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Abstract Integrated Ocean Drilling Program Expedition 320 cored six sites and 16 holes (Sites U1331-U1336)
as part of the Pacific equatorial age transect, recovering a virtually complete composite section ranging from upper
Pleistocene to lower Eocene. In general, the successions comprise abyssal biogenic sediments with nannofossil- and
radiolarian-ooze end members. Stratigraphic highlights include recovery of richly nannofossiliferous Oligocene suc-
cessions and complete Eocene/Oligocene and Oligocene/Miocene boundaries at four sites: U1331 through U1334 and
U1332 through U1336, respectively. Here, we present a taxonomic overview of the Paleogene nannofossil assemblages
from Sites U1331-1334, illustrating 163 taxa and including the description of 11 new species (Reticulofenestra moorei,
Reticulofenestra westerholdii, Coccolithus scheri, Cruciplacolithus? klausii, Calcidiscus? edgariae, Calcidiscus? ka-
mikurii, Helicosphaera robinsoniae, Pedinocyclus gibbsiae, Discoaster williamsii, Sphenolithus kempii, Sphenolithus
richteri, Sphenolithus peartiae) and two new combinations (Calcidiscus? detectus, Coccolithus biparteoperculatus).

Keywords Paleogene, Eocene, Oligocene, Pacific, taxonomy, calcareous nannofossils

1. Introduction

Integrated Ocean Drilling Program Expedition (IODP
Exp.) 320 (March-May 2009) cored six sites and 16 holes
(Sites U1331-U1336; Figure 1) as part of the Pacific
equatorial age transect (PEAT), recovering a virtually
complete composite section ranging from upper Pleisto-
cene to lower Eocene, representing 51 Ma of Earth his-
tory. The main objective of the PEAT is to study key in-
tervals of Cenozoic climate history via a transect of sites
all drilled at the palaco-Equator. The drilling strategy was
optimised to enhance the recovery of the calcareous sedi-
ments required for many palaeoceanographic proxy meth-
odologies. This was achieved by targeting sediments that
were deposited above the carbonate compensation depth
(CCD) on what was young, shallow crust near to the East
Pacific Rise ridge axis. These sediment packages were
subsequently transported away from the ridge axis by
the north-westward drift of the Pacific plate (Pilike ef al.
2010), such that sites targeting the oldest intervals (early/
middle Eocene), were furthest from the modern ridge axis
and situated on the oldest/deepest oceanic crust and those
targeting more recent intervals (Miocene) were closer to
the modern ridge axes on young/shallow crust.

The youngest 12 million year portion of the Exp. 320
record (middle Miocene to Recent) was only well repre-
sented at Site U1335 and elsewhere only present as a rela-
tively thin (5-12m) veneer of non-calcareous brown clay
(Figure 2). The targeted lower Eocene to lower Miocene
stratigraphy, however, was well recovered and compris-
es a continuous succession of biogenic sediments, with
nannofossil- and radiolarian-ooze end members, across
this interval. Chert and porcellanite levels were present
in the lower parts of Sites U1331, U1332 and U1336,
whilst turbidites (with reworked microfossils) were pres-
ent in limited horizons at Sites U1331 and U1335. All
the sites contribute near-continuous successions to the
overall composite section, with stratigraphic highlights

60°N
40°
Hawaii
20° .
Pacific Ocean o
ol PEAT ° %o,
Sites
20°S
100°E 120° 140° 160° 180° 160° 140° 120° 100° 80° 60°W

30°N [
|
200 | I
. : I
I ~ U1331, U1 B2 |
10° I = + o O+0U1336 o 1
U1334  _U1335
| qjpperton B2 ¥ 11337 I
el 0 ToUu1338
o I st s + 1
| GawepagosTo I
I . Marquesas F-Z- |
10° PR v =5 i 1
| Papeete - - ==
Tahiti + 1000 km
20°s MRl e N e
160°W  150° 140° 130° 120° 110°

6 5 4 3 2
Water depth (km)
Figure 1. Location map of the sites drilled during IODP Expeditions
320 and 321. Previous DSDP and ODP sites are shown in white. FZ. =
fracture zone. The positions of Honolulu and Papeete are indicated for
orientation (after Pilike et al., 2010).
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including the recovery of complete Eocene/Oligocene
and Oligocene/Miocene boundaries at four sites: U1331
through U1334 and U1332 through U1336, respectively.
The complementary IODP Expedition 321 (May-July
2009) cored a further two sites (Sites U1337-1338), as
an integral part of the PEAT, focussing on the Miocene-
Pleistocene interval. This completed the recovery of a
continuous section of early Eocene to Pleistocene sedi-
ments from beneath the Pacific palaco-equator (Pilike et
al.2010). These sections provide excellent records of the
biotic response to periods of rapid environmental change
in the principal phytoplanktonic and zooplankton groups
and the benthic foraminifera.

Initial biostratigraphic results are published in Pélike
et al. (2010) and high resolution integrated stratigraphic,
isotopic and palaeoecological studies are in progress. In
this paper, we present a taxonomic overview of the Pa-
leogene nannofossil assemblages from Sites U1331-1334,
illustrating 163 taxa and including the description of 11
new species and three new combinations.
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2. Material and methods
Nannofossils were viewed in simple smear-slides (Bown
and Young, 1998), using transmitted-light microscopy
(Zeiss Axiophot) in cross-polarised (XPL) and phase-
contrast (PC) light at x1000-1600.

3. Biostratigraphy

Semi-quantitative biostratigraphic data was generated
during Exp. 320 drilling and the stratigraphic range charts
for sites U1331-1334, presented here as Charts 1 through
4, incorporate these data with some post-expedition re-
visions. In the Paleogene part of the section the nanno-
fossil biozonation of Martini (1971) was used and all
standard nannofossil biozones were recognised (Zones
NP12-NP25). At these equatorial sites, however, the tem-
perate-high latitude favouring taxa Isthmolithus recurvus
and Chiasmolithus oamaruensis were rare and sporadi-
cally distributed, and so the upper Eocene zones NP18-20
could not be reliably distinguished (Pilike ef al., 2010).
Further discussion of biostratigraphically significant taxa
is included in Pélike et al. (2010) and the Systemic Palae-
ontology section that follows herein.
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4. Preservation and the CCD

The dominant Paleogene lithologies recovered during
Exp. 320 were biogenic oozes but the nature of the pre-
served sedimentary record varies dramatically through
the succession. The dominant controls on this variation
appears to be the extent of water-column and seafloor dis-
solution, principally of calcareous microfossils, related to
the changing carbonate saturation state of Pacific deep-
waters, together with changes in the nature and export
rates of original biotic production. The strength of the
carbonate dissolution signal is a direct result of the pal-
aeodepth histories of these abyssal sites, with sedimenta-
tion commencing above the CCD on newly formed oce-
anic crust at shallow palaecodepths (~2.75km) near to the
ridge crest and, through time, subsiding below the CCD
to their current depths of 4.3 km or more. Superimposed
upon this subsidence-driven signal are relatively high-
frequency, short-term fluctuations (~10-100s kyr), and
long-term trends (1-10s myr) in the depth of the CCD at
the basin-scale, which are driven by changes in regional
to global-scale biogeochemical cycling (Pilike et al., in
prep.).

The effects of carbonate dissolution are most apparent
in the oldest successions of Sites U1331 through U1333,
as evidenced by low carbonate values, poor nannofossil
preservation and the dominance of radiolarian ooze lithol-
ogies (Fig. 2; Pilike et al., 2010). These observations are
consistent with previous reconstructions of a very shal-
low Eocene CCD around 3-4 km depth. The most strik-
ing and sustained switch in the CCD is recorded close to
the Eocene/Oligocene boundary, at Sites U1331 through
U1334, and seen as a shift from radiolarian-dominated
Eocene sediments to Oligocene nannofossil oozes. The
depth transect afforded by these sites indicates a deep-
ening of the CCD by ~1 km in less than 500 kyrs. The
recovery of carbonate-rich Oligocene successions at all
sites is evidence for a considerably deeper CCD (~4.5
km depth) throughout this time interval. For the younger,
post-Eocene sites, the point at which the site drifted out
of the palaeo-equatorial upwelling zone coincides with a
transition to carbonate-poor or carbonate-free sediments.

Shipboard qualitative estimates of foraminifera and
nannofossil preservation and abundance reveal a strong
coupling between the preserved fossil record and the
site’s location relative to the CCD at any given time. They
also highlight the very different sensitivities to dissolu-
tion across the fossil groups (Pilike et al., 2010). Planktic
foraminifera display the most dissolution-sensitive record
of the documented microfossil groups, and are typically
absent in sediments with carbonate contents less than 60-
70 wt%CaCO,. At the oldest site (Site U1331) they are
almost entirely absent, appearing only where carbonate
maxima occur in the Oligocene, middle Eocene and basal
lower Eocene. At Site U1332 they are restricted to the
carbonate-rich Oligocene nannofossil oozes. Only at Sites
U1334 and U1335, where carbonate values remain at 80-
90% or more for considerable thicknesses, are planktic
foraminifera consistently recovered at high abundances
and with good preservation.

Calcareous nannofossils and benthic foraminifera are
less susceptible than planktic foraminifera to complete
destruction by dissolution and their abundances closely
track the presence/absence of carbonate in these sedi-
ments. This is not surprising given that coccoliths are, for
the most part, the major carbonate contributors to these
sediments. In general, however, the majority of nannofos-
sil assemblages observed during Exp. 320 show some de-
gree of modification by dissolution, with more robust taxa
dominating most assemblages. Certain nannofossil taxa
are especially sensitive to carbonate dissolution intensity.
Holococcoliths, for example, are entirely absent except
for one or two samples from Sites U1334-U1336, where
the relatively robust Zygrhablithus bijugatus is recorded.
Helicosphaera and Pontosphaera are typically absent at
the older, deeper sites (Sites U1331-1333) and only con-
sistently present in the younger sediments (Oligocene-
Miocene) with high carbonate values, showing trends that
are similar to the planktonic foraminifera. Similarly, Oli-
gocene calcidiscids are only recorded consistently in the
shallowest, best preserved sediments of Site U1334. The
Eocene assemblages in general are strongly modified by
preservation, typified by the absence of small coccoliths,
concentration of dissolution-resistant discoasters and the
loss of central structures in, for example, Chiasmolithus.

5. Stratigraphic range charts

Stratigraphic range charts are provided for Sites U1331
through U1334 (Charts 1-4). In most cases only data from
Hole A at each site are included, though three or four holes
were drilled at each site to provide complete composite
sections. Revised composite depth scales for all sites are
provided by Westerhold et al. (2011). The sampling reso-
lution was dependent on the requirements of shipboard
biostratigraphy. The amount of time spent on each sample
is variable through the datasets, with most effort spent on
core catcher (CC) samples, and section samples generally
the focus for marker species logging. Most CC samples
have been more thoroughly studied post-expedition, and
post-expedition observations are indicated in bold on the
charts. Sites U1333 and U1334, in particular, are currently
being studied at higher resolution and will be the subject
of additional biostratigraphic publications.

6. Systematic palaeontology

We provide images of the principal taxa from the IODP Exp.
320 Paleogene sites (U1331-1334) in 14 plates. The images
are reproduced at constant magnification and a 2um scale
bar is provided beside at least one of the images on each
plate. The sample information is provided using standard
IODP notation (Hole-Core-Section, depth in cm in sec-
tion). For a number of key groups (e.g., reticulofenestrids,
sphenoliths) we have included multiple images to illustrate
the high degree of morphological variability present. All
taxa figured are listed but taxonomic remarks are only pro-
vided where comment (stratigraphic or taxonomic) is nec-
essary. Descriptive terminology follows the guidelines of
Young et al. (1997). The higher taxonomy essentially fol-
lows the scheme for extant coccolithophores of Young et
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top, Tc = top common, Bc = base common. Nannofossil zones are after Martini (1971) and the timescale construction in general follows

Pilike et al. (2010). Barren samples are shaded in black.
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A>10%, C 1-10%, F 0.1-1%, R<0.1%, B barren. Nannofossil preservation: G - good, M - moderate, P - poor. Nannofossil event notations are B

base, T
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al. (2003) and, for the extinct taxa, the
u scheme of Young and Bown (1997)
Q o
" g g 2 . (see Dunkley Jones ef al., 2009 for
g g HEIRE AAEE . .
g g 0251818, |58 |- IR 2| further discussion). Informal groups
@ R 212823\ 8/8/2 5 38/2l, 3228 HE: BD
2 7 5| E/8|2|85|5|=(52|2|5 /5 8858 g1Z| have been used to indicate morpho-
2323 % 33%3%33382¢ 22553 gz . K L. R . R
g g y fffffeceecc R ifEEa s, |g| logical affinity within high diversity
w s 3 3 5/%) 55 5/ 5 3523 T T TE G 2L s ] .
e H 2 & 588588555535 58%3s25888 § 5| genera, such as, Reticulofenestra,
0 . .
S. predistentus present --1,147 El 1 F[F|ia Spheno[lthus and Discoaster. All new
Oligocene U1331A-2H-2, 144 C 1 1 20 . .
A-2H-3, 7 F 1 22
B S. distentus 3:2§:A§Hj7g F R : F | 15 taxonomlc names are Latln and the
NP23 |t atre. 0 A i I meaning and/or derivation is given in
UITHASHOD ATF R ¢ ¢|1s| each case. Range information is given
U1331A-3H-1, 110 ¥ 9 . . . . . .
. UTSSTASH, 10 " | for stratigraphic distributions in the
§  [TR umbilicus U1331A-3H-3, 110 F 14 . .
4 NP2z [UISB1ASHA 110 i ul - Exp. 320 sites. Morphometric data are
el U1331A-3H-5, 110 F " .
2 U A-3H-6, 1 2 -
R — IEL D " ¢l given for all new taxa based on mea
el . i surement from the type specimens
weet I o and additional data is provided for
ol the reticulofenestrids, sphenoliths and
0 ’
£ satpenensis s ; ¢lw| calcidiscids (Tables 1-3). Only those
o| taxonomic references not listed in
NP18-20 0 .
¢ al s Perch-Nielsen (1985), Bown (1998)
1
9 orJordan et al. (2004) are included in
§ D ) +cla| the reference list. The following ab-
3 :| breviations are used: LM — light mi-
0. . .
of croscope, XPL cross-polarised light,
NP17 0 . . .
of PC — phase-contrast illumination, L
o —length, H — height, W — width, D —
o/ diameter. Type material and images
Ei—— A ia| are stored in the Department of Earth
FlT|® 1 2 R R C| 48 . . .
ol Sciences, University College London.
U1331 A-QH-S 60 6
U1331A-9H-4, 60 1
UISSHASHS, &0 o/ 6.1. PLACOLITH COCCO-
NP16 31‘22::3:1}060 Fl2|F|2 2 R F ?2R C 5; LITHS
U1331A-10H-1, 110 2
A-10H-2,
UissTAtois a0 s Order ISOCHRYSIDALES
U1331A-10H-4, 90
i ; Pascher, 1910
e I )
. UISTA10H7, 45 !l  Family NOELAERHABDACEAE
s . U1331A-10H-7, 56 1 .
I - ettt cla Jerkovic, 1970 emend. Young &
3 U1331A-11H-3, 30 2
§ T N. fulgens; T Nannotetrina UISSIA-HH-Z, 30 R F R F | 38 BOWH, 1997
VISBAATI15,50 o PI. 1, figs 1-48; P1. 2, 1-19
a 5,30 ) - s Ly 17
11H-7, R ..
UisSTATIHGD 2] [F 1 n a4 Remarks: The majority of the Exp.
U1331A-12H-1, 60 17, 320 f 1 bl
i 2 0 nannofossil assemblages are
60 0
NP/1516 . . .
e % dominated by reticulofenestrids (Re-
Urssiac iz, oo 7| ticulofenestra, Cyclicargolithus) that
A 0 . . o .
U1331A-131+1, 83 sl show a high degree of variability in
U1331A-13H-2, 5 15 . . .
— VS TAaHE 7 LINRE: n o alsl  size, outline, central area width and
— NP6 [ONSSTARISHT7.50 I net type (Table 1). The established
< A Sy ol taxonomy for the Paleogene rep-
g ’ o| resentatives of this group does not
B 0
B 0 clearly accommodate or represent
Z of this variability, but this is equally
B kLl 9 true of younger representatives of
T e et s A = A o| the family (see, for example, discus-
NP12 (U A-22X-CC F 1 [} R 2 24 . .
! u:gg:»x-ggx-ccmwest R F Gl 77| A 2 1R 32 sS10n 1n Gallagher, 1989 and Young,
P Hole U1331C . . .
8 U1310-17H3,71 F B A ° 2| 1990). Our classification herein ap-
‘% NP13 [U1331C-17H-3, 83 1 72 C 2C A F 28 . . .
e 5 "¢ n |e plies widely-used species names
oy [ViCIS & 8 and several new taxa, and places
et . b g »| these within a framework of infor-
D. lodoensis? Present U1331C-17H-CC 1 RN 1 21

mal groups. We have not attempted
Chart 1. Continued a revision of the reticulofenestrids as
NB. Reworking, related to the occurrence of turbidites, was common at this site a whole but instead highlight some
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R. umbilicus Group

E. Miocene

R. pseudoumbilicus

Late Oligocene

Early Oligocene

NP21
NP19-20
NP1

L. Eocene
R. moorei
R. lockeri

L)

R. umbilicus

-
4
e
R. wadeae

R. minuta

R. dictyoda

Early Eocene

R. lockeri Group

Q.

-

R. daviesii

C. floridanus Group

Top 13.3

R. producta s.l.

R. bisecta
Group

C. abisectus

R. reticulata Group

01 "

erbae
R. stavensis
R. bisecta s.s.

R

R. filewiczii
R. reticulata ‘

R. westerholdii

R. bisecta s.I.

C. floridanus

Girgisia gammation

C.? luminis AP

Toweius sp.

Figure 3. Stratigraphic distribution of Paleogene and early Neogene reticulofenestrids. The timescale is from Pilike et al. (2010). Dotted vertical
lines are questionable stratigraphic ranges, horizontal bars indicate well constrained range base or top.

of the outstanding taxonomic issues. An overview of the
stratigraphic distribution of Paleogene reticulofenestrids
is given in Figure 3 and morphometric data is provided in
Table 1. The informal groups are as follows:

1. Reticulofenestra umbilicus Group (common, middle
Eocene-lower Oligocene) - typically elliptical outline
and relatively open central area with thin, impercep-

tible net (non-birefringent or lost). There is a high de-
gree of variability within this group, which was infor-
mally divided using simple coccolith length categories
(see also Young, 1990). Forms with broadly elliptical
to subcircular outlines and/or narrower central areas
were in some cases difficult to distinguish from spe-
cies of Cyclicargolithus.
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U1332A-1H-CC 6 B
U1332A-2H-CC B
U1332A-3H-1, 100 B
U1332A-3H-3, 100 B
U1332A-3H-4, 100 P|F F c
T T. carinatus U1332A-3H-5, 100 PlA C A
NN1  |U1332A-8H-6, 100 P|C F A
U1332A-3H-7, 60 PlA [ A A
?T S. ciperoensis U1332A-3H-CC PlA R F 1 A A
U1332A-4H-1, 60 P[C
U1332A-4H-2, 60 P|A C [ A
X T. longus/carinatus; T C. abisectus NP25 U1332A-4H-3, 60 M| A R [¢] A (9
U1332A-4H-5, 60 P|R | |R R
U1332A-4H-6, 60 P|A R R A B C A
o U1332A-4H-7, 60 P|A R [ R C A A
8 U1332A-4H-CC M-H A 3 R c F F F A A
§, T S. predistentus U1332A-5H-1, 80 M| A [9 i A A
5 U1332A-5H-2, 80 M| A F 9 F A A
o U1332A-5H-3, 80 M| A 1 F A F R A A
] U1332A-5H-4, 80 M| A R [ A F [
Np2g |U1332A-5H-5, 80 M| A R A R A A
U1332A-5H-6, 80 M| A 11 F Cc 2 D A
U1332A-5H-7, 80 M| A R R C F A c
|BC. U1332A-5H-CC M| A R c 21 C/RR R F 2 A c
|> U1332A-6H-1, 70 M| A R [ R A c
B S. ciperoensis U1332A-6H-3, 70 M| A R F [ A 9]
U1332A-6H-4, 70 M| A C R D
B S. distentus U1332A-6H-5, 70 M| A F [ A c
U1332A-6H-6, 70 M| A F [} A [¢]
NP2 |U1332A-6H-7, 70 P|A F Cc A ]
U1332A-6H-CC M-A A 2 F 1 A 4]
U1332A-7H-3, 80 M| A F A R? A c
U1332A-7H-5, 80 M| A R A A 9
U1332A-7H-6, 80 M| D R A A c
T R. umbilicus U1332A-7H-7, 80 M| A F R A A [
U1332A-7H-CC M| A 2 1 F R 1 A A c
NP22 |U1332A-8H-2, 50 M| A -
U1332A-8H-3, 50 M| A -
o U1332A-8H-4, 50 M| A F R A A F
§ TC. U1332A-8H-5, 50 M| A
5 U1332A-8H-6, 50 M| A c c F ClA A F
o) U1332A-8H-7, 50 C
2 U1332A-8H-CC M| A F C F F|C|C 1 A F
S U1332A-9H-1base [71.90 |M-A A F F C A A F
U1332A-9H-3 base [7490 |M|D C A F CA A F
U1332A-9H-4,10  [7500 M| A F C F|[C[A F
U1332A-9H-4,30 [7520 M| A R[1 cc
NP21 |U1332A-9H-4,50 7540 [P |F F F
U1332A-9H-4,70 [7560 |[P|C F R 1 R
U1332A-9H-4,90 [7580 [P |[C F
U1332A-9H-4, 110 [76.00 |M-H C R F|F F
U1332A-9H-4, 130 (el B
U1332A-9H-4 base  |(Re0) B 11 1
U1332A-9H-5 base [l B
U1332A-9H-CC 81.67 B
U1332A-10H-2, 80 2] B
TD. U1332A-10H-3,80 (8370 | P | C| F
U1332A-10H-4,80 (8520 |P|[F R R Cc F
U1332A-10H-6, 80 IR B
NP18-20|U1332A-10H-CC__ [89.89 | P|R R
U1332A-11H-2,70  [CHIE) B
2 U1332A-11H-4, 70 2K B
g U1332A-11H-5,70 9610 [P | F F R F
§ [T-C-grandis U1332A-11H-6,70 [97.60 M| A 1 C|R|F R C R
2 |BD. bisectus U1832A-11H-CC 9852 M| A 1 F R F F C R Cc F
3 U1332A-12H-2, 100 [101.40 | P [ R F
A ol 102.90 B
NP17 A Al 104.40 B
A 105.90 B
A R[N 107.40 B
A 108.45 B
T. C. solitus; T D. bifax U1332A-13H-1, 140 [109.80 | P | C| F C
U1332A-13H-2, 140 [111.30 M| A R[1 F[F[C R A R
U1332A-13H-4, 140 [114.30 | M| A F F F[C|C C IR R
U1332A-13H-6, 140 [117.30 | M| A R R R/C|C C F
B R. westerholdii U1332A-13H-CC [118.38 | M| A R 21 /Cc 1 2 R F CC F C R F
NP16 |U1332A-14H-2,40 [119.80 | M| A F FA CR R
U1332A-14H-4,40 (12280 [P | C R F C [ CIR
U1332A-14H-5,40 [12430 [P | C
T Nannotetrina U1332A-14H-6,35 12575 | M| A 2 R F[F|[C C & R
B R. umbil U1332A-14H-CC 12628 | P | C| R Cc F C F
» |BD.bifax U1332A-15X-1, 118 [127.03 | P | C| R cl1 C C
< [T N fulgens U1332A-15X-2, 137 12877 | M| A| F 1 R R F CA R A 2
§ U1332A-15X-3,66 [129.56 | M| A| A 1 7R R A1 2 C A R A 1 .
a0 Npis |U1332A-15X-5 37 [132.27 | P | C R R F Cc
5 U1332A-15X-CC  [kPEeE] B
§ U1332A-16X-1, 80 KIS B
B N. fulgens |U1332A-16X-2,39 |137.39 [P [ C 1 R F|C F [
U1332A-16X-CC  [KEHY B
U1332A-17X-1,81  [EEK]] B
U1332A-17X-2,60  [EIRE] B
U1332A-17X-3, 18 [ERK] B
barren? with younger contaminants U1332A-17X-CC 148.21 7 E E R
Hole 13328 |
T D. lodoensis U1332B-18X-2,48 [14588 | P | R 1 F
Npia |U1332B-18X-CC, 1 14504 | P | F 2 1 F
U1332B-18X-CC, 12-14 P|F F R
D. lodoensis, D. sublodoensis? U1332B-18X-CC [14621 [P | C F F

Chart 2. Stratigraphic range chart for calcareous nannofossils from Hole U1332A. See Chart 1 for further information.
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U1332A-3H-1, 100 B 0
U1332A-3H-3, 100 B 0
U1332A-3H-4, 100 P|F 3
T T. carinatus U1332A-3H-5, 100 PlA 4
NN1  |U1332A-8H-6, 100 P|C F R 3
U1332A-3H-7, 60 PlA F A 7
?T S. ciperoensis U1332A-3H-CC PlA [ A R F F | F[17
U1332A-4H-1, 60 P[C A 2
U1332A-4H-2, 60 P|A R 5
X T. longus/carinatus; T C. abisectus Npos |U1332A-4H-3, 60 M| A C c 10
U1332A-4H-5, 60 P|R R R R 5
U1332A-4H-6, 60 P|A C F R F R 14
o U1332A-4H-7, 60 P|A C R C R 11
g U1332A-4H-CC M-H A 7 A R C F C|18
é, T S. predistentus U1332A-5H-1, 80 M| A A B 13|
3 U1332A-5H-2, 80 M| A A C R C R 14]
° U1332A-5H-3, 80 M| A A C 1§|
] U1332A-5H-4, 80 M| A A C 12
Np2g |U1332A-5H-5, 80 M| A A [$ R 12
U1332A-5H-6, 80 M| A A C R 16
U1332A-5H-7, 80 M| A A C 16
|BC. U1332A-5H-CC M| A R A F C R 1 1 F 2 F|[31
|> U1332A-6H-1, 70 M| A A [ 13
B S. ciperoensis U1332A-6H-3, 70 M| A A [¢] 16|
U1332A-6H-4, 70 M| A A F R 8
B S. distentus U1332A-6H-5, 70 M| A A [ R 13
U1332A-6H-6, 70 M| A A Cc R 14
NP2 |U1332A-6H-7, 70 P|A A Cc R 12
U1332A-6H-CC M- A F A F F 21
U1332A-7H-3, 80 M| A A A 12
U1332A-7H-5, 80 M| A A A 11
U1332A-7H-6, 80 M| D A F 1
T R. umbilicus U1332A-7H-7, 80 M| A A [ 13|
U1332A-7H-CC M| A C A C|[F R F C|27
NP22 |U1332A-8H-2, 50 M| A 2
U1332A-8H-3, 50 M| A 2
o U1332A-8H-4, 50 M| A A C 13|
§ TC. U1332A-8H-5, 50 M| A 3
5 U1332A-8H-6, 50 M| A A [ 14|
o) U1332A-8H-7, 50 2
S U1332A-8H-CC M| A R|A|C F F F | F |26
hif U1332A-9H-1base [71.90 |M-A A A A 11
U1332A-9H-3 base [7490 |M|D A A 16
U1332A-9H-4,10  [7500 M| A A C 14
U1332A-9H-4,30 [7520 M| A C C 10
NP21 |U1332A-9H-4,50 7540 [P |F 5
U1332A-9H-4,70 [7560 |[P|C R F 9
U1332A-9H-4,90 [7580 |P|[C F 6
U1332A-9H-4, 110 [76.00 [M-H C F F F F C |13
U1332A-9H-4, 130 (el B 0
U1332A-9H-4 base  |(Re0) B 1 4
U1332A-9H-5 base [l B 0
U1332A-9H-CC 81.67 B 0
U1332A-10H-2, 80 (2] B 0
TD. U1332A-10H-3,80 (8370 | P | C| 9
U1332A-10H-4,80 (8520 |P|[F F R A|13
U1332A-10H-6, 80 IR B 0
NP18-20|U1332A-10H-CC__ [89.89 | P|R F A3
U1332A-11H-2,70  [CHIE) B 0
o U1332A-11H-4, 70 2K B 0
g U1332A-11H-5,70 9610 [P | F 10
§ [T-C-grandis U1332A-11H-6,70 [97.60 M| A R R 18|
o [BD. bisectus U1332A-11H-CC 9852 |M|A F 1 1 cl21
3 U1332A-12H-2, 100 [101.40 | P [ R 3
A G 102.90 B 0
NP17 A-12H-4, 100 R B 0
A 105.90 B 0
A R[N 107.40 B 0
A 108.45 B 0
T. C. solitus; T D. bifax U1332A-13H-1, 140 [109.80 | P | C| 8
U1332A-13H-2, 140 [111.30 | M| A[ F C F R R R 18|
U1332A-13H-4, 140 11430 M| A c F F R 14|
U1332A-13H-6, 140 [117.30 [ M| A| R A R R 13
B R. westerholdii U1332A-13H-CC [118.38 | M| A[ F C|R R/ 1 R R R C ﬁ
NP16 |U1332A-14H-2,40 [119.80 | M| A F 10
U1332A-14H-4,40 [122.80 | P|C| R F R 13
U1332A-14H-5,40 [12430 [P | C 0
T Nannotetrina U1332A-14H-6,35 12575 | M| A R 22
B R. umbili U1332A-14H-CC 12628 | P | C| A5
» |BD.bifax U1332A-15X-1, 118 [127.03 | P | C| 12
< [T N fulgens U1332A-15X-2, 137 12877 | M| A| R F 1 F iR 27
§ U1332A-15X-3,66 [129.56 | M| A| F 9 R F R 34]
0 Npis |U1332A-15X-5 37 [132.27 | P | C 11
5 U1332A-15X-CC  [kPEeE] B 0
§ U1332A-16X-1, 80 KIS B 0
B N. fulgens |U1332A-16X-2,39 [137.39 [P | C| 3 1 1 R A|20
U1332A-16X-CC 138.20 B 0
U1332A-17X-1, 81 [EEK]] B 0
U1332A-17X-2,60  [EIRE] B 0
U1332A-17X-3, 18 [ERK] B 0
barren? with younger contaminants U1332A-17X-CC 148.21 7 F 6
Hole 13328 | 0
T D. lodoensis U1332B-18X-2,48 [14588 | P | R 4
Npia |U1332B-18X-CC, 1 14504 | P | F 5
U1332B-18X-CC, 12-14 P|F 7
D. lodoensis, D. sublodoensis? U1332B-18X-CC [146.21 [P | C 6

Chart 2. Continued



Calcareous nannofossils from the Paleogene equatorial Pacific

2. Reticulofenestra lockeri Group (com-
mon, upper Eocene-upper Oligocene)
- elliptical outline and relatively open
central area with robust, visible net (bi-
refringent).

3. Reticulofenestra  reticulata  Group
(common, middle-upper Eocene) -
typically circular outline and relatively
narrow circular central area with ro-
bust, visible net (birefringent). This
group includes the only strictly circular
Paleogene reticulofenestrids but some
smaller forms had imperceptible (or
lost) nets and there is some evidence of
transitional subcircularity.

4. Reticulofenestra bisecta Group (com-
mon, upper Eocene-lower Oligocene)
— elliptical outline and central area
closed by very robust, conspicuous dis-
tal ‘plug’ (birefringent). As defined this
group is essentially restricted to the Pa-
leogene.

5. Cyclicargolithus floridanus (common
in the Eocene and dominant, lower Oli-
gocene-lower Miocene) — subcircular
to broadly elliptical outline and narrow
central area with thin, imperceptible net
(non-birefringent or lost).

Group 3 broadly, but not completely, cor-
relates with the general usage of the genus
Cribrocentrum Perch-Nielsen, 1971 and
Group 4 with the genus Dictyococcites
Black, 1967. These generic names are not
applied here, because we currently lack a
good understanding of the phylogenetic
relationships between these reticulofenes-
trids.

6.1.1. Reticulofenestra
umbilicus Group

Reticulofenestra dictyoda
(Deflandre in Deflandre & Fert, 1954)
Stradner in Stradner & Edwards, 1968

PI. 1, figs 2-6, 9-10.

Remarks: Small to very large (3-14 ym),
elliptical reticulofenestrids with open
central area. There is a great deal of mor-
phological variability within this group,
including degree of ellipticity/circular-
ity, size of central area and width of tube
cycle. A broad species concept is applied
here.

Reticulofenestra circus? de Kaenel &
Villa, 1996
Pl. 1, figs 19-20

Remarks: Not consistently logged herein and close to the
applied species concept of Reticulofenestra hillae (see be-

13

Species Pl., fig. number L w /W outline
R. minuta PI. 1, fig. 1 2.6 2.0 1.30 |normally elliptical
R. minuta PI. 1, fig. 8 2.4 1.8 1.33  |normally elliptical
R. minuta Pl. 1, fig. 8 2.8 2.0 1.40  |normally elliptical
R. dictyoda PI. 1, fig. 2 4.0 2.9 1.38  |normally elliptical
R. dictyoda PI. 1, fig. 3 6.6 5.2 1.27  |normally elliptical
R. dictyoda Pl. 1, fig. 4 7.6 6.3 1.21 broadly elliptical
R. dictyoda Pl. 1, fig. 5 125 10.4 1.20 |broadly elliptical
R. dictyoda PI. 1, fig. 6 12.9 10.9 1.18 |broadly elliptical
R. umbilica Pl 1, fig. 7 19.1 17.5 1.09 |subcircular
R. dictyoda Pl. 1, fig. 9 8.5 7.0 1.21 broadly elliptical
R. dictyoda PI. 1, fig. 10 5.7 4.7 1.21 broadly elliptical
R. pseudoumbilicus Pl. 1, fig. 11 7.3 6.1 1.20 |broadly elliptical
R. pseudoumbilicus Pl. 1, fig. 12 9.7 7.8 1.24  |broadly elliptical
R. moorei Pl. 1, fig. 13 6.2 4.5 1.38 |normally elliptical
R. moorei PI. 1, fig. 14 5.8 4.3 1.35 |normally elliptical
R. moorei PI. 1, fig. 15 6.8 5.4 1.26  |normally elliptical
R. moorei PI. 1, fig. 16 6.1 4.4 1.39 |normally elliptical
R. moorei Pl. 1, fig. 17 6.9 5.4 1.28  |normally elliptical
R. wadeae Pl. 1, fig. 18 10.0 8.9 1.12 _ |broadly elliptical
R. circus Pl. 1, fig. 19 9.1 8.1 1.12  |broadly elliptical
R. circus Pl. 1, fig. 20 11.1 9.9 1.12  |broadly elliptical
R. hillae PI. 1, fig. 21 9.2 7.9 1.16  |broadly elliptical
R. hillae PI. 1, fig. 22 1.7 10.1 1.16  |broadly elliptical
R. hillae PI. 1, fig. 23 11.6 9.7 1.20 |broadly elliptical
R. hillae Pl. 1, fig. 24 12.7 11.3 1.12  |broadly elliptical
R. lockeri Pl. 1, fig. 25 6.9 5.2 1.33  |normally elliptical
R. lockeri PI. 1, fig. 26 8.2 6.8 1.21 broadly elliptical
R. lockeri PI. 1, fig. 27 7.8 6.2 1.26  |normally elliptical
R. cf. R. lockeri Pl. 1, fig. 28 6.9 6.0 1.15  |broadly elliptical
R. daviesii PI. 1, fig. 29 6.0 45 1.33  |normally elliptical
R. daviesii Pl. 1, fig. 30 71 5.2 1.37  |normally elliptical
R. cf. R. daviesii Pl. 1, fig. 36 5.7 4.5 1.27 _ |normally elliptical
R. filewiczii PI. 1, fig. 31 7.9 6.4 1.23  |broadly elliptical
R. filewiczii PI. 1, fig. 32 7.4 6.1 1.21 broadly elliptical
R. filewiczii PI. 1, fig. 33 141 9.2 1.21 broadly elliptical
R. filewiczii PI. 1, fig. 34 12.6 1.2 1.13  |broadly elliptical
R. filewiczii Pl. 1, fig. 35 12.3 11.4 1.08 |subcircular
R. westerholdii PI. 1, fig. 37 55 55 1.00 |circular
R. westerholdii PI. 1, fig. 38 5.9 5.9 1.00 |circular
R. westerholdii Pl. 1, fig. 39 6.9 6.8 1.01__ |circular
R. cf. R. westerholdii  [PI. 1, fig. 40 6.3 5.8 1.09 |subcircular
R. cf. R. westerholdii  |PI. 1, fig. 41 7.0 6.0 1.17  |broadly elliptical
R. cf. R. westerholdii  |PI. 1, fig. 42 7.7 6.6 1.17  |broadly elliptical
R. cf. R. westerholdii __[PI. 1, fig. 43 9.2 8.1 1.14 _ |broadly elliptical
R. reticulata Pl. 1, fig. 44 8.1 8.0 1.01 circular
R. reticulata PI. 1, fig. 45 9.3 9.2 1.01 circular
R. reticulata Pl. 1, fig. 46 10.2 10.1 1.01 circular
R. erbae Pl. 1, fig. 47 10.6 10.2 1.04 _ |subcircular
R. cf. R. reticulata Pl. 1, fig. 48 10.3 8.2 1.26  |normally elliptical
R. cf. R. reticulata Pl. 2, fig. 1 11.0 104 1.06 |subcircular
R. cf. R. reticulata Pl. 2, fig. 2 9.0 7.8 1.15  |broadly elliptical
R. cf. R. reticulata Pl. 2, fig. 3 10.0 9.0 1.11 broadly elliptical
C. cf. C. floridanus Pl. 2, fig. 4 10.2 9.2 1.11  |broadly elliptical
C. cf. C. abisectus Pl. 2, fig. 5 12.2 1.2 1.09 |subcircular
C. cf. C. abisectus Pl. 2, fig. 6 11.8 10.5 1.12__ |broadly elliptical
C. floridanus Pl. 2, fig. 7 2.8 2.6 1.08 |subcircular
C. floridanus Pl. 2, fig. 8 5.7 5.2 1.10 |broadly elliptical
C. floridanus Pl. 2, fig. 9 7.7 6.5 1.18  |broadly elliptical
C. floridanus Pl. 2, fig. 10 9.7 8.8 1.10 |broadly elliptical
C. floridanus Pl. 2, fig. 11 10.9 9.9 1.10 |broadly elliptical
C. abisectus Pl. 2, fig. 18 15.4 13.5 1.14 _ |broadly elliptical
R. bisecta Pl. 2, fig. 13 4.2 3.5 1.20 |broadly elliptical
R. bisecta Pl. 2, fig. 14 6.9 5.3 1.830 |normally elliptical
R. bisecta Pl. 2, fig. 15 7.3 6.1 1.20 |broadly elliptical
R. stavensis Pl. 2, fig. 16 11.5 10.0 1.15  |broadly elliptical
R. stavensis Pl. 2, fig. 17 17.2 15.2 1.13  |broadly elliptical

Table 1. Morphometric data (L, W, L/W axial ratio) and descriptive shape terms for the
illustrated reticulofenestrids. The descriptive terms and definitions are slightly modified
after Young et al. (1997): circular 1.00-1.03, subcircular 1.04-1.09, broadly elliptical 1.10-
1.25, narrowly elliptical 1.26-1.45.

low), but should be subcircular. The specimens illustrated

here have axial ratios of 1.12, which is strictly broadly
elliptical (see Young et al., 1997 for outline definitions).
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present U1333A-1H-1, 10 [0.10 M [ Al
2 U1333A-1H-3, 110_[1.10 M | Al
g [Tsdi 108 U1333A-1H-CC M | A F
s U1333A-2H-4, 70 M | Al
> [BS.di U1333A-2H-5, 70 M | Al
K] U1333A-2H-6, 70 M | Al
NN1/2 [U1333A-2H-7, 70 M | Al
B/T S. delphix U1333A-2H-CC M-P| A F F
U1333A-3H-1, 70 M | Al
U1333A-3H-3, 70 M | Al
U1333A-3H-4, 70 M-P|C
U1333A-3H-5, 70 M-P|C
T C. abisectus U1333A-3H-6, 70 M | A
T S. ciperoensis U1333A-3H-CC M | A
X T. longus/carinatus U1333A-4H-1, 70 M | Al
U1333A-4H-2, 70
° U1333A-4H-3, 70 M | Al
s U1333A-4H-4, 70 M-P| A
8 NP25  [U1333A-4H-5, 70 P A
2 U1333A-4H-6, 70 M | A
2 U1333A-4H-CC M-P| A
T U1333A-5H-1, 70 M | Al
- U1333A-5H-2, 70 M [A
U1333A-5H-3, 70 M | Al
|Bc'S. ciperoensis/T S. predistentus U1333A-5H-4, 70 M-G| A
U1333A-5H-6, 70 M | Al
U1333A-5H-CC M | Al R
U1333A-6H-2, 94 M | Al
NP24 1(}1333A-6H-4, 70 M| A
U1333A-6H-6, 70 M | Al
U1333A-6H-CC M | Al
B S. ciperoensis U1333A-7H-CC M-G| Al 31 2
B C. abisectus U1333A-8H-2, 20
U1333A-8H-4, 20
U1333A-8H-6, 20
U1333A-8H-CC M | Al
) Np23 |U1333A-9H-2, 50 M | Al
|BS. U1333A-9H-3, 50 M| A
U1333A-9H-4, 50 M | Al
o U1333A-9H-CC M | Al 1
§ U1333A-10H-CC M| A
S U1333A-11X-4,70 [100.2 |M-G| A|
O [TR- umbilicus U1333A-11X-CC__ [101.17 |M-G| A 5 1 1
z NP2z |U1838A-12X-1,70 [101.40 | M | A
8 U1333A-12X-2,70 [102.90 |M-G| A
U1333A-12X-3,70 [104.40 | M | A
T C. formosus U1333A-12X-4,70 [105.90 |M-G| A
U1333A-12X-CC__ [107.99 |M-G| A c c
Nppj |U1338A-18X-1,150 1118 | M-G| A (]
U1333A-13X-2,73 [11253 | M | A F
U1333A-13X-2, 150 [113.3 P|C
U1333A-13X-3,70 [114.00 | P | ¢ R
- T D. saipanensis U1333A-13X-3, 140 |114.7 P | C
S U1333A-13X-4,70 [11550 | P | C
S U1333A-13X-5,70 [117.00 | P | F|
o NP18-20 | 1333A-13X6, 70 [118.50 | P | C
% |TR. reticulata U1333A-13X-CC 119.93 | P-M| C
= U1333A-14X-6,70 [128.20 | M | A
T.C. grandis U1333A-14X-CC_ [129.80 | P | C
U1333A-15X-4,70 [134.80 | P-M| C
|B D. bisectus U1333A-15X-5,70 [136.30 | P-M| C
U1333A-15X-6,70 [137.80 | P-M| C
NP17 [U1333A-15X-CC  [139.14 B|
U1333A-16X-1,40 [139.60 | P | C
U1333A-16X-2,40 [141.10 | P | F|
A-16 142.60 B|
A-16 ol 144.10 B|
T. C. solitus U1333A-16X-5,40 [14560 | P | C R
T D. bifax U1333A-16X-6, 40 [147.10 | P-M| C| F
|B R. umbili U1333A-16X-CC__ [149.09 | M | A 1 1 R c
U1333A-17X-6,110 [157.40 | M | A c
T Nannotetrina NP16 [U1333A-17X-CC [158.46 | M [ Al R c
U1333A-18X-1,60 [159.00 | P | C F c
. U1333A-18X-2,34 [160.24 | M | C
£ |BD. bifax U1333A-18X-3, 88 [161.62 11 c
S U1333A-18X-4, 88 [163.12 | M-G| A c c R/ 3 A
W TN fulgens U1333A-18X-CC_ [163.86 | P-M| A| F 1 Fl2F
o U1333A-19X-1,80 |168.80 | M | C| c 1 F c
2 Npis |U1333A-19X-3,81 [171.81 | P | C
U1333A-19X-5,25 [174.25 | M | A R F F F
U1333A-19X-CC [174.70 | M-P| C| F F 1 F F 2
|BN. fulgens U1333A-20X-1,73 [178.33 | M | A cc 1 R 1 C F|C 2
U1333A-20X-2,50 [179.60 | M-G| A AlC 7R F R 3 R R A F 3
U1333A-20X-CC [180.12 | M | R[?R| R | F R 2
U1333A-21X-CC_ [18165 | P | R
Hole 13338
U1333B-19X-CC [169.82 | P-M| A c c 3 R R F F
U1333B-20X-1,46 [172.76 | P-M| A F F 2 R R C c
?NP15 |U1333B-20X-2,86 (174.66 | M | A F 1 R|F | F F
U1333B-20X-3,92 [176.22 | M | A C F c 2 1 1 2 F|F|F
B Nannotetrina U1333B-20X-3, 102 [176.32 | M-G| Al c c c c 11 R 1 1 R|A|F
U1333B-20X-4,37 [177.17 | M | A CF cc 3 1 R 1|/CF
U1333B-20X-4, 113 [177.93 [M-G| A| R |C [F [F|[C|C |2 R R 3.3 R 3/ CF 3
U1333B-20X-CC [178.33 |[M-G| A|C C F |1 |C|C 7R| 3 2 R 1|C|F 3
|S. furcatolithoides present U1333B-20X-CC 17833 |M-G|A[C  C | F R F | F

Chart 3. Stratigraphic range chart for calcareous nannofossils from Hole U1333A. See Chart 1 for further information.
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NN1/2 [U1333A-2H-7, 70 M | Al R
B/T S. delphix U1333A-2H-CC M-P| A 21
U1333A-3H-1, 70 M | Al
U1333A-3H-3, 70 M | Al
U1333A-3H-4, 70 M-P|C
U1333A-3H-5, 70 M-P|C
T C. abisectus U1333A-3H-6, 70 M | A
T S. ciperoensis U1333A-3H-CC M | A F|F R 1
X T. longus/carinatus U1333A-4H-1, 70 M | Al
U1333A-4H-2, 70
° U1333A-4H-3, 70 M | Al R F
S U1333A-4H-4, 70 M-P| A R
8 NP25  [U1333A-4H-5, 70 P A
2 U1333A-4H-6, 70 M | A
o U1333A-4H-CC M-P| A 1 F_|R
T U1333A-5H-1, 70 M | Al
- U1333A-5H-2, 70 M [A R
U1333A-5H-3, 70 M | A R
|Bc'S. ciperoensis/T S. predistentus U1333A-5H-4, 70 M-G| A R R
U1333A-5H-6, 70 M | A R|R
U1333A-5H-CC M | Al F F 1 F F
Npog |U1333A6H-2, 94 M | Al 1?
U1333A-6H-4, 70 M | Al
U1333A-6H-6, 70 M | Al
U1333A-6H-CC M | A R F 7 2 1 F 1 F
B S. ciperoensis U1333A-7H-CC M-G| Al 1/C|F |1 3 F|R F
B C. abisectus U1333A-8H-2, 20 R kil R
U1333A-8H-4, 20
U1333A-8H-6, 20
U1333A-8H-CC M | Al 2 R R 1 R R F
) Np23 |U1333A-9H-2, 50 M | A
|BS. U1333A-9H-3, 50 M | A
U1333A-9H-4, 50 M | Al [ F
o U1333A-9H-CC M | A R C|C|F|C c
§ U1333A-10H-CC . M| A 1 1 R F C|F [ c
S U1333A-11X-4,70 [1002 [M-G| A
O [TR- umbilicus U1333A-11X-CC__ [101.17 |M-G| A R|R 1 1 F C F|FRC c
z NP2z |U1838A-12X-1,70 [101.40 | M | A
8 U1333A-12X-2,70 [102.90 |M-G| A F F
U1333A-12X-3,70 [104.40 | M | A
T C. formosus U1333A-12X-4,70 [105.90 |M-G| A c F
U1333A-12X-CC__ [107.99 |M-G| A C?F C R 7R F [
NP2y |U183BA-13X-1,150 [111.8 | M-G | Al c c
U1333A-13X-2,73 [11253 | M | A [ F
U1333A-13X-2, 150 [113.3 P |l F R
U1333A-13X-3,70 [114.00 | P | ¢ F c
- T D. saipanensis U1333A-13X-3, 140 |114.7 P | C
< U1333A-13X4,70 [11550 | P | C [
8 U1333A-13X-5,70 [117.00 | P | F F c
o NP18-20 | 1333A-13X6, 70 [118.50 | P | C c CF
& |TR. reticulata U1333A-18X-CC [119.93 | P-M| C| F F F
= U1333A-14X-6,70 [12820 | M | A [ (]
T.C. grandis U1333A-14X-CC_ [129.80 | P | C F F F
U1333A-15X-4, 70 [134.80 [ P-M| C
|B D. bisectus U1333A-15X-5,70 [136.30 | P-M| C
U1333A-15X-6,70 [137.80 | P-M| C F
NP17 [U1333A-15X-CC  [139.14 B|
U1333A-16X-1,40 [139.60 | P | C E
U1333A-16X-2,40 [141.10 | P | F| E
A-16 142.60 B|
A-16 il 144.10 B|
T. C. solitus U1333A-16X-5,40 (14560 | P | C
T D. bifax U1333A-16X-6, 40 [147.10 [ P-M| C F
|B R. umbili U1333A-16X-CC__ [149.09 | M | A cc
U1333A-17X-6,110 [157.40 | M | A
T Nannotetrina NP16 [U1333A-17X-CC [158.46 | M [ Al F 1 1 A
U1333A-18X-1,60 [159.00 | P | C R R cc
. U1333A-18X-2,34 [160.24 | M | C
£ |BD. bifax U1333A-18X-3, 88 [161.62 R R F|C
S U1333A-18X-4, 88 [163.12 | M-G| A F 3?2173 R F F F
W TN fulgens U1333A-18X-CC__ [163.86 | P-M| A R 21 F 1 c
- U1333A-19%-1,80 [168.80 | M [ c|[?1|R 7R F 1 F C
2 Npis |U1333A-19%-3,81 [171.81 | P || 1 R N 1 F
U1333A-19X-5,25 [17425 | M | A Fl2/2 8 2 F
U1333A-19X-CC__ [174.70 | M-P| C F|F R R R F
|BN. fulgens U1333A-20X-1,73 [17833 | M | A| R 2/2/ 2 F R 2 |R 2 c A
U1333A-20X-2,50 [179.60 |M-G| A| F 2 1 R R 3 Fl?2 73 A A A
U1333A-20X-CC__ [180.12 | M | R R R
U1333A-21X-CC_ [18165 | P | R
Hole 13338
U1333B-19X-CC__ [169.82 | P-M| A| 1 F 2 1 F 1 F R C
U1333B-20X-1,46 [172.76 | P-M| A F 3 21 F R F [
?NP15 |U1333B-20X-2,86 [174.66 | M | A R R F
U1333B-20X-3,92 [17622 | M | A| R iR 2 ?1R R 1 c R R
B Nannotetrina U1333B-20X-3, 102[176.32 |[M-G| A| F | 1 1 R 72 3[R 1 1/C F A
U1333B-20X-4,37 [177.17 | M | A 2 2 i/C A
U1333B-20X-4, 113 [177.93 | M-G| A| 2 3 R i C F A
U1333B-20X-CC__ [178.33 |M-G| A of.2 1 R R c c c
S. furcatolithoides present U1333B-20X-CC 178.33 |M-G| A 1 1 e}

Chart 3. Continued
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18 Bown, Dunkley Jones

Reticulofenestra hillae Bukry & Percival, 1971
PIL. 1, figs 21-24

Remarks: Used here for large (~>9um), broadly elliptical
reticulofenestrids with narrow central area that can be dis-
tinctly quadrate or lens-shaped. This includes coccoliths
that are smaller than those of the original type material
(14-20pm). This is similar to the species concept of Retic-
ulofenestra circus de Kaenel & Villa, 1996 (described as
subcircular, 8-10u¢m) and Reticulofenestra circus var. lata
Maiorano, 2006 (12-14um), but the specimens from Exp.
320 are broadly elliptical and most like the holotype of R.
hillae. Occurrence: Particularly conspicuous in the Eo-
cene/Oligocene boundary interval and lower Oligocene
(Zones NP19/20-NP22) but also present in the Eocene
(Zones NP17-NP19/20); IODP Site U1334. R. circus is
documented from Zones NP22-NP23 (de Kaenel & Villa,
1996; Maiorano, 2006).

Reticulofenestra minuta Roth, 1970
PlL. 1, figs 1, 8. Remarks: Small (<3 ym), elliptical with
open central area.

Reticulofenestra moorei sp. nov.
PI. 1, figs 13-17
Derivation of name: Named after Ted Moore (Univer-
sity of Michigan, USA), Exp. 320 shipboard scientist, mi-
cropalaeontologist and palaeoceanographer. Diagnosis:
Normally elliptical reticulofenestrid with relatively wide
central area and an net that is faintly visible or impercep-
tible. Differentiation: Distinguished from other R. umbi-
licus group and R. lockeri group coccoliths by narrower
shape (axial ratio ~1.26-1.40; Table 1). Dimensions: Ho-
lotype L = 6.8 ym (Paratype L = 6.2 ym). Holotype: P1.1,
fig.15. Paratype: P1.1, figs 13. Type locality: IODP Hole
U1333A, Pacific Ocean. Type level: Oligocene, Sample
U1333A-11X-CC (Zone NP22). Occurrence: Zone
NP17-Zone NP23; IODP Sites U1333 (NP21-NP23),
1334. Particularly common in the Eocene/Oligocene
boundary interval and lower Oligocene (NP19/20-NP22).

Reticulofenestra pseudoumbilicus (Gartner, 1967)
Gartner, 1969
PL. 1, figs 11-12
Remarks: The differentiation between Paleogene R. um-
bilicus Group coccoliths and Neogene Reticulofenestra
pseudoumbilicus is highly problematic, and beyond the
scope of this paper. Suffice to say, the two groups overlap
morphologically and the species concepts are essentially
stratigraphy dependent.

Reticulofenestra umbilicus (Levin, 1965)
Martini & Ritzkowski, 1968
Pl. 1, fig.7
Reticulofenestra wadeae Bown, 2005
Pl. 1, fig. 18

6.1.2. Reticulofenestra lockeri Group

Reticulofenestra daviesii (Haq 1968) Haq, 1971
PI. 1, figs 29-30.
Remarks: Usually applied to forms that possess a visible
central net with an outer cycle of pores, but appears to

integrade with R. lockeri type coccoliths with nets without
visible pores. The appearance of these taxa may be af-
fected by different preservation states.

Reticulofenestra c f. R. daviesii (Haq 1968) Haq, 1971
Pl. 1, fig. 36.
Like R. daviesii but the central area is very narrow.

Reticulofenestra filewiczii (Wise & Wiegand in Wise,
1983) Dunkley Jones et al., 2009
PIL. 1, figs 31-35.
Remarks: Broadly elliptical with a narrow central area
and birefringent net.

Reticulofenestra lockeri Miiller, 1970
Pl. 1, figs 25-27

Reticulofenestra cf. R. lockeri Miiller, 1970
PI. 1, fig. 28.
Remarks: Like R. lockeri but with relatively wider cen-
tral area.

6.1.3. Reticulofenestra reticulata Group

Reticulofenestra erbae Fornaciari et al., 2010
PlL. 1, fig. 47.
Remarks: Like R. reticulata but with a closed central
area. Occurrence: Zone NP19/20; Site U1334; NP17-
NP19, Fornaciari et al. (2010).

Reticulofenestra reticulata (Gartner & Smith, 1967)

Roth & Thierstein, 1972
Pl. 1, figs 44-46
Remarks: Medium to large (~8-12um), circular reticu-
lofenestrid with narrow central area crossed by a distinc-
tive, robust, visible net. Subcircular to ellitical forms have
also been observed (Pl. 1., fig. 48; PI. 2, figs 1-3) and
may intergrade with the R. filewiczii morphotype. Occur-
rence: Zone NP17-Zone NP19/20; IODP Sites U1331,
1333-1334.

Reticulofenestra cf. R. reticulata
(Gartner & Smith, 1967) Roth & Thierstein, 1972
PlL. 1, figs 48; P1. 2, figs 1-3.
Remarks: Like R. reticulata but subcircular to broadly
elliptical. These morphotypes are similar to R. filewiczii.
Occurrence: Zone NP19/20; Site U1334.

Reticulofenestra westerholdii sp. nov.
PI1. 1, figs 37-39.
Derivation of name: Named after Thomas Westerhold
(University of Bremen, Germany), Exp. 320 shipboard
scientist, stratigrapher and palacoceanographer. Diagno-
sis: Medium sized (5-8um), circular reticulofenestrid with
open central area (similar in width to, or slightly narrower
than, the rim width) but no perceptible net. Subcircular
to broadly elliptical forms are rarely observed and distin-
guised as R. cf. R. westerholdii (Pl. 1. figs 40-43). Differ-
entiation: Distinguished from R. reticulata by the smaller
size, narrower tube, proportionally wider central area and
absence of visible net. Distinguished from C. floridanus
by the circular outline, wider central area and low tube
cycle. Dimensions: Holotype L = 6.9 ym (Paratype L =
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g g g z i E | & |E[28|8|8(8|5SI8|8(215/5|3(S(5/5/9/2|8(5 2|88
< =z =z ) o (] O [o | < |plo|[m|mldg 0lololololo|lolololo|o|o |0 |0l6 |66
Rl U1334A-1H-CC BN 0.00 [8.19 B
m-INN6 |U1334A-2H-CC 18.11 087 (1898 | M| A © F F R
B/T S. heteromorphus uNN4-5|U1334A-3H-CC 27.65 197 2962 | M| A F RR R
?__|U1334A-4H-CC 37.18 348 [4066 | P | R |
T T. carinatus U1334A-5H-CC 46.78 477 [5155 | M| A F R R R
B S. belemnos U1334A-6H-CC 56.20 693 (6313 | M| A c c¢cc¢C
T S. disbelemnos U1334A-7H-CC 65.66 7.42 M-G| A F 1R
U1334A-8H-CC 75.06 9.06 M-G| A F F F F
% NNz |U1884A-9H-2, 110 |77.30 1122 8852 | M| A F 'CRF
S U1334A-9H-3,20  |77.90 1122 (8912 | M| A R F F F
s U1334A-9H-4, 100 |80.20 11.22 |91.42 |M-G| A R F F R
= U1334A-9H-6,70  |82.90 11.22 9412 |M-G[ A F__CRC
& |B'S. disbelemnos U1334A-9H-7,30  [84.00 11.22 |9522 | M| A R 1
B D. druggii U1334A-9H-CC 84.74 11.22 |9596 |P-M| A 1 F
U1334A-10H-3,90  [88.10 11.31 |99.41 |P-M| A 1 R 2 1
U1334A-10H-6,90  [92.60 11.31 |10391 | M| A
U1334A-10H-7, 30 |93.50 11.31 |10481 | M| A F F
T S. delphix U1334A-10H-CC 93.95 11.31 [105.26 [M-G| A F F
B S. delphix U1334A-11H-1,20  [94.70 12.92 |107.62 |[M-G| A F F 1
U1334A-11H-2,20  |96.20 1292 |[109.12 | M| A F F 1
NN1 |U1334A-11H-3,20  [96.90 12.92 |10982 | M| A cC C 3
U1334A-11H-6,20  [101.50 1292 |11442 | M| A F R
U1334A-11H-CC 103.75 12.92 |11667 | M | A F R
U1334A-12H-2,70  |105.40 14.15 |119.55 |P-M| A
U1334A-12H-4,70  |108.40 14.15 |12255 |P-M| A
U1334A-12H-6,70  [111.40 14.15 |12555 | M | A 1
U1334A-12H-7,30  [112.27 14.15 |126.42 |P-M| A 11
T S. ciperoensis U1334A-12H-CC 112.58 14.15 [126.73 [ M A 2 2
Tc C. abisectus U1334A-13H-1,45  [113.15 1544 |12859 | M | A 1
U1334A-13H-2,45  |113.65 1544 |129.09 | M | A 1 R
U1334A-13H-4, 10 [116.30 15.44 |131.74 [M-G| A il 1
U1334A-13H-6, 45 [119.65 1544 |135.09 | M | A 1 2
] U1334A-13H-CC 12255 15.44 |137.99 |[M-G| A F 1
8 U1334A-14H-2,40  [124.10 16.93 |141.03 | M | A
8 U1334A-14H-4,40  [127.10 16.93 |144.03 |P-M| F
<] NP25 |U1334A-14H-6,40  [130.10 16.93 |147.03 | M | A 1
o U1334A-14H-CC 131.96 16.93 |148.89 |P-M| A R 2
8 U1334A-15H-2, 110 [134.30 18.86 |153.16 |[M-G| A
U1334A-15H-4, 110 [137.30 18.86 |156.16 | M | A 1
U1334A-15H-6, 40 [139.60 18.86 |158.46 |P-M| A
U1334A-15H-CC 141.20 18.86 |160.06 |[M-G| A B B R 1
U1334A-16H-2, 110 [143.80 20.56 [164.36 |M-G| A R 1 1
U1334A-16H-4, 110 [146.80 20.56 |167.36 |M-G| A [ |
U1334A-16H-6, 40  [149.10 20.56 |169.66 |M-G| A N 1 3
Bc S. ciperoensis/T S. predistentus U1334A-16H-CC 149.57 20.56 [170.13 [M-G| A F | F
U1334A-17H-2,60 [152.80  [23.22 [176.02 [M-G| A 1 21 1
U1334A-17H-4,60  [155.80 23.22 [179.02 | M| A H R 2
U1334A-17H-6,60  [158.80 2322 [182.02 | M | A | 1
NP24 |U1334A-17H-CC 159.97 2322 [18319 | G | A P F F
U1334A-18H-3, 60 M| A F 3 R 1
B C. abisectus U1334A-18H-CC 170.17 24.10 [194.27 |[M-G| A R | F 2
U1334A-19H-3, 70 MG| A F 4 F 3 2
B S. ciperoensis U1334A-19H-CC 178.49 26.42 [204.91 |[M-G| A N = F
U1334A-20H-CC 188.63  [40.46 |229.09 [M-G| A F R R
7B S. distentus U1334A-21H-CC 19848  [41.16 [239.64 | M | A |
U1334A-22H-2,70  [200.40  [42.46 [242.86 | M | A R R 1
U1334A-22H-4,70  |203.40 42.46 (24586 | M | A | R
Npog |U1334A-22H-6,30  [206.00  |42.46 [248.46 |P-M| A [}
U1334A-22H-CC 206.86  [42.46 [249.32 | M | A R |
U1334A-23H-3, 70 P-M| A -y
U1334A-23X-CC 216.17  [44.72 [260.89 | M | A R R |
U1334A-24X-3, 110 [221.00  [47.70 [268.70 | M | A C [ 2
U1334A-24X-CC 22422 [47.70 [271.92 [M-G| A F F N |
2 [TR. umbilicus U1334A-25X-1,80 [224.90  [49.43 [274.33 | M | A R F 1
8 U1334A-25X-2,80 [226.40  [49.43 (27583 | M | A R R 1 1 1 4
5 Npop |U1334A-25X-4,80 22940  49.43 27883 | M | A F F F 1 F
o U1334A-25X-6,80 [232.40  [49.43 (28183 | M | A F F R
e U1334A-25X-CC 23395  [49.43 |283.38 |M-G| A F F 3
8 U1334A-26X-2, 100 [236.10  [49.64 (28574 | M | A F F 2 F
T C. formosus U1334A-26X-3,100 [237.60  [49.64 [28724 | M| A |2 [F F ] R
U1334A-26X-4, 100 [239.10  [49.64 [288.74 | M | A F F|F ] F
U1334A-26X-6, 100 [242.10  [49.64 |291.74 |M-G| A C C[F 2 R
U1334A-26X-CC 24336  [49.64 [293.00 [M-G| A |R[F F|C | ]
Npoy |U1384A27X-2, 11 24481 A |71[F F|F &) 1 1
Be C. subdistichus U1334A-27X-2,77  |245.47 A R
U1334A-27X-2 base |246.20 [ R[R
U1334A-27X-3 base |247.20 A R R|R
U1334A-27X-4top _ |247.20 51.10 [298.30 [P-M| C R R
U1334A-27X-5 base [249.70 51.10 [300.80 [P-M| C F
T D. saipanensis U1334A-27X-CC 250.76 51.10 [301.86 [P-M| A R
U1334A-28X-2, 123 |[E56K] 53.30 [308.83 B
o |T R reticulata U1334A-28X-CC 262.62 53.30 [31592 | M [ A F R
S U1334A-29X-2, 8 263.43 54.07 [317.50 [M-G| A R R|C 22 c
2 NP19-200U1334A-29X-4, 112 [266.53  [54.07 |320.60 |M-G| A F 21 R
W U1334A-29X-6, 36 |268.77 54.07 [32284 | M | A R R|F R
K U1334A-29X-7, 52 |270.09 54.07 [324.16 |[M-P| C 1
= U1334A-29X-8,36  |271.44 54.07 [32551 [P-M[ A 1 R
B 1. recurvus U1334A-29X-CC 272.00 54.07 [326.07 |[M-G| A F F|R R
[B_C. oamaruensis NP18 |U1334A-30X-1,66  [272.76 55.27 [328.03 | M | A F F|1
T C. grandis U1334A-30X-2,74  [274.34 55.27 |329.61 | M | A F F 21 | |
o 9 U1334A-30X-4, 110 [277.70 55.27 [332.97 [M-G| A R R|R IR |
B 3 NP17 [U1334A-30X-CC 281.50 55.27 [336.77 |[M-G| A R R R R |
s S U1334A-31X-CC 28389  [55.78 [339.67 [M-G| A |F|F[F|[F[F R [? R F 8 F 1
D. stavensis present U1334A-32X-CC 285.21 55.78 [340.99 | M | F 1 | ] | 1 ]

Chart 4. Stratigraphic range chart for calcareous nannofossils from Hole U1334A. See Chart 1 for further information.
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B/T S. heteromorphus uNN4-5|U1334A-3H-CC 27.65 197 2962 | M| A F RR R
?__|U1334A-4H-CC 37.18 348 [4066 | P | R [ |
T T. carinatus U1334A-5H-CC 46.78 477 [5155 | M| A F R R R
B S. belemnos U1334A-6H-CC 56.20 693 (6313 | M| A c c¢cc¢C
T S. disbelemnos U1334A-7H-CC 65.66 7.42 M-G| A F 1R
U1334A-8H-CC 75.06 9.06 M-G| A F F F F
% NNz |U1884A-9H-2, 110 |77.30 1122 8852 | M| A F 'CRF
S U1334A-9H-3,20  |77.90 1122 |89.12 | M| A B I F
s U1334A-9H-4, 100 |80.20 11.22 9142 |M-G| A R F F R
= U1334A-9H-6,70  [82.90 11.22 (9412 |M-G| A F ' CRC
& |BS. disbelemnos U1334A-9H-7, 30 84.00 1.22 9522 [ M| A [ R 1
B D. druggii U1334A-9H-CC 84.74 11.22 |9596 |P-M| A 1 F
U1334A-10H-3,90  [88.10 11.31 |99.41 |P-M| A 1 R 2 1
U1334A-10H-6,90  [92.60 11.31 |10391 | M| A
U1334A-10H-7, 30 |93.50 11.31 |10481 | M| A F F
T S. delphix U1334A-10H-CC 93.95 11.31 [105.26 [M-G| A F F
B S. delphix U1334A-11H-1,20  [94.70 12.92 |107.62 |[M-G| A F F 1
U1334A-11H-2,20  |96.20 1292 |[109.12 | M| A F F 1 F|
NN1 |U1334A-11H-3,20  [96.90 12.92 |10982 | M| A cC C 3 F
U1334A-11H-6,20  [101.50 1292 |11442 | M| A F R F
U1334A-11H-CC 103.75 12.92 |11667 | M | A F R F
U1334A-12H-2,70  |105.40 14.15 [119.55 |P-M[ A [
U1334A-12H-4,70  |108.40 14.15 |12255 |P-M| A R
U1334A-12H-6,70  [111.40 1415 |12555 | M [ A 1 F
U1334A-12H-7,30  [112.27 14.15 |126.42 |P-M| A 11 R
T S. ciperoensis U1334A-12H-CC 112.58 14.15 [126.73 [ M A 2 2 c
Tc C. abisectus U1334A-13H-1,45  [113.15 1544 |12859 | M | A 1 F
U1334A-13H-2,45  |113.65 1544 |129.09 | M | A 1 R F
U1334A-13H-4, 10 [116.30 15.44 |131.74 [M-G| A 71 1 c
U1334A-13H-6, 45 [119.65 1544 |135.09 | M | A 1 2 c
] U1334A-13H-CC 122,55 15.44 |137.99 |[M-G| A F 1 c
8 U1334A-14H-2,40  [124.10 16.93 [141.03 | M [ A R
8 U1334A-14H-4,40  [127.10 16.93 |144.03 |P-M| F
5 NP25 |U1334A-14H-6,40  [130.10 16.93 |147.03 | M | A 1 R
o U1334A-14H-CC 131.96 16.93 |148.89 |P-M| A R 2 F
8 U1334A-15H-2, 110 [134.30 18.86 |153.16 |[M-G| A F
U1334A-15H-4, 110 [137.30 18.86 |156.16 | M | A F
U1334A-15H-6, 40 [139.60 18.86 |158.46 |P-M| A R
U1334A-15H-CC 141.20 18.86 |160.06 |[M-G| A Fl F R 1 [
U1334A-16H-2, 110 [143.80 20.56 [164.36 |M-G| A R 1 1 c
U1334A-16H-4, 110 [146.80 20.56 [167.36 |[M-G| A [ | F
U1334A-16H-6,40  [149.10 20.56 [169.66 |[M-G| A 1 3 F
Bc S. ciperoensis/T S. predistentus U1334A-16H-CC 149.57 20.56 |170.13 |M-G| A F F [+
U1334A-17H-2,60 [152.80  [23.22 [176.02 [M-G| A 1 21 1 [
U1334A-17H-4,60  [155.80 23.22 [179.02 | M| A H R 2 c
U1334A-17H-6,60  [158.80 2322 [182.02 | M | A | 1 F
NP24 |U1334A-17H-CC 159.97 2322 [18319 | G | A F  |'F F c
U1334A-18H-3, 60 M| A F 3 R 1 c
B C. abisectus U1334A-18H-CC 170.17 24.10 [194.27 |[M-G| A R | F 2 R C
U1334A-19H-3, 70 MG| A F 4 F 3 R C
B S. ciperoensis U1334A-19H-CC 178.49 26.42 [204.91 |[M-G| A N = F R/ C
U1334A-20H-CC 188.63  [40.46 |229.09 [M-G| A F R c
7B S. distentus U1334A-21H-CC 19848  [41.16 [239.64 | M | A | 1 F
U1334A-22H-2,70  [200.40  [42.46 [242.86 | M | A R R 1 R
U1334A-22H-4,70  |203.40 42.46 [24586 | M | A [ | R F
Npog |U1334A-22H-6,30  [206.00  |42.46 [248.46 |P-M| A m 2 R
U1334A-22H-CC 206.86  [42.46 [249.32 | M | A R R
U1334A-23H-3, 70 P-M| A [ | F
U1334A-23X-CC 216.17 44.72 (26089 | M | A R R F
U1334A-24X-3, 110 [221.00 47.70 |268.70 | M | A c [ N o]
U1334A-24X-CC 224.22 47.70 [271.92 |[M-G| A F F B | c
2 [TR. umbilicus U1334A-25X-1,80 [224.90  [49.43 [274.33 | M | A R F | 1 3 F
8 U1334A-25X-2,80 |226.40  |49.43 [27583 | M| A R R 1 1 4 3 R
5 Npop |U1334A-25X-4,80 22940  49.43 27883 | M | A F F F 1 F c
o U1334A-25X-6,80 [232.40  [49.43 (28183 | M | A F F R c
) U1334A-25X-CC 23395  [49.43 |283.38 |M-G| A F F 3 2 c
8 U1334A-26X-2, 100 [236.10  [49.64 (28574 | M | A F F 2 F 3 c
T C. formosus U1334A-26X-3,100 [237.60  [49.64 [287.24 | M | A |[2[F F ] R 2 c
U1334A-26X-4, 100 [239.10  [49.64 [288.74 | M | A F F|F ] F [
U1334A-26X-6, 100 [242.10  [49.64 |291.74 |M-G| A C C[F 2 R A
U1334A-26X-CC 24336  [49.64 [293.00 [M-G| A |R[F F|C [ 1 A
Npoy |U1384A27X-2, 11 24481 A |71[F F|F 3 1 1 A
Be C. subdistichus U1334A-27X-2,77 _ |245.47 A R c
U1334A-27X-2 base |246.20 [ R[R 2
U1334A-27X-3 base |247.20 A R R|R
U1334A-27X-4top  |247.20 51.10 [298.30 [P-M| C R R
U1334A-27X-5 base [249.70 51.10 [300.80 [P-M| C F
T D. saipanensis U1334A-27X-CC 250.76 51.10 [301.86 [P-M| A R
U1334A-28X-2, 123 |[E56K] 53.30 [308.83 B
o |T R reticulata U1334A-28X-CC 26262  |53.30 [31592 | M| A F R
S U1334A-29X-2, 8 263.43 54.07 [317.50 |[M-G| A R R[C 22 c 1
2 NP19-200U1334A-29X-4, 112 [266.53  [54.07 |320.60 |M-G| A F 7 R
v U1334A-29X-6,36  |268.77 54.07 [32284 | M | A R R|F R
K U1334A-29X-7, 52 |270.09 54.07 [324.16 |[M-P| C 1 11
= U1334A-29X-8,36  |271.44 54.07 [32551 [P-M[ A 1 R
B 1. recurvus U1334A-29X-CC 272.00 54.07 [326.07 |[M-G| A F F|R R 2
[B_C. oamaruensis NP18 |U1334A-30X-1,66  [272.76 55.27 [328.03 | M | A F Fl1
T C. grandis U1334A-30X-2,74  [274.34 55.27 |329.61 | M | A F F 21 | | R
o 9 U1334A-30X-4, 110 [277.70  |56.27 [332.97 |[M-G| A R R[R R
B 3 NP17 |U1334A-30X-CC 281.50 55.27 [336.77 |[M-G| A R R R R R
= g U1334A-31X-CC 28389  [55.78 [339.67 |[M-G| A |F|F[F|[F|[F|R[? R F 3 F F
D. stavensis present U1334A-32X-CC 285.21 55.78 [340.99 [ M F [ | ] [

Chart 4. Continued
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2 B E: & a 6 |5 |g|2f22 288 5eee¢cge@d e eeeee
G U154/ 1H-C0_ CRE R CA 5
m-INN6 |U1334A-2H-CC 18.11 0.87 [18.98 M A kil
B/T S. heteromorphus uNN4-5[U1334A-3H-CC 27.65 1.97 [29.62 M A 1
2 U1334A-4H-CC 37.18 3.48 |40.66 P R
T T. carinatus U1334A-5H-CC 46.78 4.77 |51.55 M A |F F C 1 F
B S. belemnos U1334A-6H-CC 56.20 6.93 |63.13 M A |C[1]F ?R F F R
T S. disbelemnos U1334A-7H-CC 65.66 7.42 R MG| A |C Fl1 1 F
° U1334A-8H-CC 75.06 9.06 MG| A |[C|C|F[3 R R
% NN2 U1334A-9H-2, 110 77.30 11.22 [88.52 M A F 13 1 1 R F
§ U1334A-9H-3, 20 77.90 11.22 [89.12 M A F F R F
s U1334A-9H-4, 100  |80.20 11.22 [9142 |M-G| A [C R|F R 1 F
= U1334A-9H-6, 70 |82.90 11.22 [94.12 |[M-G| A [A R|2 kil 1 2 1 F
S B S. disbelemnos U1334A-9H-7, 30 84.00 11.22 [95.22 M A F 2|2 21 1 R 72 F
B D. druggii U1334A-9H-CC 84.74 11.22 [9596 |P-M| A [F F
U1334A-10H-3, 90 88.10 11.31 [99.41 P-M| A R 1 F R
U1334A-10H-6, 90 92.60 11.31 [10391 | M A |F F 7R F R
U1334A-10H-7, 30 93.50 11.31 (10481 | M A |C F|F 1 F R
T S. delphix U1334A-10H-CC 93.95 11.31 [105.26 [M-G] A [C R|F F R
B S. delphix U1334A-11H-1, 20 94.70 12.92 [107.62 |M-G| A F F|C R 1
U1334A-11H-2, 20 96.20 1292 [109.12 | M A |F F[C
NN1 JU1334A-11H-3, 20 96.90 12.92 (10982 | M A [C F|C
U1334A-11H-6, 20 101.50 1292 (11442 | M A F R|C F R
U1334A-11H-CC 103.75 12.92 (11667 [ M A |C F
U1334A-12H-2, 70 105.40 14.15 [119.55 |P-M| A F F 7R
U1334A-12H-4, 70 108.40 14.15 [122.55 |P-M| A F 1 R
U1334A-12H-6, 70 111.40 14.15 [12555 | M A R F F F
U1334A-12H-7, 30 112.27 14.15 [126.42 |P-M| A F F
T S. ciperoensis U1334A-12H-CC 112.58 14.15 [126.73 [ M A |C F F F
Tc C. abisectus U1334A-13H-1, 45 113.15 15.44 (12859 | M A |F F|R F R
U1334A-13H-2, 45 113.65 15.44 [129.09 | M A |F R|F|R [+] F
U1334A-13H-4, 10 116.30 15.44 |[131.74 |M-G| A F F F F
U1334A-13H-6, 45 119.65 15.44 (13509 | M A |F C|F 4 R F
() U1334A-13H-CC 122.55 15.44 [137.99 |[M-G| A |C R|R 2 R F 1]1|F
8 U1334A-14H-2, 40 124.10 16.93 [141.03 | M A R R R R
S U1334A-14H-4, 40 127.10 16.93 [144.03 |P-M| F R R R F F
e} NP25 |U1334A-14H-6, 40 130.10 16.93 [147.03 | M A R R 1 F F
k] U1334A-14H-CC 131.96 16.93 [148.89 |P-M| A [C 2C 2 1 F R|1|F
5 U1334A-15H-2, 110  |134.30 18.86 [153.16 [M-G| A [F F F F|F|F|2
U1334A-15H-4, 110  |137.30 18.86 [156.16 | M A |F Fl1 R R R|F
U1334A-15H-6, 40 139.60 18.86 [158.46 |P-M| A [R R R R|F|[F
U1334A-15H-CC 141.20 18.86 [160.06 |[M-G| A | C 2 F R 1[1]|F
U1334A-16H-2, 110 |143.80 20.56 |164.36 |M-G| A R 2 F F C
U1334A-16H-4, 110  |146.80 20.56 |167.36 |M-G| A F F|F F 2 F|R|[C|R
U1334A-16H-6, 40 149.10 20.56 [169.66 |[M-G| A F Fl2 F 1 F F C/F|/C|R
Bc S. ciperoensis/T S. predistentus U1334A-16H-CC 149.57 20.56 [170.13 [M-G| A |C 2 [ R ?F F C|/F[C
U1334A-17H-2, 60 152.80 23.22 |176.02 |[M-G| A [R R|F R R
U1334A-17H-4, 60 155.80 23.22 |179.02 | M A |F R|2 R 2 F [
U1334A-17H-6, 60 158.80 23.22 |182.02 | M A F F R R [ F [
NP24 |U1334A-17H-CC 159.97 23.22 |183.19 | G A |C F|R F 1 R F F [
U1334A-18H-3, 60 M A |?2R R [ F F C|/F|C|3
B C. abisectus U1334A-18H-CC 170.17 24.10 |194.27 |[M-G| A [C 2 F|F 3 [ [ [
U1334A-19H-3, 70 MG| A |F F 7| C R F
B S. ciperoensis U1334A-19H-CC 178.49 26.42 |204.91 [M-G| A |F 12 F[C F [ A
U1334A-20H-CC 188.63 40.46 |229.09 |M-G| A 2 F R[2 F R F F [
?B S. distentus U1334A-21H-CC 198.48 41.16 |239.64 | M A |F F F F F o]
U1334A-22H-2, 70 200.40 42.46 |242.86 | M A 3 1R R R F R [
U1334A-22H-4, 70 203.40 42.46 |245.86 | M A R R [ F[1]C
NP23 U1334A-22H-6, 30 206.00 42.46 |248.46 |P-M| A R [+ R C
U1334A-22H-CC 206.86 42.46 |249.32 | M A 2 22 1 [+] F [
U1334A-23H-3, 70 P-M| A 1 1 1 [+ F|F|F F
U1334A-23X-CC 216.17 44.72 1260.89 | M A 2 F 23 31 2 [
U1334A-24X-3, 110 |221.00 47.70 |268.70 | M A i 1 3 [ F [ 23 [ [ R
U1334A-24X-CC 224.22 47.70 |271.92 |M-G] A 1 2 1 R 1 [+ c|C [ [ [
2 [T R. umbilicus U1334A-25X-1, 80 224.90 49.43 |274.33 | M A 1 F F R[C 1[1 C C
8 U1334A-25X-2, 80 226.40 49.43 |275.83 | M A 1 c|C [+] R|R 2[C F
5 Npoo |U1334A-25X-4,80  [229.40 49.43 [27883 | M| A 14 F F C 1i(4[C|F|C F
e} U1334A-25X-6, 80 232.40 49.43 |281.83 | M A 1]1 o] c|C 1 R|/R[F F
2 U1334A-25X-CC 233.95 49.43 |283.38 |M-G| A kil F|C c|C [ 2C F
] U1334A-26X-2, 100 |236.10 49.64 |285.74 | M A 1 1 1[1 C|?FIF[F|F[F R F [
T C. formosus U1334A-26X-3, 100 |237.60 49.64 |287.24 | M A kil 1 1 R |?F R|F R F F
U1334A-26X-4, 100 |239.10 49.64 |288.74 | M A | ] R[C c|C F|F|F F
U1334A-26X-6, 100 [242.10 49.64 |291.74 |M-G| A R H R[2 [+] c|C F|R|[R R
U1334A-26X-CC 243.36 49.64 |293.00 |M-G] A c|C A|C|C [o] R|? [ [
NP21 U1334A-27X-2, 11 244.81 A |1 F 3 C|F[1[C|C|A R|/R|R F A
Bc C. subdistichus U1334A-27X-2, 77 245.47 A 4 [] F C|R F [+
U1334A-27X-2 base |246.20 C 2 1 c[C R F|F C|F|[F R [+
U1334A-27X-3 base |247.20 A 1 c|C 1 F|R FIR|R R C
U1334A-27X-4 top 247.20 51.10 |298.30 |P-M| C F c|C F|C F|/R|R F [
U1334A-27X-5 base |249.70 51.10 [300.80 [P-M| C | ] C |?R CcC|C C|R R R
T D. saipanensis U1334A-27X-CC 250.76 51.10 [301.86 |P-M[ A F 2 C 7F C|F A[F|/R[R[F|R C
U1334A-28X-2, 123  |EiIReK] 53.30 [308.83 B |
@ T R. reticulata U1334A-28X-CC 262.62 53.30 |315.92 | M A 3 R [+] C|F R
5 U1334A-29X-2, 8 263.43 54.07 [317.50 |[M-G| A F [ F|[F R R R
3 INP19-200U1334A-29X-4, 112 [266.53 54.07 |320.60 |M-G| A R [ ? C|F R F R
g U1334A-29X-6, 36 268.77 54.07 [322.84 | M A F F|A F F
o U1334A-29X-7, 52 270.09 54.07 |324.16 |[M-P| C F F|R F
= U1334A-29X-8, 36 271.44 54.07 [325.51 |P-M| A F F/C|R ?R|R|[F F
B . recurvus U1334A-29X-CC 272.00 54.07 [326.07 [M-G| A R [+] FIR|R 72 R R
'_B. C. oamaruensis NP18 |U1334A-30X-1, 66 272.76 55.27 [328.03 [ M A 4 [ R|F 1
T C. grandis U1334A-30X-2, 74 274.34 55.27 [329.61 | M A [ 3 R F|F R|F F
o & U1334A-30X-4, 110 |277.70 55.27 |332.97 |M-G| A [ F|F 3 F F F
S 3 NP17 |U1334A-30X-CC 281.50 55.27 |336.77 |[M-G| A A F|F 1
=y U1334A-31X-CC 3.89 55.78 |339.67 |M-G| A 5 3 F R|R
D. stavensis present U1334A-32X-CC 285.21 55.78 [340.99 | M F 1

Chart 4. Continued
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5.9 um). Holotype: P1.1, fig.39. Paratype: PI.1, figs 38.
Type locality: IODP Hole U1334A, Pacific Ocean. Type
level: Upper Eocene, Sample U1334A-28H-CC (Zone
NP19/20). Occurrence: Can be common to abundant.
Zone NP16-Zone NP19/20; IODP Sites U1331-1334.

Reticulofenestra cf. R. westerholdii sp. nov.
Pl. 1, figs 40-43.
Remarks: Like R. westerholdii but subcircular to broadly
elliptical. Occurrence: Zone NP19/20; Site U1334.

6.1.4. Cyclicargolithus floridanus Group

Cyclicargolithus abisectus

(Roth & Hay, in Hay et al., 1967) Bukry, 1971
PI. 2, fig. 18.
Remarks: Large Cyclicargolithus (>11.0um) with rela-
tively consistent stratigraphic range in the equatorial Pa-
cific (NP24-NP25), but similar morphotypes do occur
earlier (P1. 2, figs 4-5) and morphometric studies suggests
the 11xm cut-off is rather arbitrary (Firth, 1992; Olafsson,
1992).

Cyclicargolithus cf. C. abisectus
(Roth & Hay, in Hay et al., 1967) Bukry, 1971
Pl. 2, fig. 4-5.

Remarks: Large subcircular to broadly elliptical reticu-
lofenestrids with conspicuous tube cycle and narrow cen-
tral area. Similar to upper Eocene Reticulofenestra cf. R.
reticulata and upper Oligocene Cyclicargolithus abisec-
tus. They appear to have slightly lower tube cycles than
the latter and so are differentiated here, although the dif-
ference is subtle. Occurrence: Zone NP21-lower NP22;
Sites U1333, 1334.

Cyclicargolithus floridanus
(Roth & Hay, in Hay et al., 1967) Bukry, 1971
PI1. 2, figs 6-12
Cyclicargolithus? luminis (Sullivan, 1965) Bukry, 1971
Pl. 2, fig. 19

6.1.5. Reticulofenestra bisecta Group

Reticulofenestra bisecta (Hay et al., 1966) Roth, 1970
Pl. 2, figs 13-15.
Remarks: The holotype length of R. bisecta is 8uym and
we use the species name here for specimens <10ym in
length. It should be noted that this species concept, based
upon size ranges, is applied differently by some authors
(see Young, 1998, p. 248).

Reticulofenestra stavensis
(Levin & Joerger, 1967) Varol, 1989
Pl. 2, figs 16-17.
Remarks: The holotype size of R. stavensis is 14um and
we use the species here for the size range 10-20pm.

Family PRINSIACEAE Hay & Mohler, 1967 emend.
Young & Bown, 1997
Genus Towieus Hay & Mohler, 1967
PL. 2, figs 20-25.

Remarks: Toweius was one of the dominant placolith
groups of the late Paleocene to early Eocene but went into
decline broadly coincident with the appearance and rise to
dominance of the reticulofenestrid group (early Eocene,
zones NP12-13) (e.g., Agnini et al. 2006). The extinction
levels of the youngest Toweius species are not particu-
larly well constrained, however, Bralower and Mutterlose
(1995) report the top of Toweius spp. in Zone NP12 and
Girgisia gammation in Zone NP14 at ODP Site 865, and
Perch-Nielsen (1985) reports 7. callosus and G. gamma-
tion into Zone NP15. The species G. gammation has been
placed both in Toweius and a separate genus Girgisia and
ranges from Zone NP11-NP15. Relatively common 7o-
weius coccoliths are present in the basal sediments at Site
U1331 (Zone NP12/NP13 transition), including 7. pertu-
sus, T. callosus and G. gammation-like forms, and Site
U1333 (Zone NP15), including T. pertusus and G. gam-
mation-like forms, but are absent in the highly dissolved
basal sediments of Site U1332 (Zone NP14), which con-
tain only discoasters.

Toweius callosus Perch-Nielsen, 1971
P1.2, fig. 22
Girgisia gammation? (Bramlette & Sullivan, 1961)
Varol, 1989
PL. 2, figs 23-25

Remarks: The specimens seen at Site U1331 were identi-
fied as G. gammation but they do not show the distinctive
curving extinction lines that characterise the species. This
is probably due to etching of the coccoliths, which may
also lead to enlargement of the central area and loss of the
tube cycle.

Toweius pertusus (Sullivan, 1965) Romein, 1979
PL. 2, fig. 21

Order COCCOSPHAERALES Haeckel, 1894 emend.
Young & Bown, 1997
Family CALCIDISCACEAE Young & Bown, 1997
Pl. 2, figs 26-49; P1. 3; P1. 4, 1-11

Remarks: The Exp. 320 calcidiscid and calcidiscid-like

coccoliths are divided here into three informal groups:

1. Paleogene calcidiscid Group — a morphologically di-
verse group of elliptical to circular placoliths with
only some taxa having proven calcidiscid morphology,
while most await more detailed morphological analy-
sis (Bown et al., 2007).

2. Calcidiscus leptoporus Group - predominantly Neo-
gene to Modern group with early forms recorded in the
Oligocene in the Exp. 320 material.

3. Other calcidiscids — includes the predominantly Neo-
gene to Modern forms not included in the C. leptopo-
rus Group.

6.1.6. Paleogene calcisdiscid Group

Calcidiscus? detectus
(de Kaenel & Villa, 1996) comb. nov.
Basionym: Ericsonia detecta (de Kaenel & Villa, 1996),
p. 125,pl. 4, figs 1-3. ODP Sci. Res., 149: 79-145.
Pl. 2, figs 26-35.
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Species _|Pl., fig. number L i /W CAW Rim W [ Rim W/CA W| Rim W/W outline
C.? detectus |Pl. 2, fig. 26 5.4 4.2 1.29 1.60 1.10 0.69 0.26 normally elliptical
C.? detectus |PI. 2, fig. 28 7.9 6.0 1.32 2.50 1.30 0.52 0.22 normally elliptical
C.? detectus |PI. 2, fig. 30 7.6 6.1 1.25 2.80 1.90 0.68 0.31 broadly elliptical
C.? detectus |Pl. 2, fig. 32 8.4 7.0 1.20 2.90 1.90 0.66 0.27  |broadly elliptical
C.? detectus _|Pl. 2, fig. 34 6.1 5.6 1.09 2.30 1.60 0.70 0.29 subcircular
C.? edgariae |PI. 2, fig. 36 5.5 4.5 1.22 1.40 1.40 1.00 0.31 broadly elliptical
C.? edgariae |PI. 2, fig. 38 5.6 4.5 1.24 1.40 1.50 1.07 0.33 broadly elliptical
C.? edgariae |Pl. 2, fig. 40 7.6 6.4 1.19 1.80 2.10 1.17 0.33 broadly elliptical
C.? edgariae |PI. 2, fig. 43 7.8 6.5 1.20 1.87 2.31 1.24 0.36 broadly elliptical
C.? edgariae |Pl. 2, fig. 44 7.2 6.5 1.1 1.90 2.30 1.21 0.35 broadly elliptical
C.? edgariae |Pl. 2, fig. 47 8.9 7.3 1.22 1.90 2.60 1.37 0.36 broadly elliptical
C.? edgariae |PI. 2, fig. 49 9.1 7.9 1.15 2.30 2.80 1.22 0.35 |broadly elliptical
C.? kamikurii |Pl. 3, fig. 2 9.2 8.4 1.10 2.00 3.40 1.70 0.40 broadly elliptical
C.? kamikurii |Pl. 3, fig. 4 9.0 8.2 1.10 1.80 2.90 1.61 0.35 broadly elliptical
C.? kamikurii _|PI. 3, fig. 6 7.8 6.9 1.13 1.40 2.60 1.86 0.38 broadly elliptical
P. larvalis Pl. 3, fig. 8 7.0 7.0 1.00 0.80 3.10 3.88 0.44 circular
P, larvalis Pl. 3, fig. 9 9.9 9.9 1.00 1.30 5.10 3.92 0.52 circular
P. gibbsiae PI. 3, fig. 11 8.3 8.3 1.00 1.90 3.10 1.63 0.37 |circular
P. gibbsiae PI. 3, fig. 14 8.8 8.8 1.00 2.40 3.20 1.33 0.36 |[circular
P. gibbsiae Pl. 3, fig. 16 9.0 9.0 1.00 2.60 3.50 1.35 0.39  |circular

Table 2. Morphometric data (L, W, L/W axial ratio, central area CA width) and descriptive shape terms for the illustrated calcidiscids. For descriptive

terms and definitions see Table 1.

Remarks: Medium to large (~5-9um), elliptical placolith
coccoliths with narrow bicyclic rim (in XPL) and wide,
apparently vacant, central area. The rim width is around
half that of the central area (rim width/central area width:
0.5-0.7; Table 2). Differentiation: Similar to Calcidiscus
protoannulus but strongly elliptical, and to Calcidiscus?
edgariae sp. nov., but with narrower shields. Remarks:
Only consistently present in the site with best Oligocene
preservation (Site U1334), suggesting it is susceptible to
dissolution. Occurrence: Zones NP22-25 (single occur-
rence in Zone NP21, one questionable Zone NP17 occur-
rence); Sites U1333, U1334. Present in very few samples
at U1333 (Zones NP22-23) and absent at U1332.

Calcidiscus? edgariae sp. nov
Pl. 2, figs 36-49
Derivation of name: Named after Kirsty Edgar (Univer-
sity of Cardiff, UK), Exp. 320 shipboard scientist, mi-
cropalaeontologist and palaeoceanographer. Diagnosis:
Medium to large (~5-10pum), broadly elliptical placolith
coccoliths with broad bicyclic rim (in XPL) and vacant
central area. The rim width is similar to, or slightly great-
er than, that of the central area (rim width/central area
width: 1.0-1.4; Table 2). Differentiation: Distinguished
from Calcidiscus? detectus by the broader rim and rela-
tively narrower central area. Remarks: Only consistently
present in the site with best Oligocene preservation (Site
U1334), suggesting it is susceptible to dissolution. Di-
mensions: Holotype L = 8.9 ym (Paratypes L = 5.5, 7.8
um). Holotype: P1.2, fig.46. Paratype: P1.2, figs 36, 42.
Type locality: IODP Hole U1334A, Pacific Ocean. Type
level: Oligocene, Sample U1334A-19H-CC (Zone NP23).
Occurrence: Zone NP23-Zone NP25 (single occurrence
in Zone NP21); IODP Sites U1333, 1334. Present in very
few samples at U1333 (Zone NP23) and absent at U1332.

Calcidiscus? kamikurii sp. nov.
PI. 3, figs 1-6

Derivation of name: Named after Shin-ichi Kamikuri
(Hokkaido University, Japan), IODP Expedition 320
shipboard scientist and micropalaeontologist. Diagnosis:
Medium to large (~7-10pm), broadly elliptical placolith
coccoliths with broad bicyclic rim (in XPL) and vacant,
narrow central area. The rim width is greater than the cen-
tral area width (rim width/central area width: 1.6-1.9; Ta-
ble 2). Differentiation: Similar to Calcidiscus? edgariae
but more broadly elliptical with relatively broader rim and
narrower central area. Pedinocyclus larvalis and P. okayi
(P1. 3, figs 7-16) have elements joined along sutures with
strong obliquity. Dimensions: L = 9.2 ym (Paratype L =
9.0 ym). Holotype: P1.3, fig.1. Paratype: P1.3, fig.3. Type
locality: IODP Hole U1334A, Pacific Ocean. Type level:
Oligocene, Sample U1334A-20H-CC (Zone NP23). Oc-
currence: Zone NP23-Zone NP24; IODP Site U1334.

Calcidiscus? bicircus Bown, 2005
Pl. 4, fig.7
Calcidiscus? henrikseniae Bown, 2005
Pl. 4,fig. 8
Calcidiscus? pacificanus (Bukry, 1971) Varol, 1989
Pl. 4, fig. 9
Calcidiscus protoannulus
(Gartner, 1971) Loeblich & Tappan, 1978
PI. 3, figs 19-20
Coronocyclus nitescens
(Kamptner 1963) Bramlette & Wilcoxon 1967
PL. 3, figs 23-24
Umbilicosphaera bramlettei
(Hay & Towe, 1962) Bown et al., 2007
PI. 3, figs 17-18

6.1.7. Calcidiscus leptoporus Group

Calcidiscus pataecus Gartner, 1967
Pl. 3, figs 25-40
Remarks: Used herein for small to medium (~3-8um), el-
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liptical Calcidiscus coccoliths with a closed central area.
Specimens were informally divided into less than or great-
er than Sym in length. Larger specimens (>5pm) appear
in Zone NP25. Only consistently present in the site with
the best Oligocene preservation (Site U1334; sporadically
present at Site U1333), suggesting it is susceptible to dis-
solution. Occurrence: Zone NP23-Zone NN6 (question-
able, rare and sporadic occurrences from NP19/20 at Site
U1334, but consistently present from NP23); IODP Sites
U1332 (one sample), U1333, U1334. Larger specimens
(>5pm) appear in Zone NP25.

Calcidiscus leptoporus (Murray and Blackman, 1898)
Loeblich and Tappan, 1978
PL. 3, figs 45-48
Remarks: Present from Zone NN2 in Site U1334.

Calcidiscus cf. C. leptoporus (Murray and Blackman,
1898) Loeblich and Tappan, 1978
Pl. 3, figs 43-44
Remarks: Small, circular Calcidiscus with closed central
area.

Calcidiscus premacintyrei Theodoridis, 1984
PI. 3, figs 49-50

6.1.8. Other calcidiscids

Umbilicosphaera jafari Miiller, 1974
Pl. 4, figs 1-4
Remarks: Common from the upper Oligocene (Zone
NP24) but present only in the best-preserved samples
from Site U1334, suggesting high sensitivity to dissolu-
tion. Umbilicosphaera rotula is present from Zone NN2.

Umbilicosphaera jordanii Bown, 2005
PL. 3, figs 21-22
Umbilicosphaera rotula (Kamptner, 1956) Varol, 1982
Pl. 4, figs 5-6
Hayaster perplexus
(Bramlette & Riedel, 1954) Bukry, 1973
Pl. 4, figs 10-11

Family COCCOLITHACEAE Poche, 1913 emend.
Young & Bown, 1997

Remarks: The coccolithacean and coccolithacean-like

coccoliths are divided here into three informal groups:

1. Coccolithus pelagicus Group — C. pelagicus and simi-
lar coccoliths with narrow central areas that may be
spanned by a transverse bar.

2. Chiasmolithus-Cruciplacolithus Group — forms with
central area cross bars.

3. Clausicoccus Group — forms with perforate central
area plates.

6.1.9. Coccolithus pelagicus Group

Coccolithus biparteoperculatus Varol, 1991 comb. nov.
Basionym: Birkelundia biparteoperculatus
Varol, 1991, p. 220, pl. 7, figs 11-12. N. Jb. Geol.
Paldont. Abh. 182: 211-237.

PlL. 4, figs 12-18

Remarks: Similar to Coccolithus pelagicus but the tube
cycle may be indistinct and the narrow central area is filled
by a two-part oval bar with a transverse suture. Also simi-
lar to Coccolithus cachaoi Bown, 2005 but distinguished
by the two-part bar. The similarity between these cocco-
lithacean coccoliths has led us to propose this recombina-
tion. Occurrence: Zone NP15-Zone NP22; IODP Sites
U1331-1334. NP12-NP23 (Varol, 1991).

Coccolithus eopelagicus
(Bramlette & Riedel, 1954) Bramlette & Sullivan, 1961

Pl. 4, fig. 27
Coccolithus mutatus (Perch-Nielsen, 1971) Bown, 2005
PlL. 4, fig. 26
Coccolithus pelagicus (Wallich, 1877) Schiller, 1930
Pl. 4, fig. 25

Coccolithus scheri sp. nov.
Pl. 4, figs 19-24
Derivation of name: Named after Howie Scher (Univer-
sity of South Carolina, USA), Exp. 320 shipboard scien-
tist and palaeoceanographer. Diagnosis: Small to medi-
um-sized elliptical Coccolithus with narrow central area
filled by a birefringent broad, oval transverse bar, which
is bright at around 45° to the polarizing direction. Differ-
entiation: Distinguished from other Coccolithus species
by the diagnostic birefringent transverse bar. Remarks:
Most consistently present in the site with best Oligocene
preservation (Site U1334), suggesting it is susceptible
to dissolution. Dimensions: Holotype L = 5.3um (Para-
type L = 6.0um). Holotype: P14, fig.23. Paratype: P14,
fig.21. Type locality: IODP Hole U1334A, Pacific Ocean.
Type level: Oligocene, Sample U1334A-19H-CC (Zone
NP23). Occurrence: Zone NP22-Zone NP24; IODP Sites
U1332 (one NP23 sample), U1333 (only NP23), U1334.

Ericsonia robusta (Bramlette & Sullivan, 1961)

Edwards & Perch-Nielsen, 1975
Pl. 4, figs 30-32
Remarks: The large variant of this species has a docu-
mented last occurrence in the late Paleocene (Raffi ez al.,
2005) but the smaller form, illustrated here, is occasional-
ly reported above this level. The species is recorded spo-
radically in the Exp. 320 Eocene sediments, from zones
NP12 (Site U1331), NP15 (Site U1333) and NP17-19/20
(Site U1334). This suggests that the species was present
throughout the Eocene but was rare and perhaps ecologi-
cally restricted.

6.1.10. Chiasmolithus-Cruciplacolithus
Group

Bramletteius serraculoides Gartner, 1969
PI. 4, figs 33-35
Campylosphaera dela
(Bramlette & Sullivan, 1961) Hay & Mohler, 1967
PL. 5, fig. 12
Chiasmolithus altus Bukry and Percival, 1971
Pl. 4, figs 39-40
Chiasmolithus gigas
(Bramlette & Sullivan, 1961) Radomski, 1968
Pl. 4, fig. 28
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Chiasmolithus grandis
(Bramlette & Riedel, 1954) Radomski, 1968
Pl. 4, fig. 29
Chiasmolithus nitidus Perch-Nielsen, 1971
Pl. 4, fig. 36
Chiasmolithus oamaruensis
(Deflandre, 1954) Hay et al., 1966
Pl. 4, fig. 41
Chiasmolithus titus Gartner, 1970
Pl. 4, figs 37-38
Cruciplacolithus cruciformis
(Hay & Towe, 1962) Roth, 1970
PL. 5, fig. 11

Cruciplacolithus? klausii sp. nov.
PIL. 5, figs 1-10

Derivation of name: Named after Adam Klaus (IODP,
Texas A & M, USA), IODP Expedition 320 shipboard
staff scientist and palacoceanographer. Diagnosis: Me-
dium sized (~6-8um), elliptical placolith coccoliths with
a low birefringence rim and narrow central area almost
filled by broad low birefringence axial cross bars. The
brigher tube cycle may be indistinct. Differentiation:
Distinguished from other Cruciplacolithus species by
the indistinct tube cycle and low birefringence appear-
ance in XPL. Remarks: Only consistently present in
the site with best Oligocene preservation (Site U1334),
suggesting it is susceptible to dissolution. Dimensions:
Holotype L = 7.0um (Paratype 6.1xm). Holotype: P1.5,
fig.1. Paratype: PL.5, fig.3. Type locality: IODP Hole
U1334A, Pacific Ocean. Type level: Upper Oligocene,
Sample U1334A-15H-CC (Zone NP25). Occurrence:
Zone NP21-Zone NP25 (singular occurrence in NP19/20
at U1334); IODP Sites U1332 (one NP23 sample), U1333
(NP22-23),U1334.

Cruciplacolithus cf. C. primus Perch-Nielsen, 1977
PL. 5, figs 13-14

6.1.11. Clausicoccus Group

Clausicoccus fenestratus
(Deflandre & Fert, 1954) Prins 1979
PL. 5, fig. 17
Clausicoccus subdistichus
(Roth & Hay in Hay et al., 1967) Prins, 1979
PL. 5, figs 15-16

Clausicoccus cf. C. subdistichus
(Roth & Hay in Hay et al., 1967) Prins, 1979
PL. 5, figs 19-20
Remarks: Like C. subdistichus but with very narrow cen-
tral area.
Clausicoccus vanheckiae
(Perch-Nielsen, 1986) de Kaenel & Villa, 1996
PL. 5, fig. 18

Clausicoccus? sp. rim
PL. 5, figs 21-23
Remarks: Small bicyclic rims with open central areas but
otherwise similar to C. subdistichus. Conspicuous in the
upper Oligocene/lower Miocene part of Site U1334.

Hughesius gizoensis Varol, 1989
PL. 5, figs 25-30
Hughesius tasmaniae (Edwards and Perch-Nielsen,
1975) de Kaenel and Villa, 1996
PL. 5, figs 24,31-35

Hughesius? sp.

PL. 5, figs 37-42
Remarks: Small bicyclic coccoliths with very narrow
central area but otherwise similar to Hughesius gizoensis.

Tetralithoides symeonidesii? Theodoridis, 1984
PL. 5, figs 36,43-48
Remarks: Oligocene forms are small inconspicuous coc-
coliths with four-part plate filling the central area. Remi-
niscent of the Modern narrow-rimmed placolith group
(Young et al., 2003, p. 70) and the Neogene Tetralithoides
symeonidesii (P1. 5, fig. 36).

6.1.12. Placolith coccoliths Incertae
Sedis

Pedinocyclus larvalis Bukry & Bramlette, 1971
Pl. 3, figs 7-9

Pedinocyclus gibbsiae sp. nov.
PI. 3, figs 10-16

Derivation of name: Named after Samantha Gibbs (Uni-
versity of Southampton, UK) nannopalaeontologist and
palaeoceanographer. Diagnosis: Medium to large (~6-
10um), circular coccoliths with broad rim, narrow, bright
inner tube cycle (in XPL) and open central-area. The rim
width is just less than half that of the central area (rim
width/central area width: ~0.4.) and the rim elements are
strongly inclined. Differentiation: Distinguished from
Pedinocyclus larvalis by the relatively narrower rim and
wider central area, and from the early Eocene Geminil-
ithella okayi Varol, 1989 by the broader inner tube cycle.
Remarks: Most consistently present in the site with best
Oligocene preservation (Site U1334), suggesting it is sus-
ceptible to dissolution. Dimensions: L = 8.3 ym (Paratype
L=28.8 um). Holotype: P1.3, fig.10. Paratype: P1.3, fig.13.
Type locality: IODP Hole U1334A, Pacific Ocean. Type
level: Oligocene, Sample U1334A-19H-CC (Zone NP23).
Occurrence: Zone NP23-Zone NP25 with rare and spo-
radic occurrences NP21-22; IODP Sites U1332-1334.

Hayella challengeri (Miiller, 1974) Theodoridis, 1984
PI. 6, figs 1-3
Hayella situliformis Gartner, 1969
PL. 6, figs 4-5
IIselithina fusa Roth, 1970
PI. 6, figs 6-9
Ellipsolithus macellus
(Bramlette & Sullivan, 1961) Sullivan, 1964
Pl. 6, figs 10, 11?

6.2. MESOZOIC MUROLITHS
Neocrepidolithus sp. Pl. 6, fig. 12
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6.3. CENOZOIC MUROLITHS

Order ZYGODISCALES Young & Bown, 1997
Family HELICOSPHAERACEAE Black, 1971
Genus Helicosphaera Kamptner, 1954
Remarks: Helicosphaera are only present in those Exp.
320 sediments with highest carbonate content, providing
strong evidence for the high preservation sensitivity in
this group (see also Pontosphaera). Occurrences are typi-
cally rare and sporadic. We have applied the following

informal groups:

1. Helicosphaera carteri Group — diffuse birefringent
blanket and flange ending with distinct wing (Oligo-
cene-Modern).

2. Helicosphaera compacta-recta Group — well-defined
and distinctly birefringent blanket (upper Middle Eo-
cene-upper Oligocene: Zone NP17-NN1).

3. Helicosphaera seminulum Group — diffuse birefrin-
gent blanket, relatively wide central area and disjunt
bars (Lower Eocene - Oligocene: Zone NP12-NP257).

6.3.1. Helicosphaera carteri Group

Helicosphaera granulata
(Bukry and Percival, 1971) Jafar and Martini, 1975
Pl. 6, figs 13-18
Helicosphaera intermedia Martini, 1965
Pl. 6, figs 19-24

6.3.2. Helicosphaera compacta-recta
Group

Helicosphaera clarissima Bown, 2005
PL. 6, fig. 25

Helicosphaera compacta Bramlette & Wilcoxon, 1967
PI. 6, figs 26-28

Helicosphaera recta Haq, 1966 (Jafar & Martini, 1975)
PI. 6, figs 35-39

Helicosphaera reticulata Bramlette & Wilcoxon, 1967
PL. 6, figs 40-42

Helicosphaera robinsoniae sp. nov.
PI. 6, figs 29-34

Derivation of name: Named after Rebecca Robinson
(University of Rhode Island, USA), Exp. 320 shipboard
scientist and palacoceanographer. Diagnosis: Large He-
licosphaera with birefringent blanket, indistinct but dis-
junct, birefringent oblique bar, and anterior spur. Differen-
tiation: Similar to H. compacta and H. clarissima but with
anterior spur and indistinct disjunct birefringent oblique
bar. H. recta has a conjunct, transverse bar. Dimensions: L
= 11.8um (Paratype L = 11.6um). Holotype: P1.6, fig.31.
Paratype: P1.6, fig.34. Type locality: IODP Hole U1334A,
Pacific Ocean. Type level: Lower Oligocene, Sample
U1334A-26X-3, 100 cm (Zone NP21). Occurrence: Up-
per Zone NP21-lower Zone NP22; IODP Sites U1334.

6.3.3. Helicosphaera seminulum Group

Helicosphaera bramlettei
(Miiller, 1970) Jafar & Martini, 1975
PL. 6, figs 43-44

Helicosphaera lophota
(Bramlette & Sullivan, 1961) Locker, 1973
PlL. 6, fig. 45

Helicosphaera cf. H. wilcoxoni Gartner, 1971
Pl. 6, figs 46-48
Remarks. Helicosphaera with open central area spanned
by a disjunct transverse bar with dark median suture. The
wing morphology is unclear. Occurrence. Rare NP21-22,
Site U1334.

Family PONTOSPHAERACEAE Lemmermann, 1908
Genus Pontosphaera Lohmann, 1902
PL.7, figs 1-2
Remarks: Pontosphaera are very rare and only present
in the highest carbonate content sediments of Expedition
320 indicating high preservation sensitivity in this group
(see also Helicosphaera).

Family ZYGODISCAEAE Hay & Mohler, 1967
Isthmolithus recurvus
Deflandre in Deflandre and Fert, 1954
P1.7, figs 3-4
Neococcolithes protenus
(Bramlette and Sullivan, 1961) Black, 1967
Pl. 14, figs 1-3

Order SYRACOSPHAERALES Hay, 1977 emend.
Young et al., 2003
Family SYRACOSPHAERACEAE
Lemmermann, 1908 Syracosphaera sp.
Pl1.7, figs 5-6

Family RHABDOSPHAERACEAE Haeckel, 1894
Genus Blackites Hay & Towe, 1962
PlL. 7, figs 7-15
Remarks: Can be common from Zone NP15 to NP23 but
present only in the better-preserved samples, although
typically as disarticulated spines. Occurrence: Zone
NP15-Zone NP23; IODP Site U1331-1334.

Blackites spines
PIL. 7, figs 8-15

Remarks: The disarticulated spines were identified to

species level as follows:

1. Blackites spinosus — gently tapering spines with wide
axial canal,

2. Blackites tenuis — narrow spines with narrow axial ca-
nal that initially broaden slightly before gentle taper-
ing;

3. Pseudotriquetrorhabdulus inversus — tapers at both
ends, ragged appearance and narrow axial canal.

Blackites amplus Roth & Hay, 1967
PL.7,fig. 7
Blackites spinosus
(Deflandre & Fert, 1954) Hay & Towe, 1962
P1.7, figs 8-9, 13
Blackites tenuis Bramlette and Sullivan, 1961
Pl. 7, figs 14-15
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Pseudotriquetrorhabdulus inversus (Bukry & Bramlette,
1969) Wise in Wise & Constans, 1976
PL.7, figs 10-12
Remarks: Considered a Triquetrorhabdulus-like nanno-
lith by Wise in Wise and Constans (1976) but occurs with
other Blackites spines here and may represent a distinct
species or a preservational (overgrown) morphotype.

6.4. HOLOCOCCOLITHS

Family CALYPTROSPHAERACEAE
Boudreaux & Hay, 1967
Zygrhablithus bijugatus bijugatus
(Deflandre in Deflandre & Fert, 1954) Deflandre, 1959
Pl. 13, fig. 46
Remarks: Of the holococcoliths, only one or two speci-
mens of Z. bijugatus were found throughout the entire
Exp. 320 sample set, illustrating the pervasive effect of
dissolution in these deep abyssal-plain sediments. Disso-
lution susceptible holococcoliths are removed during the
long export path from the photic zone or during sedimen-
tation and diagenesis at the sea floor.

6.5. HAPTOPHYTE NANNOLITHS

Family BRAARUDOSPHAERACEAE
Deflandre, 1947
Remarks: No pentaliths (Braarudosphaera, Micrantho-
lithus, Pemma) were observed in the Exp. 320 material,
confirming the predominantly neritic distribution of these
taxa (e.g., Young et al.,2003).

Family TRIQUETRORHABDULACEAE Lipps, 1969
Genus Triguetrorhabdulus Martini, 1965
Pl1.7, figs 16-22

Remarks: These elongate nannoliths are common to

abundant in the uppermost Oligocene and lower Miocene,

especially in sediments where selective dissolution has
concentrated them, together with discoasters. Three spe-
cies were identified:

1. T. carinatus - relatively long with median ridge.

2. T.longus - long to very long and narrow.

3. T. milowii - short and broad (rice grain shaped); some
of these may represent overgrown 7. challengeri
Perch-Nielsen, 1977 specimens, but multiple ridges
were not observed.

Triquetrorhabdulus carinatus Martini, 1965
P1.7, figs 17-19
Triquetrorhabdulus longus Blaj et al., 2010
PL. 7, fig. 16
Trigquetrorhabdulus milowii Bukry, 1971
Pl. 7, figs 20-22
Orthorhabdus serratus Bramlette and Wilcoxon, 1967
P1.7, fig. 23

6.6. EXTINCT NANNOLITHS

Order DISCOASTERALES
Hay, 1977 emend. Bown, 2010
Family DISCOASTERACEAE Tan, 1927

6.6.1. Discoaster deflandrei Group
PI. 7, figs 24-39, P1. 9, figs 40-41

Remarks: Discoasters with long free-rays that have dis-
tinct terminal bifurcations. Species are differentiated
based on ray thickness, modal ray number and overall
size, e.g. D. deflandrei has 5-6 rays, D. septemradiatus
has 7-8 rays, and D. nonaradiatus has 9 rays (but includes
10-12 rays).

Discoaster exilis Martini and Bramlette, 1963
P1.7, fig. 37
Discoaster deflandrei Bramlette and Riedel, 1954
P1. 7, figs 24-27
Discoaster martinii Stradner, 1959
PI1. 7, figs 32-33, 38-39
Discoaster nonaradiatus Klumpp, 1953
P1. 7, figs 35-36
Discoaster petaliformis Moshkovitz and Ehrlich, 1980
PIL. 9, figs 40-41
Discoaster septemradiatus
(Klumpp, 1953) Martini, 1958
Pl1. 7, figs 28-31, 34

6.6.2. Discoaster nodifer Group
Pl. 8, figs 1-40

Remarks: Discoasters with short to long free-rays that
have paired lateral nodes just before the pointed or
notched ray tips. Species herein broadly differentiated on
modal ray number and ray length: D. tanii has 5 rays, D.
nodifer has 6-9 rays, D. druggii has 6 rays and is large
(>15um), D. binodosus has 8 rays with free ray length
that approaches half the diameter of the central area or
greater, and D. mediosus has 10 rays or more with free
rays less than half the length of the central area.

Discoaster druggii Bramlette & Wilcoxon, 1967
PL. 8, fig 18
Discoaster mediosus Bramlette & Sullivan, 1961
PL. 8, fig. 1-3
Remarks: Discoaster mediosus usually has ten rays or
more with free rays less than half the length of the cen-
tral area; D. binodosus usually has 8 rays with longer
free length and prominent lateral nodes and pointed ray
tips (see discussion in Bown, 2005, p. 44). Occurrence:
Zones NP15-16; IODP Site U1331 (but this site was sub-
ject to reworking).

Discoaster nodifer
(Bramlette & Riedel, 1954) Bukry, 1973
Pl. 8, fig. 4-8, 13
Remarks: Six- to nine-rayed stellate discoasters with
prominent lateral nodes on their rays and ray-end notches
or bifurcations.

Discoaster strictus Stradner, 1961
PL. 8, fig. 9
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Visual identification | PI., fig. number | base W | base H | base W/H | W/H category H' H/W [H'/base H
S. predistentus PI. 11, fig. 15 2.58 0.80 3.23 S. predistentus 4.60 1.78 5.75
S. predistentus PI. 11, fig. 17 2.58 0.62 4.16 S. predistentus 4.90 1.90 7.90
S. predistentus PI. 11, fig. 19 3.07 0.64 4.80 S. predistentus 4.30 1.40 6.72
S. predistentus PI. 11, fig. 20 3.46 0.63 5.49 S. predistentus 7.70 2.23 12.22
S. predistentus PI. 11, fig. 21 3.26 0.76 4.29 S. predistentus 7.30 2.24 9.61
S. predistentus PI. 11, fig. 23 3.20 1.16 2.76 S. predistentus 8.10 2.53 6.98
S. celsus PI. 11, fig. 25 2.93 1.07 2.74 S. predistentus 11.30 3.86 10.56
S. predistentus Pl. 11, fig. 27 3.91 1.78 2.20 S. distentus 7.60 1.94 4.27
S. akropodus PI. 11, fig. 29 3.02 1.33 2.27 S. distentus 7.60 2.52 5.71
S. akropodus PI. 11, fig. 31 2.31 1.16 1.99 S. distentus 4.40 1.90 3.79
S. akropodus PI. 11, fig. 33 2.58 1.42 1.82 S. distentus 6.60 2.56 4.65
S. akropodus PI. 11, fig. 35 2.40 1.25 1.92 S. distentus 6.10 2.54 4.88
S. akropodus Pl. 11, fig. 37 3.65 1.87 1.95 S. distentus 10.20 2.79 5.45
S. peartiae PI. 11, fig. 39 3.29 1.87 1.76 S. distentus 4.10 1.25 2.19
S. peartiae PI. 11, fig. 41 3.65 1.87 1.95 S. distentus 6.20 1.70 3.32
S. peartiae PI. 11, fig. 43 4.80 2.76 1.74 S. distentus 7.20 1.50 2.61
S. distentus PI. 11, fig. 46 3.02 1.42 213 S. distentus 5.20 1.72 3.66
S. distentus PI. 11, fig. 47 3.29 1.60 2.06 S. distentus 4.00 1.22 2.50
S. distentus PI. 12, fig. 1 3.1 1.78 1.75 S. distentus 4.60 1.48 2.58
S. distentus Pl. 12, fig. 3 3.29 1.78 1.85 S. distentus 5.00 1.52 2.81
S. ciperoensis PIl. 12, fig. 5 2.94 2.04 1.44 S. ciperoensis 4.00 1.36 1.96
S. ciperoensis PIl. 12, fig. 7 2.85 1.69 1.69 S. ciperoensis 3.90 1.37 2.31
S. ciperoensis Pl. 12, fig. 9 2.40 1.69 1.42 S. ciperoensis 3.20 1.33 1.89
S. calyculus PI. 12, fig. 11 2.94 2.31 1.27 S. ciperoensis 3.40 1.16 1.47
S. calyculus PI. 12, fig. 13 2.49 2.14 1.16 S. ciperoensis 3.50 1.41 1.64
S. calyculus Pl. 12, fig. 15 2.67 1.87 1.43 S. ciperoensis 4.40 1.65 2.35
S. delphix PIl. 12, fig. 17 3.56 2.67 1.33 n/a 4.00 1.12 1.50
S. delphix PI. 12, fig. 23 3.82 2.67 1.43 n/a 4.40 1.15 1.65
S. delphix PI. 12, fig. 25 3.82 2.49 1.53 n/a 4.80 1.26 1.93
S. delphix Pl. 12, fig. 27 5.16 3.82 1.35 n/a 7.70 1.49 2.02
S. disbelemnos PI. 12, fig. 37 2.49 3.56 0.70 n/a 3.90 1.57 1.10
S. disbelemnos PI. 12, fig. 39 3.38 4.71 0.72 n/a 5.20 1.54 1.10
S. disbelemnos Pl. 12, fig. 41 4.09 5.96 0.69 n/a 6.00 1.47 1.01
S. disbelemnos Pl. 12, fig. 43 2.58 4.18 0.62 n/a 5.10 1.98 1.22
S. belemnos Pl. 12, fig. 45 3.64 4.44 0.82 n/a 5.60 1.54 1.26
S. heteromorphus Pl. 12, fig. 47 4.53 3.29 1.38 n/a 7.40 1.63 2.25
S. cf. S. conicus sml. PI. 13, fig. 7 3.82 4.45 0.86 n/a 6.10 1.60 1.37
S. conicus s.s. PI. 13, fig. 17 7.02 6.85 1.02 n/a 10.20 1.45 1.49
S. cf. S. conicus Ige. PI. 13, fig. 19 5.87 7.02 0.84 n/a 9.00 1.53 1.28
S. moriformis Pl. 13, fig. 37 4.27 4.18 1.02 n/a 4.18 0.98 1.00

Table 3. Morphometric data (base height H, base width W, base W/H ratio, H’ height to spine bifurcation) for selected illustrated sphenoliths. Base
'W/H ratio categories are based on Blaj e al. (2010): S. ciperoensis <1.7, S. distentus 1.7-2.5, S. predistentus >2.5.

Discoaster tanii Bramlette & Riedel, 1954
PL. 8, fig. 10-12, 15-17, 19-28
Remarks: Five-rayed stellate discoasters with long free
rays terminating in a flat or slightly notched ray-end.
Paired lateral nodes are variably developed. Large, three-
dimensional specimens (Pl. 8, figs 15-17) and forms with
prominent central bosses (Pl. 8, figs 19-28) were distin-
guished as separate varieties, described below.

Discoaster tanii Bramlette & Riedel, 1954 variety 1
PL. 8, fig. 15-17
Remarks: Large (typically >15um), three-dimensional
D. tanii variety. Occurrence: Zone NP17- lower Zone
NP24; IODP Site U1334.

Discoaster tanii Bramlette & Riedel, 1954 variety 2
PL. 8, fig. 19-28
Remarks: Medium to large (9-19um) D. tanii variety
with wide central area and prominent boss on one face.
The rays are relatively shorter than D. tanii s.s. but this

may be due to poor preservation. Occurrence. Zones
NP18-20; IODP Sites U1331, U1333, U1334.

Discoaster williamsii sp. nov.
PI. 8, figs 32-40

Derivation of name: Named after Trevor Williams
(Lamont Doherty Earth Observatory of Columbia Uni-
versity, USA), IODP Exp. 320 logging staff scientist and
palaeoceanographer. Diagnosis: Six rayed discoaster with
broad central area that is distinctly elevated on both faces.
The rays are narrow and free for around half their length.
Paired lateral nodes just before the ray tips are present in
some specimens (P1. 8, figs 38-40). Differentiation: Dis-
tinguished from D. nodifer by the broad central area and
large central area bosses. Dimensions: L = 14.0ym (Para-
type L =13.0xm). Holotype: PL.8, fig.40. Paratype: P1.8,
fig.34. Type locality: IODP Hole U1331A, Pacific Ocean.
Type level: Middle Eocene, Sample U1331A-13H-5, 70
cm (Zone NP15). Occurrence: Subzone NP15b-Zone
NP18/20; IODP Sites U1331-1333.
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Discoaster cf. D. williamsii sp. nov.
PI. 8, figs 29-31
Remarks: Like Discoaster williamsii but with 5 rays.
Similar to some small D. tanii variety 2 specimens but the
central area is elevated on both faces. Occurrence: Sub-
zone NP15b-Zone NP18/20; IODP Sites U1331-1333.

6.6.3. Rossette discoaster Group

Discoaster barbadiensis Tan, 1927
PL. 9, figs 13-14
Discoaster bifax Bukry, 1971
PL. 9, figs 16-23
Discoaster kuepperi Stradner, 1959
P1. 9, figs 3-5
Discoaster lenticularis Bramlette & Sullivan, 1961
P1.9, fig. 6
Discoaster salisburgensis Stradner, 1961
PlL. 9, figs 1-2

Discoaster saipanensis Bramlette and Riedel, 1954
PI1. 9, figs 25-36

Remarks: Morphologically variable in the Exp. 320 ma-
terial, with 8-5 rays, short to long free rays, but sharing
distinctive, sharply tapering ray morphology with pointed
ray tips. Six- and five-rayed varieties (distinguished as D.
saipanensis var. 1 and var. 2) with long free rays and some
ray curvature (P1. 9, figs 30-36) are conspicuous in the up-
per Eocene (Zones NP17-NP19/20), and reminiscent of
the older D. lodoensis and D. sublodoensis species.

Discoaster saipanensis Bramlette and Riedel, 1954 var. 1
P1. 9, figs 30-32

Discoaster saipanensis Bramlette and Riedel, 1954 var. 2
P1. 9, figs 33-36

Discoaster spinescens Bown, 2005
PL.9, fig. 15
Discoaster wemmelensis Achuthan and Stradner, 1969

PL. 9, figs 7-12

6.6.4. Other discoasters

Discoaster lodoensis Bramlette & Riedel, 1954
PL. 9, figs 37-38
Discoaster sublodoensis Bramlette & Sullivan, 1961
PI1. 9, figs 24,39

Family SPHENOLITHACEAE Deflandre, 1952
Plates 10-13
Remarks: Sphenoliths are common to dominant compo-
nents of certain Exp. 320 assemblages, especially in the
Oligocene to lower Miocene interval. The group is mor-
phologically highly variable and similar morphological
features and trends occur repeatedly through their history
(Fig. 4). The intergrading morphologies within species
plexi result in problematic taxonomy and likely explain
inconsistent stratigraphic placement of some datums. This
is particularly the case for Oligocene to lower Miocene
sphenoliths that have been used in standard nannofossil
zonation schemes (S. ciperoensis, S. distentus) and many
taxonomic names are rather poorly constrained (e.g. S.

conicus, S. dissimilis, S. calyculus, etc.). A representative
range of morphologies is represented in Plates 10-13 and
morphometric data for selected taxa are given in Table 3.
A number of informal groups are used, including the S.
radians, S. furcatolithoides, S. predistentus and S. mori-
formis groups.

6.6.5. Sphenolithus radians Group

PI. 10, figs 1-49

Remarks: Sphenolith base typically has four distinct

quadrants and is square or tapering. In older forms the

spines are compound, becoming duo- or monocrystalline

in later-appearing forms, and are usually visible but dim

at 0° and brightest when at 45° to the polarizing direc-

tions; S. furcatolithoides spines behave slightly differ-
ently. Species are differentiated based on overall height
and shape, spine size and degree of taper. Sphenolithus

furcatolithoides, S. perpendicularis, S. kempii and S.

cuniculus form a distinct subgroup with first three/four

spines then two separate spines that bifurcate directly
above the base. S. strigosus has a duocrystalline spine,

a higher spine bifurcation point and is dark at 45°. The

group contains predominantly Eocene forms, namely: S.

arthuri, S. conspicuus, S. editus, S. orphanknollensis, S.

pseudoradians, S. radians, S. spiniger, S. villae; and in

the S. furcatolithoides subgroup: S. cuniculus, S. furcato-
lithoides, S. perpendicularis, S. kempii, S. strigosus and,
tentatively, S. runus. The species are defined as follows:

1. Sphenolithus arthuri Bown, 2005b (not figured here) -
like S. radians but larger and more coarsely construct-
ed, with blockier spine and base;

2. Sphenolithus conspicuus - narrow with a tall spine
(dark at 0°, conspicuously bright at 45°) and tall base
with long upper quadrants;

3. Sphenolithus editus — tapering triangular outline with
large and wide lower basal quadrants with sharply ta-
pering spine;

4. Sphenolithus orphanknollensis — small, with narrow,
tapering spine;

5. Sphenolithus pseudoradians — like S. radians but larg-
er, more irregular outline and apical cycles that extend
laterally beyond the base of the apical spine;

6. Sphenolithus radians — square base with equidimen-
sional quadrants and compound tapering spine that
may have terminal bifurcations;

7. Sphenolithus spiniger — tapering triangular outline
with larger lower basal quadrants and a birefringent
structure that passes between the basal quadrants at
45° to polarising direction;

8. Sphenolithus villae Bown, 2005 (not figured here) —
relatively tall base with spine that indents deeply into
the upper quadrants;

Sphenolithus furcatolithoides Subgroup

9. Sphenolithus cuniculus (not figured here) — like S. fur-
catolithoides but with very short lower quadrants;

10.Sphenolithus furcatolithoides — small with two long
spines that are bright at 0° (dark at 45°) extending from
the upper quadrants;

11.Sphenolithus perpendicularis — like S. furcatolithoides
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but the two spines are more divergent; Other spinose Eocene sphenoliths

12. Sphenolithus kempii — like S. perpendicularis but 15. Sphenolithus richteri — small and narrow with spine
with three or possibly four spines; dark at 0° and distinctly bright at 45°.

13. Sphenolithus strigosus — like S. furcatolithoides but  16. Sphenolithus obtusus
the spine bifurcates at a higher level.

14. Sphenolithus runus — narrow with large, lower basal
quadrants and spine distinctly bright at 45°.

Sphenolithus conspicuous Martini 1976
PI. 10, figs 16-18
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Sphenolithus editus
Perch-Nielsen in Perch-Nielsen ef al. 1978
PI. 10, figs 3-4
Sphenolithus orphanknollensis Perch-Nielsen, 1971
PI. 10, figs 19-24
Sphenolithus pseudoradians Bramlette & Wilcoxon 1967
PI. 10, figs 1-2
Sphenolithus radians Deflandre in Grassé 1952
Pl. 10, fig. 31
Sphenolithus runus Bown & Dunkley Jones 2006
PL. 10, figs 48-49
Sphenolithus spiniger Bukry 1971

PI. 10, figs 5-6

Sphenolithus cf. S. spiniger
Perch-Nielsen in Perch-Nielsen et al. 1978
PI. 10, figs 7-15
Remarks: Similar to S. spiniger but large and coarsely
constructed. Occurrence: Zones NP17-19/20; IODP
Sites U1331-1333.

6.6.6. Sphenolithus furcatolithoides
Subgroup

Sphenolithus furcatolithoides Locker 1967
PI. 10, figs 42-43
Sphenolithus perpendicularis Shamrock, 2010
Pl. 10, figs 38-41

Sphenolithus kempii sp. nov.
PI. 10, figs 25-30, 32-35

Derivation of name: Named after David Kemp (Univer-
sity College London), stratigrapher and palacoceanogra-
pher. Diagnosis: Medium sized sphenoliths with three (or
possibly four) long spines and square base. At 0° the two
outer spines are bright, the middle spine is dark and the
base is bright. At 45° the middle spine is bright, the two
outer spines are dark and the base is darker and crossed by
X-shaped extinction lines. Remarks: S. kempii has a mor-
phology intermediate between the single spined S. radians
and the two-spined S. perpendicularis and S. furcatolithoi-
des, and may be ancestral to these forms. Differentiation:
Distinguished from most other Eocene sphenoliths by the
presence of three discrete spines: otherwise, similar to S.
furcatolithoides, which has just two outer spines, S. per-
pendicularis, which has two widely divergent outer spines
and to S. radians, which has just one central spine. Di-
mensions: L = 5.3ym (Paratypes L = 5.0um). Holotype:
PI1.10, fig.25. Paratype: P1.10, fig.29. Type locality: IODP
Hole U1333A, Pacific Ocean. Type level: Middle Eocene,
Sample U1333A-20-2, 50 cm (Zone NP15). Occurrence:
Lower Zone NP15; IODP Sites U1333.

Sphenolithus cf. S. kempii sp. nov.
PI. 10, figs 36-37
Remarks: Sphenolith seen in top view with four spines
arranged as two orthogonal pairs. May represent S. kempii
specimens, indicating the presence of an additional spine
that cannot be seen in more typical side views.

Sphenolithus strigosus Bown & Dunkley Jones 2006
PL. 10, figs 44-47

6.6.7. Other spinose Eocene sphenoliths

Sphenolithus richteri sp. nov.
PlL. 11, figs 7-12

Derivation of name: Named after Carl Richter (Univer-
sity of Louisiana, USA), Exp. 320 shipboard scientist
and palaeomagnetist. Diagnosis: Small narrow spheno-
lith with square base, comprising equidimensional quad-
rants, and tapering monocrystalline spine that is dark
at 0° and bright at 45°. Differentiation: Quite distinct
from other Eocene sphenoliths, but somewhat similar
to Miocene S. heteromorphus but the base is square. Di-
mensions: L = 4.3ym (Paratype L = 3.3um). Holotype:
Pl1.11, fig.7. Paratype: P1.11, fig.11. Type locality: IODP
Hole U1331A, Pacific Ocean. Type level: Middle Eo-
cene, Sample U1331A-11H-CC (Zone NP16). Occur-
rence: Zone upper NP15-Zone NP16; IODP Sites U1331
(NP16), U1332 (one upper NP16 sample), U1333.

Sphenolithus obtusus Bukry 1971
PlL. 11, figs 1-6
Occurrence: Zone upper NP16-17; IODP Sites U1331,
U1332,U1334.

6.6.8. Sphenolithus predistentus Group

PI. 11, figs 13-48; P1. 12, figs 1-16

Remarks: A plexus of late Eocene to Oligocene spinose
sphenoliths that have been widely used in biostratigraphic
zonal schemes (e.g. S. distentus and S. ciperoensis). The
plexus displays great variability, homeomorphic trends
and the common occurrence of intergradational forms,
which hinders their use as marker species and has been
the focus of considerable discussion (e.g., Olaffson and
Villa, 1992; Blaj et al., 2010). The morphology is charac-
terised by a base with two, low quadrants (or ‘feet’) that
increase in size in younger forms. Spines are tall, duo-
or monocrystalline, and taper, with terminal bifurcations
that may be very long. Older representatives of the group
(S. predistentus, S. akropodus) have duocrystalline spines
and low basal ‘feet’ and later forms have relatively larger
feet that encroach up the spine, which may appear mono-
crystalline. The sphenolith basal-width to proximal-cycle-
height ratio was considered a useful diagnostic character
by Blaj et al. (2010), but they did not consider S. akropo-
dus or S. peartiae, which have ratios identical to S. dis-
tentus. Nevertheless, generally, S. predistentus has basal
width/height (W/H) ratios of >2.5, S. distentus 1.7-2.5
and S. ciperoensis <1.7 (see Table 3). The species herein
are defined as follows:

1. Sphenolithus akropodus — large with tall, narrow, ta-
pering spine (may appear monocrystalline) and basal
‘feet’ that encroach on the spine; the angle between the
top and bottom surface of the feet is up to 90° and the
basal W/H ratio is like S. distentus (Table 3).

2. Sphenolithus calyculus — like S. ciperoensis but the
base shows four quadrants at 0°.

3. Sphenolithus celsus — like S. predistentus but with a
very tall and narrow spine.

4. Sphenolithus ciperoensis — small with relatively large
basal ‘feet’ (~half the height of the sphenolith and bas-
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al W/H <1.7; Table 3) with low spine that typically ap-
pears monocrystalline, and at 45° a birefringent struc-
ture passes between the ‘feet’.

5. Sphenolithus distentus — like S. akropodus but smaller
with shorter spine that typically appears monocrystal-
line.

6. Sphenolithus intercalaris — small, only the spine is
present, most likely due to preservation but probably
also reflecting the small size and fragility of the base.

7. Sphenolithus peartiae — like S. predistentus but when
at 45° to the polarising directions a birefringent struc-
ture passes between the basal ‘feet’.

8. Sphenolithus predistentus — small to medium sized,
spine with very low base that meets the spine along
horizontal or near horizontal sutures.

9. Sphenolithus tribulosus - the spine is broadest at the
base and tapers sharply, giving an inverted T-shaped
outline; the basal ‘feet’ are small and inconspicuous or
absent.

Sphenolithus akropodus de Kaenel & Villa, 1996
Pl. 11, figs 29-38
Remarks: Morphologically similar to S. distentus (Table
3), but larger and with a discrete stratigraphic range in the
lower Oligocene. Occurrence: Zone NP21-Zone NP22;
IODP Sites U1332-1334.

Sphenolithus calyculus Bukry, 1985
PlL. 12, figs 11-16
Sphenolithus celsus Haq, 1971
PI. 11, figs 24-26
Sphenolithus ciperoensis Bramlette and Wilcoxon, 1967
PI. 12, figs 5-10
Sphenolithus distentus
(Martini, 1965) Bramlette and Wilcoxon, 1967
PlL. 11, figs 45-48; PI. 12, figs 1-4
Sphenolithus intercalaris Martini, 1976
PL. 11, fig. 13

Sphenolithus peartiae sp. nov.

Pl. 11, figs 39-44
Derivation of name: Named after Leslie Peart (Consor-
tium for Ocean Leadership, Washington), Exp. 320 ship-
board staff educator. Diagnosis: Small to medium sized
sphenolith with low base that meets the spine along hori-
zontal or near horizontal sutures but when at 45° to po-
larising direction a birefringent structure passes between
the basal ‘feet’. Differentiation: Like S. predistentus but
with a basal birefringent structure between the feet, and
similar to S. ciperoensis but with lower feet that do not
insert into the spine and greater base height to width ratio.
Similar basal W/H ratio as S. distentus (1.74-1.95; Table
3) but has basal birefringent structure. Dimensions: Ho-
lotype H = 6.20pm, W = 3.65um (Paratype H = 7.20 ym,
W =4.80 um). Holotype: P1.11, fig.42. Paratype: P1.11,
fig.44. Type locality: IODP Hole U1334A, Pacific Ocean.
Type level: Oligocene, Sample U1334A-19H-CC (Zone
NP23). Occurrence: Zone NP23-Zone NP24; IODP Sites
U1331-1334.

Sphenolithus predistentus Bramlette & Wilcoxon 1967
PIL. 11, figs 17-23,27-28

Remarks: Along with S. moriformis, this is the most
common and consistently occurring sphenolith through
the Oligocene section. It is highly variable in size and in-
tergrades with S. akropodus, S. distentus and S. peartiae.

Sphenolithus tribulosus Roth, 1970
PlL. 11, fig. 14

6.6.9. Other sphenoliths

Sphenolithus belemnos Bramlette and Wilcoxon, 1967
Pl. 12, figs 45-46
Sphenolithus delphix Bukry, 1973
Pl. 12, figs 23-28

Sphenolithus cf. S. delphix Bukry, 1973
Pl. 12, figs 17-22
Remarks: Like S. delphix but more coarsely constructed
and with a relatively lower, broader spine.

Sphenolithus disbelemnos Fornaciari and Rio, 1996
PlL. 12, figs 37-44
Sphenolithus heteromorphus Deflandre, 1953
Pl. 12, figs 47-48

Sphenolithus procerus? Maiorano & Monechi, 1997

PI. 12, figs 29-36
Remarks: Low basal quadrants are wider than the upper
quadrants and the spine is duocrystalline, gently tapering
and brightest at 45°. First described from Zone NN2 but
occurs slightly earlier here (Zones NP25 and NN1). Oc-
currence: Zones NP25-NN2, Sites U1333-1334; Zone
NN2, DSDP Site 563, N. Atlantic (Maiorano and Mone-
chi, 1997)

6.6.10. Sphenolithus moriformis Group

Sphenolithus conicus Bukry 1971 sensu stricto
Pl. 13, figs 13-18

Remarks: Described by Bukry (1971) as a ‘large’, ‘tall’
‘triangular’ species (7-12 ym) but applied more broadly
in the literature to include smaller, triangular forms.
The name is applied here to large forms only (>7 ym in
height), which are particularly conspicuous in the Oligo-
cene/Miocene boundary interval. These sphenoliths are
coarsely constructed with a high, gently tapering base and
a short tapering spine. The base is typically longer than
the spine, with the lower quadrants slightly larger than
the upper. The spine is composite, dark at 0° and bright
at 45°. In XPL the sphenolith shows high birefringence
colours of yellow, orange and blue. Similar sphenoliths
that are smaller were differentiated as Sphenolithus cf. S.
conicus ‘small variety’ in this study. Occurrence: Zone
NP25-NN2; IODP Sites U1333, U1334.

Sphenolithus cf. S. conicus Bukry 1971 small variety
PIL. 13, figs 1-12
Remarks: Medium sized sphenoliths with a gently ta-
pering base and short tapering spine. The base has four
quadrants and is typically taller than or similar in length
to the spine, with the lower quadrants slightly larger than
the upper. Specimens with slightly taller spines were in-
formally differentiated. The spine is composite, dark at 0°
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and bright at 45°. Differentiation: A somewhat general-
ized sphenolith morphology but the spine is taller than
S. moriformis and it is smaller than S. conicus s.s. May
intergrade with Sphenolithus abies Deflandre in Deflandre
& Fert, 1954. Occurrence: Zone NP22-NN15; IODP Sites
U1331-U1334.

Sphenolithus cf. S. conicus Bukry 1971 large variety
Pl. 13, figs 19-28

Remarks: A large (~>7 um), coarsely constructed sphe-
nolith with a high, parallel-sided base and a short spine.
Similar to S. conicus s.s. but the base is typically longer
than the spine, with the lower quadrants larger than the
upper. The spine is composite, dark at 0° and bright at 45°.
In XPL the sphenolith shows high birefringence colours
of yellow, orange and blue. Occurrence: Zone NN2;
IODP Sites U1334.

Sphenolithus sp. 1

Pl. 13, figs 29-36
Remarks: Large, coarsely constructed sphenolith with
lower basal quadrants that are larger than the upper quad-
rants and the spine is duocrystalline with near parallel
sides and a blunt termination. Similar in general morphol-
ogy to S. procerus. Occurrence. Not well constrained,
but Zones NP21-23 and possibly younger occurrences up
to NN2; Sites U1332-1334.

Sphenolithus moriformis (Bronnimann & Stradner, 1960)
Bramlette & Wilcoxon, 1967
Pl. 13, fig. 37

Sphenolithus grandis Haq and Berggren, 1978
PI. 13, fig. 38-41
Remarks: Used here for large (>7 pm) S. moriformis-like
sphenoliths.

6.6.11. Incertae Sedis Nannoliths

Lapideacassis Black 1971 sp.
Pl. 13, fig. 45
Remarks: Very rare (middle Eocene, Site U1331).

Nannotetrina Achuthan and Stradner, 1969
Pl. 14, figs 6-46

Remarks: These cruciform nannoliths form conspicuous

components of the Exp. 320 middle Eocene sections and

are divided herein as follows:

1. Nannotetrina sp. 1 — small, with broadly square out-
line;

2. Nannotetrina cf. N. alata — small, short arms with
blunt terminations;

3. Nannotetrina alata — long arms with blunt termina-
tions;

4. Nannotetrina fulgens — long tapering arms with point-
ed terminations;

5. Nannotetrina cristata — three dimensional with curv-
ing arms and inter-arm fill;

6. Nannotetrina spinosa — broadly square with elonga-
tions from the corners and shorter spines from the
sides resulting in an stellate (eight-pointed) symmetri-

cal outline;

7. Nannotetrina pappii — broadly square to cruciform
with spinose projections resulting in a stellate (eight-
pointed) asymmetrical outline.

Other nannofossils with similar appearance include four-
rayed discoasters, e.g. Discoaster cruciformis (Plate 14,
figs 4-5) and disarticulated cross-bars of Neococcolithes
protenus (see Plate 14, figs 1-3).

Nannotetrina sp. 1
Pl. 14, figs 6-8
Nannotetrina cf. N. alata
(Martini, 1960) Haq and Lohmann, 1976
Pl. 14, figs 9-12
Nannotetrina alata
(Martini, 1960) Haq and Lohmann, 1976

Pl. 14, figs 13-18

Nannotetrina cristata

(Martini, 1958) Perch-Nielsen, 1971
Pl. 14, figs 19-24
Nannotetrina fulgens (Stradner in Martini & Stradner,
1960) Achuthan & Stradner, 1969

Pl. 14, figs 25-29

Nannotetrina spinosa

(Stradner in Martini & Stradner, 1960) Bukry, 1973

Pl. 14, figs 31-42

Nannotetrina pappii

(Stradner, 1959) Perch-Nielsen, 1971
PI. 14, figs 30, 43-46

Tribrachiatus orthostylus Shamrai, 1963
Pl. 14, fig. 47

L-shaped liths P1. 13, fig. 37-38
Remarks: L-shaped liths of uncertain affinity are occa-
sionally common.
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Plate 1

Reticulofenestra umbilicus Group, Reticulofenestra lockeri Group, Reticulofenestra reticulata Group

Ret. umbilicus Group ) EOCENE 'd
; -
.
Ret. minuta 1334A-31X-CC
Ret. dictyoda . 4

1334A-27X-CC Het dictyoda 1334A-26X-CC Ret. dictyoda 1334A-23X-CC Fier dictyoda 1334A-29X-CC Ret. dictyoda 1334A-29X-CC

E OLIGOCENE MIOCENE
Ret. minuta 12

Ret. umbilicus 1331A-6H-CC 1333B-20X-4, 37 Het dictyoda 1333A-6-CC Ret. dictyoda 1334A-6H-CC Ret. pseudoumb 1334A-2H-CC. Ret. pseudoumb. 1334A-2H-CC
PARATYPE HOLOTYPE

- . -

“)

Ret. moorei 1334A-27X-2, 11 Fiet moorei 1334A-27X-2, 11 Ret. moorei 1333A-11X-CC Hel moorei 1333A-10H-CC Fie[ moorel 1332A-6H-CC Fiet wadeae 1331A-11H-CC

NP21 NP22 NP22 | NP22

Ret hillae 1334A-27X-5, 100 Ffet h///ae 1332A-7H-CC Flet hillae 1334A-26X-2, 100 Ret hillae 1334A-26X-2, 100

. e
'

Het lockeri 1334A-27X-CC Ret. cf. R. lockeri 1334A-16H-4, 110 Ret. daviesii 1334A-25X-CC He! daviesii 1334A-25X-CC

"’
-
31 3

Ret. filewiczii 1334A-25X-CC Ret. filewiczii 1334A-25X-CC Ret filewiczii 1334A-21H-CC Ret. filewiczii 1334A-20H-CC Fler filewiczii 1331A-22X-2, 80 Het cf. R. daviesii 1333A-12X-CC

- ' - -~y »"

Ret. westerholdii 1334A-31X-CC Het westerholdii 1334A-28X-CC R. cf R.westerholdii 1334A-29X-4, 112 FI cf R.westerholdii 1334A-29X-4, 112 Fx’ cf. R.westerholdii 1334A-27X- 5

R. cf. R. westerholdii 1334A-27X-5  Ret. reticulata 1334A-29X-CC Het reticulata 1334A-29X-CC Rel reticulata 1334A-29X-CC Fiet erbae 1334A-29X-8, 36 R. cf R. reticulata 1334A-29X-7, 52
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Plate 2

Reticulofenestra reticulata Group, Cyclicargolithus floridanus Group, Reticulofenestra bisecta Group, Prinsiaceae,
Paleogene calcidiscid Group

NP19-20 I 2pm | NP19-20 NP19-20 NP21 NP22
3

Fi cf. R. reticulata 1334A-29X-7, 52 Fi cf. A. reticulata 1334A-29X-7, 52 R. cf. R. reticulata 1334A-29%-7, 52 Cy cf. C.abisectus 1334A-27X-2, 11 Cy cf. C.abisectus 1334A-26X-2, 100 Cy. floridanus sphere 1334A-19H-CC

Cy. floridanus Group NP21
- .
- 3
10 11 ’

Cy. floridanus 2.8um 1334A-31X-CC  Cy. floridanus 5.7um 1334A-31X-CC  Cy. floridanus 7.7um 1334A-24X-CC  Cy. floridanus 9.7um 1334A-24X-CC  Cy. floridanus 10.9um 1334A-18H-CC Cy floridanus 1334A-27%-2, 1

Ret. bisecta Group .
R. bisecta 4.4um 1334A-26X-CC Fi b/secta 6.7um 1334A-27X-2, 11 Ret. bisecta 7.4um 1334A-28X-CC Rst stavensis 11.5um 1334A-31X-CC
17 Cycl. abisectus 15.4um 1334A-13H-CC
Reticulo. stavensis 17.2um 1331A-6H-CC
) : |
19 23 24

Cycl.? luminis 1331A-22X-CC Towelus’i Sp. 13310 17H-CC  Tow. pertusus 13338-20H-CC Tow callosus 1331C-17H-3,83  Girgisia gammation? 1331A-22X-CC

Calcidiscus? detectus 1334A-24X-CC

Calcldlscus7 edgariae 1334A-20H-CC

| o X
ﬁ v - ﬂ

Calcidiscus? edgariae 1334A-20H-CC Calcidiscus? edgariae 1334A-19H-CC

Calcidiscus? edgariae 1334A-27X-2, 11
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Plate 3

Paleogene calcidiscid Group, Placolith coccoliths incertae sedis, Calcidiscus leptoporus Group

HOLOTYPE PARATYPE

Calcidiscus? kamikurii 1334A-20H-CC
HOLOTYPE

Pedino. gibbsiae 1334A-19H-CC

Umb. bramlettei 1334A-29X-2, 8

Umbilicosphaera jordanii 1334A-31X-CC

Calci. cf. C. leptoporus 1334A-9H-7,30 Calcidiscus leptoporus 1334A-7H-CC Calcidiscus leptoporus 1334A-3H-CC Calcidiscus premacintyrei 1334A-5H-CC
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Plate 4

Other calcidiscids, Paleogene calcidiscid Group, Coccolithus pelagicus Group, Chiasmolithus
- Cruciplacolithus Group
il

3
Umbmcosphaela Jjafari A-6H-CC Umbilicosphaera rotula 1334A-6H-CC

Ca. bicircus 1333A-20X-2, 50 Ca. henrikseniae? 1333A-20X-2, 50 Calci. pacificus 13338-20X-4, 113 Hayaster perplexus 1334A-5H-CC

C. biparteoperculatus 1334A-30X-CC

Coccolithus scheri 1334A-24X-CC

25 Co. pelagicus 1334A-3H-CC l ‘
Ill |L 27 Coccolithus eopelagicus 1331A-6H-CC

26 Coccolithus mutatus 1333A-18X-4, 88 28 Chiasmolithus gigas 1331A-4H-CC

Ericsonia robusta 1334A-31X-CC Ericsonia robusta 1334A-29X-4, 112 Bram serraculozdes 1334A-26X-CC Bram. serraculordes 1334A-29X-2, 8 Bram serraculoides 1333A-12-CC

'
‘ ‘.

Ch:asmohthus altus 1334A-26X-3, 100 Ch. oamaruensis 1334A-30X-1, 66

Chiasmolithus nitidus 1334A-29X-2, 8 Chiasmolithus titus 1334A-31X-CC
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Plate 5

Chiasmolithus - Cruciplacolithus Group, Clausicoccus Group

HOLOTYPE PARATYPE 1} D
y

"~
"

Claus. subdistichus 1333A-20X-2, 50 Claus. subdistichus 1334A-26X-CC Claus. vanheckiae 1333A-20X-2, 50

Clausicoccus? rim small 1334A-8H-CC Clausicoccus? rim 1333A-1H-CC  Hugh. tasmaniae 1334A-10H-CC

Hughesius tasmaniae 1334A-24X-CC Hugh. tasmaniae 1334A-24X-CC  Hugh. tasmaniae 1334A-22H-CC  Hugh. tasmaniae 1334A-10H-CC

r

N
Hughesius? sp. 1334A-8H-CC Hughesius? sp. 1334A-8H-CC Hughesius? sp. 1334A-8H-CC

»
Tetralithoides symeonidesii? 1334A-19H-CC Tetralithoides symeonidesii? 1334A-18H-CC Tetralithoides symeonidesii? 1334A-17H-CC
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Plate 6

Placolith coccoliths incertae sedis, Mesozoic muroliths, Helicosphaera carteri Group,
Helicosphaera compacta-recta Group, Helicosphaera seminulum Group

.

Haye/la situliformis 1334A-27X-2, 11 liselithina fusa 1334A-11H-6, 20

P

Ellipsolithus macellus 1331C-17X-3, 71 Ellip. macellus? 1331(: 17X-3, 71 Nsocrep/do//mus Sp. 1331C-17X-3, 71

H. carteri Group
16 18

Hel:casphaera granulata 1334A-24X-CC Helicosphaera granulata 1334A-24X-CC Helico. granulata 1334A-13H-6, 45

\
Helico. intermedia 1334A-25X-CC  Helicosphaera intermedia 1334A-8H-CC
He/ robinsoniae 1334A-26X-3, 100

37
Helicosphaera recta 1334A-18H-CC

H. cf. H. wilcoxonii 1334A-26X-3, 100 Helicosphaera cf. H. wilcoxonii 1334A-26X-3, 100

Helicosphaera bramlettei 1333A-20%-2, 50 Helico. lophota 1333A-20X-
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Plate 7

Pontosphaeraceae, Rhabdosphaeraceae, Triquetrorhabdulaceae, Discoaster deflandrei Group

EIEACIRENG

Ponlosphaera Sp. 1334A-11H-620  Pontosphaera sp. 1334A-17H-CC  Isthmo. recurvus 1334A-27X-CC Isthmo recurvus 1334A-27X-CC_ Syracosphaera sp. 1334A-19H-CC

"

Blackites amplus 1333B-20X-CC  Blackites spinosus 1334A-26X-CC  Bl. Spinosus 1334A-26X-2,100 Pseudo. inversus 1333A-20-2,50 Pseudotriquetrorhabdulus inversus 13338-20-CC

fam

Triquetrorhabdulus

y longus 1334A-5H-CC
' .

15 Blackites tenuis 1331A-13H-5, 70
14 Biackites tenuis 13338-20X-CC

Triq.. milowii 1334A-10H-CC Orthorhabd. serratus 1334A-5H-CC

R

Di. deflandrei 1334A-18H-CC Di. deflandrei 1334A-18H-CC  Di. septemradiatus 1331A 13H-5,70 Di. septemradiatus 1333A-19X-5, 25

38
Di. septemradiatus 1331A-13H-5,70 Di. nonaradiatus 1331A-9H-CC Di. nonaradiatus? 1331A-13H-5,70 Discoaster exilis 1334A-3H-CC Discoaster martinii 1332C-17X-1, 75
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Plate 8

Discoaster nodifer Group

I 2.m | Discoaster nodifer Group

Disco. nodifer 1331A-11H-CC

o
Disco. nodifer 1331A-6H-CC Disco. nodifer 1331A-13H-5, 70 Discoaster strictus 13338-19x-CC _ Disco. tanii 1331A- 1aH 5,70 DISCD tanii 1334A-28X-CC Disco. tanii 13344 25x cc

X

Di. nodifer/druggii 1334A-9H-CC Discoaster nodifer 1334A-18X-CC Dlscaaster tanii var. 1 1334A-25H-CC Discoaster taniivar. 1 1334A-28X-CC Discoaster tanii var. 1 1334A-25X-CC
-

g
Disco. taniivar. 2 1331A-13H-5, 70 Discoaster tanii var. 2 1331A-6H-CC

. ‘
Discoaster druggii
18 ; 1334A-5H-CO
-
. ’
25 26 27, M 28

S ” Discoaster tanii var. 2 1334A-28X-CC Discoaster tanii var. 2 1334A-28X-CC
Discoaster tanii var. 2 1334A-28X-CC PARATYPE

' . .
- -
29 Q’ k\ .

Discoaster ct. D. williamsii 1331A-13H-5, 70

) HOLOTYPE
35

Discoaster williamsii 1331A-11H-CC

Discoaster williamsii 1331A-13H-5, 70
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Plate 9

Rosette discoaster Group, Other discoasters

Rossette Discoaster Group

Discoaster salisburgensis 1331C-17H-CC D:scoaster kuepperi 1331C-17H-3, 71 Disco. lenticularis 1331C-17H-3, 71

D/ wemmelensis 1 i is 1331A-9H-CC Discoaster wemmelensis 1333A-18X-4, 88

m .

Di. barbadiensis 1334A-29X-CC Di. barbad/ensls 1334A-20X-CC Di. spinescens 1334A-29X-CC Discoaster bifax 1332A-14H-6, 35 Discoaster bifax 1332A-14H-6, 35

Discoaster bifax 1331A-13H-5, 70 Discoaster bifax 1331A-13H-5, 70 Dlscaasfer bifax 1331A-11H-CC Discoaster bifax 1331A-13H-5, 70 Dlsco sublodoensis 1332B-18X-CC
B
Disco. saipanensis 1331A-13H-5, 70 Di. saipanensis 1334A-29X-CC Di. saipanensis 1334A-29X-CC DISCO saipanensis 1331A-6H-CC  Disco. saipanensis 1331A-6H-CC  D. saipanensis var. 1 1331A-6H-CC

is var. 1 1334A-29X-CC D. saipanensis var. 2 1331A-6H-CC D saipanensis var. 2 1331A-6H-CC D. saipanensis var. 2 1331A-6H-CC D. saipanensis var. 2 1331A-4H-CC

rd
Discoaster lodoensis 1332B-18X-CC Discoaster lodoensis 1331A-4H-CC Discoaster sublodoensis 13328-18X-CC  Discoaster petaliformis 1334A-3H-CC
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Plate 10

Sphenolithus radians Group

NP19/20

-28X-CC Sphenolithus cf. S. spiniger 1334A-30X-2, 74

Sphenolithus orphanknollensis 13: 33A-20X-2, 50 Sphenolithus orphanknollensis 1331C-17H-3, 83
- HOLOTYPE PARATYPE '

Q.\ >

AT
L X ]

Sphenolithus kempii 1333A-20X-2, 50

Sphenolithus cf. S. kempii 1333B-20X-4, 113

S. furcatolithoides 13338-20X-4, 113 S. furcatolithoides 1331A-9H-CC

46 > 47
Sphenolithus strigosus 1331A-9H-CC Sphenolithus strigosus 1333A-18X-CC Sphenolithus runus 1331A-9H-CC
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Plate 11

Sphenolithus radians Group, other spinose Eocene sphenoliths, Sphenolithus predistentus Group

Sphenolithus obtusus 1331A-6H-CC Sphenolithus obtusus 1331A-6H-CC Sphenolithus obtusus 1331A-4H-CC
HOLOTYPE PARATYPE

Sphenolithus richteri 1331A-11H-CC Sphenolithus richteri 1333A-18X-4, 88
S. predistentus Group

J

NP19/20
Sph. intercalaris 1334A-29X-2, 8 Sph. tribulosus 1334A-27X-2, 100

Sph. predistentus 1334A-26X-2, 100

334A-18H-CC

Sphenolithus akropodus 1334A-25X-CC

Sphenolithus peartiae 1334A-19H-CC

Sphenolithus peartiae 1333A-7H-CC Sphenolithus distentus 1334A-22X-CC Sphenolithus distentus 1334A-21H-CC
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Plate 12

lithus predistentus Group, other sphenoliths

Sphenolithus ciperoensis 1334A-16H-CC

Sphenolithus ciperoensis 1333A-3H-CC Sphenolithus ciperoensis 1334A-16H-CC
-
NN1

Sphenolithus delphix 1333A-2H-CC

Sphenolithus disbelemnos 5.0um Sphenolithus disbelemnos 3.9um 1334A-9H-4, 100

Sphenolithus disbelemnos 3.9um 1334A-7H-CC Sphenolithus belemnos 1334A-6H-CC Sphenolithus heteromorphus 1334A-6H-CC




50 Bown, Dunkley Jones

Plate 13

Sphenolithus moriformis Group, Incertae sedis nannoliths

S. moriformis Group NP25 | HEEE 2um NN1
b 4
’ g
. - ™1

Sphenolithus cf. S. conicus small 1334A-10H-CC

Sphenolithus cf. S. conicus small 1332A-3H-CC

Sphenomhus conicus S.S. 1334A-7H-CC

4';’ h

Sphenohthus cf. S. conicus large 1334A-5H-CC
NP23

Sphenolithus cf. S. conicus large 1332A-4H-CC Sphenollthus cf. S. conicus large 1332A-4H-CC

Sphenol:lhus sp.1 1334A-23X-CC

40 -
Spheno//mus grandis 7.6pm 1334A-14H-CC Spheno. grandis 1334A-8H-CC Spheno. grandis 1334A-7H-CC Sphenolithus sp. 1334A-13H-CC

NP19/20 ’
I . ‘
44 45 46

L-shaped lith 1334A-29x-6, 36 Lapideacassis sp. 1331A-11H-CC  Zyg. bijugatus 1334A-24X-CC

L-shaped lith 1334A-29x-6, 36 calcisphere 1334A-28X-CC diatom 1334A-25X-CC
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Plate 14

Incertae sedis nannoliths

6
Neococc. protenus 1331A-22X-CC Neococc protenus’7 1331C-17H-3, 8 Neococc protenus 1331C-17x-3, 83 DISCO cruciforomis/Nannotetrina sp. 13328-18X-2, 48 Nannotetrina sp.1 1331A-13H-5, 70

u

Nannotelrma sp.1 1332C-16X-5, 55 Nann. cf. N. alata 1332A-14H-6,35 Nann. cf. N. alata 1332C-17X-1,75 Nann. cf. N. alata 1331A-11H-CC

Nannotetrina alata 1333A-19X-CC Nannotetrina alata 1333A-19-CC  Nannotetrina alata 1332A-14H-6, 35

19 - ..

Nanno.cristata 1331A-11H-CC Nanno. cf. N. cristata 1331A-13H-5, 70 Nanno. cristata? 1331A-13H-5, 70

»* .
\ T {
_ (r "s_
“/ ‘ - 29 L 30

Nannotelr/na fulgens 1332C-16X-5, 55 Nannu fulgens 1331A-13H-5, 70 Nannotetrina fulgens 1333A-19X-5, 25 Nannotetrina pappii 1331A-13H-5, 7C

.. ..

Nannotetrina spinosa 1331A-13H-5, 70 Nannatemna spinosa 1332C-16X-5, 55

. .

Nannotetrina spinosa 1332C-16X-5, 55 Nannntemna spinosa 1332C-17X-1,75 Nannotetrina spinosa 1332C-17X-1,75

. "
4
\ Ed
a . ‘
» f |
, . 47
) Tribrach. orthostylus 1331C-17H-CC

Nannotetrina pappii 1331A-13H-5, 70

51



