide a peculiar abundance
pattern for this species, a first occurrence (B) lying within Chron
C17n.1n is followed by a temporary absence and eventually by a
common and continuous presence (Bc) of this taxon (Backman
1987; Catanzariti et al. 1997; Villa et al. 2008; Fornaciari
et al. 2010; Fioroni et al. 2012). At Hole 1333C, I. recurvus is
extremely rare and the first specimens ascribable to this taxon
were recorded only in basal part of Chron C16n.2n (143.75 +
0.50 armcd; Table 1), where the Be of this species was usually
found to occur (e.g., Fornaciari et al. 2010). The absence of this
taxon before Chron C16n.2n is likely explained by its unevenly
distribution in equatorial Pacific due to its preferences for cooler
waters (e.g., Berggren et al. 1995).

The Top of Discoaster saipanensis

The Top of Discoaster saipanensis marks the base of Zone
NP21 (Martini 1971), whereas the Tops of D. saipanensis and
D. barbadiensis, define the base of Subzone CP16a (Okada and
Bukry 1980). At Hole 1333C, the Top of the latter two species
are well recorded at 136.92 armcd (136.35 +0.50 armcd; Table I)
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within Chron C13r. The extinction of rosette-shaped discoasters
is clearly diachronous if high and low-middle latitude data are
compared (Wei and Wise 1990a; Arney and Wise 2003; Persico
and Villa 2004; Villa et al. 2008). In fact, this event has an
age of ca. 40 Ma at ODP Site 748 (Villa et al. 2008, Fioroni
et al. 2012) but is found consistently within Chron C13r at low-
middle latitudes (Berggren et al. 1995). Our data from Hole
1333C support the idea that the disappearance of rosette-shaped
discoasters at high latitudes was environmentally controlled and
considerably precedes the final presence of these taxa at low-
middle latitudes.

The Acme of Clausicoccus subdistichus

The Top of increased abundance (Ti) of Clausicoccus
subdistichus defines the base of the CP16b Subzone (Okada and
Bukry 1980). Clausicoccus subdistichus is reported to be quite
common in the basal Oligocene of some sections while it can
be very rare or absent in others (Perch-Nielsen 1985). Following
Backman (1987), we instead use the Base of increased abundance
(Bi) of Clausicoccus subdistichus both to subdivide the NP21
Zone and mark the base of the CP16b Subzone. This biohorizon
seems to represent the best available nannofossil marker to
approximate the base of the Oligocene being consistently found
in the upper part of Chron C13r (e.g., Backman 1987; Coccioni et
al. 1988; Berggren et al. 1995, Marino and Flores 2002; Hyland
et al. 2009). At Hole 1333C, C. subdistichus and Clausicoccus
generally show a notable increase in abundance at 134.45 armed
(135.35 £ 0.50 armcd; Table 1) and remain abundant up to the
top of the studied section. The Bi of C. subdistichus is thus a
clear event that can serve to approximate the Eocene-Oligocene
boundary. However, the Ti of C. subdistichus is not well defined,
because specimens ascribable to this taxon are still present and
common even after the Top of Ericsonia formosa (128.17 = 1.53
armcd), well above the base of the Oligocene.

The Top of Ericsonia formosa

The Top of E. formosa defines the base of NP22 Zone and CP16¢
Subzone (Martini 1971; Okada and Bukry 1980). This event is
considered diachronous between low-mid latitudes (Nocchi et
al. 1986; Premoli et al. 1988; Backman 1987; Berggren et al.
1995; Marino et al. 2002b), where it was found to occur from
the uppermost part of Chron C13n and lower part of Chron C12r,
and southern high latitudes, where it is present up to Chron C18
(Berggren et al. 1995).



APPENDIX 1
Taxonomic list.

Blackites gladius (Locker 1967) Varol, 1989

Chiasmolithus altus Bukry and Percival, 1971

Chiasmolith consuetus (Bramlette and Sullivan) Hay and Mohler, 1967
Chiasmolithus oamaruensis (Deflandre, 1954) Hay et a., 1966
Chiasmolithus grandis (Bramlette and Riedel) Radomski, 1968
Chiasmolithus solitus (Bramlette and Sullivan) Locker, 1968
Clausicoccus subdistichus (Roth and Hay, in Hay et al., 1967) Prins, 1979
Coccolithus cachaoi (Bown, 2005)

Coccolithus eopelagicus (Bramlette and Riedel) Bramlette and Sullivan, 1961
Coccolithus pelagicus (Wallich) Schiller, 1930

Cribrocentrum erbae (Fornaciari et al., in Fornaciari et al., 2010)
Cribrocentrum isabellae (Catanzariti et al., in Fornaciari et al., 2010)
Cyclicargolithus (Bukry, 1971)

Dictyococcites (Black, 1967)

Dictyococcites bisectus (Hay, Mohler and Wade) Bukry and Percival, 1971
Dictyococcites hesslandi (Haq) Haq and Lohmann, 1976
Discoaster barbadiensis Tan, 1927

Discoaster bifax Bukry, 1971

Discoaster binodosus Martini, 1958

Discoaster deflandrei Bramlette and Riedel, 1954

Discoaster gemmifer Stradner, 1961

Discoaster lenticularis Bramlette and Sullivan, 1961

Discoaster lodoensis Bramlette and Riedel, 1954

Discoaster mirus Deflandre, 1969

Discoaster saipanensis Bramlette and Riedel, 1954

Discoaster strictus Stradner, 1961

Discoaster subodoensis Bramlette and Sullivan, 1961

Discoaster tanii Bramlette & Riedel, 1954

Discoaster tanii var. nodifer (Bramlette and Riedel 1954)
Discoaster wemmelensis Achuthan and Stradner, 1969

Ericsonia formosa (Kamptner 1963) Hai 1971

Ericsonia subpertusa Hay and Mohler, 1967

Helicosphaera bramlettei (Muller) Jafar and Martini, 1975
Helicosphaera compacta Bramlette and Wilcoxon, 1967
Helicosphaera dinesenii Perch-Nielsen, 1971

Helicosphaera heezenii (Bukry) Jafar and Martini, 1975

Hughesius (Varol, 1989)

Isthmolithus recurvus Deflandre, 1954

Lanternithus minutus Stradner, 1962

Neococcolithes minutus (Perch-Nielsen) Perch-Nielsen, 1971
Pontosphaera multipora (Kamptner) Roth, 1970
Pseudotriquetrorhabdulus Wise in Wise and Constans, 1976
Reticulofenestra Hay et al., 1966

Reticulofenestra daviesii (Haq) Haq, 1971

Reticulofenestra umbilicus (Levin), Martini and Ritzkowski, 1968
Rhabdolitus Kamptner ex Deflandre in Grass, 1952

Sphenolithus distentus (Martini) Bramlette and Wilcoxon, 1967
Sphenolithus furcatolithoides Locker, 1967

Sphenolithus intercalaris Martini, 1976

Sphenolithus moriformis (Brénnimann and Stradner) Bramlette and Wilcoxon, 1967
Sphenolithus obtusus Bukry, 1971

Sphenolithus radians Deflandre, 1952

Sphenolithus richteri Bown and Dunkley Jones, 2012

Sphenolithus spiniger Bukry, 1971

Thoracosphaera Kamptner, 1927

Toweius eminens Bramlette and Sullivan, 1961

Transversopontis Hay, Mohler and Wade, 1966

Watznaueria Reinhardt 1964

At Hole 1333C, the species was quite common and its final
presence was observed at the Chron13n/C12r transition (128.75 +
2.11 armcd; Table 1), consistent with most of the low-mid latitude
data available and additional data from the equatorial Pacific
(Bown and Dunkley Jones 2012).

Additional calcareous nannofossil biohorizons

In the equatorial Pacific, poor preservation of study material and
low abundances for a number of marker species utilized in standard
zonations prevent a full recognition of all standard biohorizons,
which thus implies a poor biostratigraphic resolution. To improve
this, we have integrated standard bioevents with some additional
calcareous nannofossil datums recently proposed by Catanzariti et
al. (1997) and Fornaciari et al. (2010). Comments on these additional
biohorizons are provided in the following in stratigraphic order:

The Base, Base common and Top of Cribrocentrum
reticulatum

The appearance and disappearance datums of this species have
been employed in middle-late Eocene regional biostratigraphy
(Wei and Wise 1989, 1990a, Berggren et al. 1995; Catanzariti et
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al. 1997, Marino and Flores 2002, Fornaciari et al. 2010) and its
first appearance has been proposed for approximating the base of
the Bartonian (Berggren et al. 1995; Flugeman 2007). Published
calibrations for the first appearance of C. reticulatum are not
consistent, ranging from Chron C20r to Chron C18n, likely because
of rare and discontinuous presence of C. reticulatum in its initial
stratigraphic distribution (see discussion in Fornaciari et al. 2010).
However, the B_ of C reticulatum has been consistently found at
the base of Chron C18r and seem to be a more reliable biohorizon
(Berggren et al. 1995; Fornaciari et al. 2010). Unfortunately at Hole
1333C strong dissolution in calcareous nannofossil specimens often
produces the partial/total loss of the central area, which inhibits
straightforward recognition and reliable distribution patterns for this
taxon (see also Bown and Dunkley Jones 2012). The same reasoning
holds true even for the Top of this taxon at least in equatorial Pacific
material preventing determination of this biohorizon.

The Top of Sphenolithus furcatolithoides

The Top of S. furcatolithoides is one of the clearest biohorizons of
the late part of the middle Eocene and it is consistently found in the
upper part of Chron C18r shortly preceding the Be of D. bisectus and
D. hesslandii (Proto Decima et al. 1975; Perch-Nielsen 1977; Parisi
et al. 1988; Nocchi et al. 1988; Firth 1989; Wei and Wise 1989; 1992;
Okada 1990; Bralower and Mutterlose 1995; Mita 2001; Marino
and Flores 2002a; b). At IODP Hole 1333C, S. furcatolithoides
goes extinct in the upper part of Chron C18r (174.50 + 0.11 armcd;
Table 1) just before the Bc of D. bisectus and D. scrippsae thus
maintaining the same stratigraphic position even in this area.

The Base common of Dictyococcites bisectus

The taxonomic ambiguities in defining D. bisectus essentially
derive from different morphometric definitions. Here, we have
decided to follow the generally accepted advice of Bralower and
Mutterlose (1995), who proposed 10um as lower limit for the size
of this taxon. This clarification makes the biostratigraphic use of
D. bisectus more useful. Although some specimens of D. bisectus
have been reported before Chron C18r (Mita 2001; Larrasoaiia et
al. 2008), the remarkable increase in abundance in the upper part
of Chron Cl18r is considered to be a very promising datum since
it is associated with two other clear biohorizons (i.e., the Bc of D.
hesslandii and the Top of S. furcatolithoides). At Hole 1333C, the
Bc of D. bisectus has been observed in the upper part of Chron C18r
(172.69 + 0.10 armcd; Table 1), consistent with previous results (e.g.,
Backman 1987; Bralower and Mutterlose 1995; Fornaciari et al.
2010), and very close to the onset of the MECO event. This large
dataset indicates that this biohorizon is one of the more reliable
bioevents of this interval.

The Base common of Dictyococcites hesslandii

The Bc of D. hesslandii is one of the biohorizons found close to
the Bc of D. bisectus in the upper part of Chron Cl18r, during the
MECO event (Backman 1987; Fornaciari et al. 2010). Since this
species has a problematic taxonomy, we clarify our taxonomic
concept of D. hesslandii, which includes specimens smaller than
10 pm, with an elliptical outline, a solid central area composed by
radial calcite elements and continuous extinction lines (see also
Fornaciari et al. 2010). At Hole 1333C this taxon shows is common
and consistently present from the upper part of Chron C18r (172.69
+0.11 armced; Table 1) and coincident with the prominent increase in
abundance of D. bisectus. This datum represents a good biohorizon
especially if used together with the Be of D. bisectus and the Top of
S. furcatolithoides.

The Top common of Sphenolithus spiniger

The Tc of S. spiniger has been recently considered by Fornaciari
et al (2010) in their new biozonation. This taxon shows a rare
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and discontinuous presence in the poorly preserved material
recovered at Hole 1333C. However, data available from Hole
1333A (Bown and Dunkley Jones 2012) show that S. spiniger
disappears close to the Top of S. furcatolithoides coincident with
a barren to semi-barren interval correlative to the MECO. This
pattern is consistent with data reported in low-mid latitude areas
(e.g. Fornaciari et al. 2010).

The Base and Top of Sphenolithus obtusus

The stratigraphic distribution of S. obfusus has been constrained
in the middle Eocene by a number of previous works (Bukry
1973; Nocchi et al. 1988; Wei and Wise 1989; 1992; Okada 1990).
In particular, Fornaciari et al. (2010) use the Base and Top of this
taxon to redefine and subdivide the NP17 Zone of Martini (1971).
These authors report the Base of S. obtusus in the lower part of
Chron C18n at the transition between Chron C18n.1n and Chron
C17r. Our data from Hole 1333C confirm the same positions with
respect to the GPTS, which are the lower part of Chron C18n.1n
for the Base (164.15 + 0.20 armcd; Table 1) and uppermost part
of Chron C18n.1n for the Top (158.15 + 0.20 armcd; Table 1),
respectively.

The Acme of Cribrocentrum erbae and the Base of
Cribrocentrum isabellae

The Bi of Cribrocentrum erbae and the Base of Cribrocentrum
isabellae have been proposed by Fornaciari et al. (2010) to
redefine and subdivide the NP18 Zone of Martini (1971). These
biohorizons seem to be extremely reliable at least at low-mid
latitudes, however, the strong dissolution in the deep equatorial
Pacific have biased the assemblage, virtually removing all the
specimens belonging to genus Cribrocentrum. Nevertheless,
data available from the shallower Site U1334 have confirm the
presence of an acme of C. erbae at the base of Zone NP18 (Bown
and Dunkley Jones 2012), suggesting that this biohorizon is still
to be considered very promising.

The Acme of Sphenolithus intercalaris

Martini (1971) formally describes S. intercalaris from sediments
recovered during DSDP Leg 33 in the Central Pacific giving a
biostratigraphic distribution restricted between NP16 Zone and
NP21 Zone (middle-late Eocene to early Oligocene; 1976). Perch-
Nielsen (1985) reported an even more limited distribution in

Zones NP17-NP18. However, more recently Bown (2005) found
this taxon to be present in the upper Eocene-lower Oligocene
sediments recovered at the Shatsky Rise (Northwest Pacific).
Our data from Hole 1333C are consistent with previous results
from the Pacific Ocean (Martini 1976; Bown 2005) and provide
evidence for a remarkable increase of S. intercalaris between
143.75 and 136.35 armcd (NP21 Zone or MNP21A Zone; Table
1), where this taxon represents more than 50% of the total
assemblage of the sphenoliths. This interval is here referred to
as the Acme of S. intercalaris and correlates with the late part of
the Priabonian just preceding the Eocene-Oligocene boundary.
This biohorizon is prominent at Hole 1333C but should be tested
over wider areas in order to be used for regional correlations.

CONCLUSIONS

A high-resolution calcareous nannofossil biostratigraphy was
carried out at Hole 1333C in the equatorial Pacific Ocean. The
middle Eocene-early Oligocene study section encompasses
nannofossil Zones NP15-NP22 and Chrons C20r-C12r. We
have analyzed more than 20 biohorizons in an 11 Myr time
interval, from ca 44 Ma to 33 Ma. A number of these biohorizons
are used in standard zonations (Martini 1971; Okada and Bukry
1980) but not all of them are usable in our material because of
the uneven distribution of some marker species. For this reason
we tested additional bioevents and some of these proved to be
reliable and reproducible over wide areas, including the Top of
S. furcatolithoides, the Base and Top of S. obtusus and the Bc
of D. hesslandii and D. bisectus. However, others are affected
by the pervasive dissolution of the study material, which has
profoundly altered the abundance of taxa, especially those more
prone to dissolution. The preservation of carbonate sediments is
an important issue in the equatorial Pacific because it is highly
variable during the Eocene, where several shallowing events
of the CCD, mirroring the CaCO, content, are found to occur.
Calcareous nannofossil absolute and relative abundance can
be used as a proxy of degree of dissolution of the assemblage/
changes and thus of carbonate preservation through time.
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PLATE 1
Microphotographs of calcareous nannofossil from the ODP Leg 320, Site U1333
in the middle and late Eocene interval. All specimens x1000.

1-2 Coccolithus eopelagicus. Sample 320-U1333C-16H-3W,
45 1 Crossed nicols. 2 Parallel light, 3-4. Coccolithus
pelagicus. Sample 320-U1333C-18H-8W, 15.

3 Crossed nicols.
4 Parallel light.

5-6 Ericsonia formosa. Sample 320-U1333C-14H-1W, 135. 5
Crossed nicols. 6 Parallel light.

7-8 Coccolithus cachaoi Sample 320-U1333C-20H-6W, 75. 7
Crossed nicols. 8 Parallel light.

9-10  Chiasmolithus solitus. Sample 320-U1333C-17H-3W, 35.9
Crossed nicols. 10 Parallel light.
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11-12  Chiasmolithus grandis. Sample 320-U1333C-17H-3W, 35.
11 Crossed nicols. 12 Parallel light.

13-14  Chiasmolithus grandis. Sample 320-U1333C-17H-2W, 45.
13 Crossed nicols. 14 Parallel light.

15-16 Dictyococcites bisectus. Sample 320-U1333C-18H-5W,
65. 15 Crossed nicols. 16 Parallel light.

17 Dictyococcites hesslandii. Sample 320-U1333C-15H-5W,
95. Crossed nicols.

18 Cyclicargolithus floridanus. Sample 320-U1333C-20H-2W,
25. Crossed nicols.

19  Reticulofenestra umbilicus. Sample 320-U1333C-18H-8W,
75. 19 Crossed nicols. 20 Parallel light.
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PLATE 2
Microphotographs of calcareous nannofossil from the ODP Leg 320, Site U1333 in the Middle and Late Eocene interval.
All specimens x1000.

1 Clausicoccus subdistichus; Sample 320-U1333C-14H-4W,
5. Crossed nicols.

2-4 Sphenolithus furcatolithoides. Sample 320-U1333C-18H-6W,
137. 2. Crossed nicols 0°. 3. Crossed nicols 30°. 4. Crossed
nicols 45°.

5 Sphenolithus moriformis. Sample 320-U1333C-18H-8W, 35.
Crossed nicols 0°.

6-8 Sphenolithus cf. richteri. Sample 320-U1333C-18H-7W, 145.
6. Crossed nicols 0°. 7. Crossed nicols 30°. 8. Crossed nicols
45°,

9-11 Sphenolithus predistentus | S. distentus intergrade. Sample

320-U1333C-13H-7W, 70. 9. Crossed nicols 0°. 10. Crossed
nicols 30°. 11. Crossed nicols 45°.
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12 Thoracosphaera sp.; Sample 320-U1333C-17H-4W, 125.
Crossed nicols.

13-15 Sphenolithus obtusus. Sample 320-U1333C-17H-5W, 115.
13. Crossed nicols 0°. 14. Crossed nicols 30°. 15. Crossed
nicols 45°.

16 Discoaster saipanensis; Sample 320-U1333C-4H-1W, 135.
Crossed nicols.

17 Discoaster barbadiensis; Sample 320-U1333C-4H-1W,
135. Crossed nicols.

18 Discoaster deflandrei; Sample 320-U1333c-14H-3W, 55.
Crossed nicols.

19-20 Isthmolithus recurvus. Sample 320-U1333C-14H-7W, 65.
19 Crossed nicols. 20 Parallel light.
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