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Abstract The stratigraphic distribution, occurrence and possible biostratigraphic significance of several previ-
ously-undescribed and rarely-reported four-rayed discoasters are described. The discoasters were observed in Zones
NN10 to NN18 (Upper Miocene to Lower Pleistocene) in cores recovered from International Ocean Discovery Pro-
gram Expedition 363 sites in the eastern Indian Ocean (offshore NW Australia) and western Pacific Ocean. One of
the discoasters is a bilaterally-symmetrical form with simple ray-tip morphology, which is herein described as the
new species Discoaster alyssae. Three new varieties are also introduced—Discoaster surculus var. pullumpedes, D.

variabilis var. pacificus and D. exilis var. resolutioniae.
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1. Introduction

Discoasters have been common components of calcareous
nannofossil assemblages in marine sediments since their
first known occurrence ~60 Ma (Late Paleocene; Bukry,
1971) until their extinction 1.93 Ma, during the Early Pleis-
tocene (Gelasian; Raffi et al., 2006; Backman et al., 2012).
Although Palaeogene discoasters usually have more than
eight rays, Neogene discoasters typically only have five or
six. Three- and four-rayed forms have also been reported,
but the latter have been considered to represent inter- and
intra-specific morphologic variability (Curry et al., 1995a)
and/or ‘aberrant’ forms of known five- and six-rayed spe-
cies (Curry et al., 1995b). Regardless of their origin, the
three- and four-rayed forms can be relatively common
constituents of nannofossil assemblages.

Based on data compiled in the online Nannotax3 da-
tabase (http://ina.tmsoc.org/Nannotax3), four-rayed dis-
coasters have been recorded from the Middle Miocene
(Zone NN5 of Martini, 1971) to the Early Pleistocene

(NN18). Although some of the four-rayed discoasters are
considered to be variants of previously-described taxa
(e.g. Discoaster surculus, D. exilis and D. petaliformis),
the majority of them are thought to be distinct species,
identified on the basis of ray-tip morphology and central
boss/structures, including D. tamalis, D. blackstockiae, D.
quadramus, D. styzenii, D. bolivariae, D. tetracladus and
D. quadribollii. With the exception of D. tamalis, most of
these four-rayed species have not been used for biostrati-
graphic purposes. The four-rayed discoasters are usually
bilaterally symmetrical, although interray angles of >90°
have also been observed in some species/variants, result-
ing in asymmetrical forms (e.g. asymmetric D. tamalis, D.
styzenii and D. bolivariae).

The shipboard calcareous nannofossil biostratigraphic
investigation of sediments from International Ocean Dis-
covery Program (IODP) Expedition 363 (Rosenthal et al.,
2018a) sites in the eastern Indian Ocean (offshore NW
Australia; Holes U1482A, U1482B, U1483A, U1483C)
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and western Pacific Ocean (Holes U1486B, U1488A,
U1489C, U1490A; Figure 1, Table 1) revealed the pres-
ence of several four-rayed discoasters, including one
new species (D. alyssae). In this study, we described and
documented the stratigraphic distribution and occurrence
of D. alyssae and three new varieties—D. surculus var.
pullumpedes, D. variabilis var. pacificus and D. exilis var.

resolutioniae.

g,

i

4.
INDIAN OGEAN

Australia

20

Figure 1: Bathymetric map, showing the location of the areas cored
during IODP Expedition 363 (Western Pacific Warm Pool)—northwest
Australian shelf (Sites U1482-U1483), Papua New Guinea/Manus Basin
(Sites U1484-U1487) and the Eauripik Rise (Sites U1488-U1490). Red
circles indicate sites where four-rayed, symmetrical discoasters were ob-
served. Site U1433 in the South China Sea, cored during IODP Expedi-
tion 349 (South China Sea Tectonics), is also shown

Expedition Location site Coordinates wa'e(:;e'""
349 South China Sea U1433B 12.92N, 115.05E 4379.3
U1482A 15.06S, 120.44E 1467.7
u1482B 15.06S, 120.43E 1464.5
Indian Ocean (off NW Australia)
U1483A 13.09S, 121.80E 1732.9
U1483C 13.09S, 121.80E 1731.2
363
Pacific Ocean (Manus Basin) U1486B 02.378, 144.60E 1333.8
U1488A 02.04N, 141.75E 2603.4
Pacific Ocean (Eauripik Rise) U1489C 02.12N, 141.03E 3423.7
U1490A 05.82N, 142.65E 2341.0

Table 1: List of IODP sites, with locations where four-rayed discoasters
were observed (Li et al., 2015; Rosenthal et al., 2018a)

2. Material and methods

The slides analysed during IODP Expedition 363 were
prepared using the simple smear-slide method outlined in
Bown & Young (1998). Onboard the research vessel JOI-
DES Resolution, the slides were examined using a Zeiss
Axioscope light-microscope at 1000x magnification. Pho-
tomicrographs were taken using a SpotFlex camera, and
IODP image-capture software. At the National Institute

of Geological Sciences, University of the Philippines (UP
NIGS), the slides were observed using an Olympus BX51
polarising light-microscope at 1000x magnification. Pho-
tomicrographs were taken using Image-Pro Plus software
installed on a computer attached to the microscope. The
scanning electron microscope (SEM) images were taken
using a Hitachi S3400-N SEM at UP NIGS.

The cores collected during IODP Expedition 363 are
stored at the Gulf Coast Repository, College Station, Texas
(USA). The smear-slides are stored at the UP, University
of Birmingham and Aix-Marseille Université. The original
digital images are archived in the laboratory information
management system database of the IODP. Additional im-
ages are stored at the Nannoworks Laboratory, UP. The
calcareous nannofossil range-charts of all the sites are in-
cluded in Supplementary Table 1.

3. Results and discussion

Although D. alyssae was generally rare in our samples
(one specimen per 11-100 fields of view), it was consis-
tently recorded in NN15 to NN18 (upper Lower Pliocene
to Lower Pleistocene) in the Indian Ocean and NN10 to
NNI18 (Upper Miocene to Lower Pleistocene) in the west-
ern Pacific Ocean (Figure 2, Table 2). In the South China
Sea Site U1433B, D. alyssae was observed between NN 16
and NN18 (Upper Pliocene to Lower Pleistocene).

Based on the available data, the base D. alyssae is co-
incident with the base paracme of Reticulofenestra pseu-
doumbilicus (8.79 Ma; Hilgen et al., 2012) and its top is
coincident with the top D. brouweri (1.93 Ma; Hilgen et
al., 2012). Although its top is the same at all sites, it is
interesting to note its apparent earlier appearance in the
western Pacific compared to the Indian Ocean and the
South China Sea. The same ‘airplane’- or ‘chicken-foot’-
like morphology was observed in other Pliocene species of
Discoaster at IODP Expedition 363 sites, which are here
described as new varieties of D. exilis, D. variabilis and
D. surculus (Table 3). In the Gulf of Mexico, specimens
of D. pentaradiatus and D. bellus with a similar irregular
morphology have also been observed (David Bord, pers.
comm., 2018). Whether these varieties represent speci-
mens responding to changes in palacoceanographic condi-
tions (as in the case of D. salisburgensis during the Paleo-
cene—Eocene Thermal Maximum; Bralower & Self-Trail,
2016) is outside of the scope of the present paper and will

be explored in future studies.
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Figure 2: Stratigraphic distribution of D. alyssae sp. nov. in the Indian
and Pacific Oceans and South China Sea. The bars represent the interval
over which this species was observed at each site (see Table 2)

Compared to other four-rayed discoasters in the Mio-
cene to Pliocene interval, D. alyssae has a longer geologi-
cal range (Figure 3, and see references in Table 4). A simi-
larity in ray-tip morphology suggests that D. alyssae could
be a variety of D. brouweri. However, unlike the two four-
rayed discoasters in the D. brouweri group (i.e. D. tamalis
and D. blackstockiae), the fourth ray of D. alyssae is not
in the same plane as the other three rays. The lack of rec-
ognition of D. alyssae in earlier studies may be due to its
similarity to poorly-preserved/fragmented six-rayed dis-
coasters that commonly exhibit detached or broken rays.

4. Systematic taxonomy
Family DISCOASTERACEAE Tan Sin Hok, 1927
Genus Discoaster Tan Sin Hok, 1927
Type-species Discoaster pentaradiatus Tan Sin Hok,
1927 (designated by Loeblich & Tappan, 1963, p. 192)

Discoaster alyssae sp. nov.
Pl. 1, figs 1-11, 16-19

Derivation of name: After Dr. Alyssa M. Peleo-Alampay
(NIGS, UP), Filipino micropalaeontologist. Diagnosis:
A species of Discoaster with four rays and simple, non-
bifurcating, free ray-tips. Description: The angle between
the three rays located on the same plane is ~120°, whereas

the fourth ray is at an angle of usually <45° to

) . Occurrence Nannofossil Zone
Site Location
Uppermost Lowermost (Age)
. 12R-CC 17R-3-W, 20/21 NN16-NN18 (Late Pliocene to
V14338 |South ChinaSea | g4 14 556 54 m) | (333.05-333.06 m) |Early Pleistocene)
12H-2-W, 75/75 12H-CC .
U1482A (100.16 m) (107.79-107.84 m) NN18 (Early Pleistocene)
U1482B 13H-2-W, 51/51 18H-4-W, 51/51  |INN15-NN18 (late Early
Indian Ocean (off (107.57 m) (158.03 m) Pliocene to Early Pleistocene)
U1483A ) 23H-CC 31H-2-W, 50/50 |NN16-NN18 (Late Pliocene to
(217.97-218.02 m) (285.95 m) Early Pleistocene)
24H-3-W, 117/117 .
U1483C (21273 m) — NN16 (Late Pliocene)
Pacific Ocean 22H-6-W, 81/81 .
U1486B (Manus Basin) (204,31 m) — NN16 (Late Pliocene)
U1488A 6H-2-W, 60/60 14H-4-W, 60/60 [NN13-15-NN18 (Early Pliocene
(46.00 m) (125.00 m) to Early Pleistocene)
U1489C Pacific Ocean 5H-2-W, 60/60 9H-6-W, 60/60 NN15-NN18 (late Early
(Eauripik Rise) (34.10 m) (78.10 m) Pliocene to Early Pleistocene)
U1490A 3H-6-W, 139/140 19H-5-W, 98/99  |NN10-NN18 (Late Miocene to
(22.29-22.30 m) (172.45-172.46 m) |Early Pleistocene)

the horizontal plane. This can create the ap-
pearance of the fourth ray being in the same
plane as the other three rays. As a result, the
discoaster appears to be bilaterally symmet-
rical. Morphologically, this species can be
described as having an ‘airplane’ or ‘chick-
en-foot’ appearance. Remarks: Discoaster
alyssae differs from the two other four-rayed
discoasters in the D. brouweri group (D. ta-
malis, D. blackstockiae) in that the fourth
ray is not in the same plane as the other
three rays (Plate 1, figs 1-11). Dimensions:
Length = 10-15.2 ym, width = 8§.93-13.57
pm (based on 10 measured specimens). Ho-
lotype: Plate 1, figs 1, 2. Paratypes: Plate 1,
figs 3, 4. Type-locality: IODP Hole U1489C,

Eauripik Rise, western Pacific Ocean. Type

Table 2: Occurrence of D. alyssae sp. nov. in IODP Expedition 363 sites in the Indian and
Pacific Oceans, and IODP Site U1433 in the South China Sea (IODP Expedition 349). The
uppermost and lowermost occurrences, and the nannofossil zones and ages, are based on

shipboard data combined with additional data generated by the authors

-level: Upper Pliocene (NN16), Sample
363-U1489C-6H-CC (51.40-51.45 m). Oc-
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Occurrence i
Site Location Discoaster variety e =
Uppermost Lowermost (Age)
Indian Ocean (off | . . o 26H-6-W, 50/50 29H-CC i
U1483A NW Australia) Discoaster exilis var. resolutioniae (243.99 m) (274.97-275.02 m) NMN16 (Late Pliocene)
Discoaster exilis var. resolutioniae St — NN16 (Late Pliocene)
(74.50 m)
Pacific Ocean . 12H-2-W, 130/130 )
U1488A (Eauripik Rise) Discoaster surculus var. pullumpedes (103.70 m) — NMN13-15 (Early Pliocene)
Discoaster variabilis var. pacificus 12%1712072{%;?;2;130 — NN13-15 (Early Pliocene)

Table 3: Occurrence of new varieties of Discoaster in IODP Expedition 363 sites in the Pacific and Indian Oceans. The uppermost and lowermost
occurrences, as well as the nannofossil zones and ages, are based on a combination of shipboard data and additional data generated by the authors
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Figure 3: Stratigraphic range of Miocene to Pliocene four-rayed discoasters, D. alyssae sp. nov. and the three
new discoaster varieties. Data from Nannotax (Young et al., 2019)
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Species Description

Stratigraphical Range Hole U1488A, Eau-

Discoaster blackstockiae Bukry, 1973

Four-rayed variant of D. brouweri
with inter-ray angles of 60° and 120°

ripik Rise, western
Miocene to Pliocene (Bukry, 1973),

NN18 (Browning et al., 2017) Pacific Ocean. Type-

Discoaster bolivariae Browning &

Bergen in Browning et al., 2017 Four-rayed variant of D. hamatus

level: Lower Plio-

cene (NNI13-NN15),

NN9, Late Miocene (Browning et
al., 2017)

Discoaster exilis Martini & Bramlette,

Sample 363-U1488A-

NNB8, Late Miocene (Browning et

Ehrlich, 1980

1063 Four-rayed variant al,, 2017) 12H-2-W, 130/130
(103.70 m). Occur-
Discoaster petaliformis Moshkovitz & Four-rayed variant NNS5, Late Miocene (Theodoridis, rence: NNI3-NN15

1984)

Four-rayed variant of D.

Discoaster quadramus Bukry, 1973 pentaradiatus

in the western Pacific

NN15, Pliocene (Young, 1998) Ocean.

Discoaster quadribollii Browning &

Bergen in Browning et al., 2017 Four-rayed variant of D. bollii

NN9, Late Miocene (Browning et

al., 2017) Discoaster exilis var.

Four-rayed variant of D.
prepentaradiatus (often
asymmetrical)

Discoaster styzenii Wei, 2003

resolutioniae var. nov.

NN9-NN10, Late Miocene
Pl. 1, fig. 15

(Browning et al., 2017)

Discoaster surculus Martini &

Bramlette, 1963 Four-rayed variant

NN16, Late Pliocene (Browning et

al., 2017) Derivation of name:

Di lis K 1967
iscoaster tamalis Kamptner, 196 rayed variety of D. brouweri

Symmetrical and asymmetrical four-

After the research ves-
sel JOIDES Resolu-

NN14-NN16, Pliocene (Young,
1998; Raffi et al., 2006)

Discoaster tetracladus de Kaenel &
Bergen in de Kaenel et al., 2017

Four-rayed variant of D.
quinqueramus

tion, which was used
during IODP Expedi-

NN11a, Late Miocene (Blair et al.,
2017)

Table 4: Description and stratigraphic range of four-rayed discoasters from the Miocene to Pliocene. Data compiled

from Nannotax (Young et al.,2019)

13). It occurs within the geological range of D. surculus
(NN11a-NN16; Young, 1998). Dimensions: Length=12.5
um, width = 10 ym (based on the holotype). Holotype:
Plate 1, figs 12, 13. Type-locality: IODP Hole U1488A,
Eauripik Rise, western Pacific Ocean. Type-level: Lower
Pliocene (NN13-NN15), Sample 363-U1488A-12H-2-W,
130/130 (103.70 m). Occurrence: NN13-NN15 in the

western Pacific Ocean.

Discoaster variabilis var. pacificus var. nov.
PL. 1, fig. 14

Derivation of name: After the Pacific Ocean, where the
variety was observed. Diagnosis: Four-rayed variety of
D. variabilis that is bilaterally symmetrical, with interray
angles of 120° and 60°. Remarks: This new variety dif-
fers from the two other varieties described in this paper
in having rays with stronger and better-developed bifur-
cations (Plate 1, fig. 14). It occurs within the geological
range of D. variabilis (NN10-NN16; Young, 1998). Di-
mensions: Length = 11.5 ym, width = 11 #m (based on the
holotype). Holotype: Plate 1, fig. 14. Type-locality: IODP

tion 363 in the Pacific
and Indian Oceans.
A four-

rayed variety of D. ex-

Diagnosis:

ilis that is bilaterally symmetrical, with interray angles of
120° and 60°. Remarks: This new variety differs from D.
variabilis var. pacificus in having ray bifurcations that are
acutely angled (Plate 1, fig. 15). This variety is younger
than the known geological range of D. exilis (NN4-NN9;
Young, 1998). Dimensions: Length = 13 gm, width=11.5
pm (based on the holotype). Holotype: Plate 1, fig. 15.
Type-locality: IODP Hole U1488A, Eauripik Rise, west-
ern Pacific Ocean. Type-level: Upper Pliocene (NN16),
Sample 363-U1488A-9H-2-W, 60/60 (74.50 m). Occur-
rence: NN16 in the western Pacific and Indian Oceans.
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The following tables were not included in the printed version of the paper but are given here in full.
They are also available in Excel format (.xIsx) from the INA website
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Supplementary Table 2: Calcareous nannofossil distribution, IODP 363, Hole U1482A (Indian Ocean, off NW Australia)
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y Table 3: 10DP 363, Hole U1482B (Indian Ocean, off NW Australia)
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y Table 4: C; il distribution, IODP 363, Hole U1483A (Indian Ocean, off NW Australia)
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Supplementary Table 5: Calcareous nannofossil distribution, IODP 363, Hole U1483C (Indian Ocean, off NW Australia)
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y Table 6: C: il distribution, IODP 363, Hole U1486B (Pacific Ocean, Manus Basin)
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Supplementary 100363, Esurpik Rise)
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