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TERTIARY LARGER FORAMINIFERA (FORAMINIFERIDA) FROM THE
OGASAWARA ISLANDS, JAPAN

By
Kuniteru MATSUMARU

Department of Geology, Faculty of Education, Saitama University, Urawa 338, Japan

Abstract

Sample collections from 236 stations (80 stations in Haha-Jima, 122 stations in Chichi-Jima, and 34
stations in Minami-Jima) and stratigraphic observation in three islands of the Ogasawara islands are examined in
the present study of Tertiary larger foraminifers. Sixty-nine species of larger and smaller benthonic foraminifers
from the middle Eocene Yusan and Okimura Formations, upper Eocene Sekimon Limestone of Haha-Jima,
and lower to lower upper Oligocene Minamizaki Limestone of Chichi-Jima and Minami-Jima are described
and illustrated. The new species are Peelella boninensis, Boninella boninensis, Paleomiogypsina boninensis,
Orbitogypsina vesicularis, O. globulus, Daviesina boninensis, Grzybowskia boninensis, Asterocyclina asterodisca,
A. hahajimensis, Miogypsinella boninensis, Borelis boninensis, Bullalveolina boninensis, Quinqueloculina?
boninensis, Cycloloculina boninensis, and Praerhapydionina boninensis. The first four are type species of new
genera.

Five larger foraminiferal assemblages were recognized in the respective sections of biostratigraphic
sequence, based on the stratigraphic ranges of the 69 larger and smaller benthonic foraminiferal species, in
association with 38 planktonic foraminifers. They are, from the oldest to youngest, (I) the Nummulites
aturicus-N. gizehensis-N. millecaput Assemblage, (II) the Nummulites pengaronensis-N. perforatus-Alveolina
elliptica Assemblage, (II1) the Biplanispira absurda-Pellatispira provalei Assemblage, (IV) the Eulepidina
dilatata-E. ephippioides-Heterostegina borneensis Assemblage, and (V) the Miogypsinella boninensis-
Spiroclypeus margaritatus-Austrotrillina  howchini Assemblage. Asterocyclina asterodisca, n. sp., and
A. hahajimensis, n. sp. in Assemblages I and II, in close relation to Asterocyclina habanensis Cole and
Bermidez from the America-Caribbean region, and Cyclorbiculina compressa (d’Orbigny) in Assemblage V,
suggest that foraminifers migrated to Ogasawara Islands, Japan from the America-Caribbean region. The five
assemblages are also correlative with Tertiary a3, Tertiary a3, Tertiary b, Tertiary ¢ and/or d, and Tertiary
el-4, respectively, based on the scheme of Letter Stages by Hashimoto and Matsumaru (1984). Also these
assemblages are similar in those recognized in Eniwetok Atoll Drill Holes, as correlated later.

The five assemblages are also correlative with Zone P.13 or Orbulinoides beckmanni Zone, Zone P.13—
14 or O. beckmanni Zone-Truncorotaloides rohri Zone, Zone P.15—17 or Globigerinatheka semiinvoluta Zone-
Turborotalia cerroazulensis s.1. Zone, Zone P. 18?21 or Globigerina sellii Zone-Globorotalia opima opima
Zone, and Zone P.21?, respectively, based on the planktonic foraminiferal zonal scheme by Bolli (1957),
Blow and Banner (1962), and Blow (1969, 1979), as modified by Toumarkine and Luterbacher (1985).
Hence, these five assemblages are referable in the age to middle Eocene, late middle Eocene, late Eocene,
early to late carly Oligocene, and early late Oligocene, respectively. These are approximately the same as
Letter Stages of the Far East in the Indo-Pacific region, and their planktonic foraminiferal equivalents.

The paleoecological environment is mainly neritic, and tropical or subtropical in character. The rate of
sedimentation of the Tertiary marine sediments in Ogasawara Islands is calculated as follows: 22 m per Ma
for the Yusan and Okimura Formations, 45m per Ma for the Sekimon Limestone, and minimum 10m per
Ma for the Minamizaki Limestone (only 83 m thick exposed above sea level).

The evolution of the family Lepidocyclinidae is discussed regarding the possibility that Eocene Orbito-
clypeus evolved into Oligocene Eulepidina during late Eocene (Fig. 20). The evolution of Oligocene Nephro-
lepidina marginata from either Eocene Lepidocyclina mauretanica or L. pustulosa and that of Nephrolepidina
marginata into Nephrolepidina tournoueri during Oligocene-Miocene are also discussed (Fig. 22).

The early main evolutionary trend in the family Miogypsinidae is deduced from the biostratigraphic
occurrence and the nepionic acceleration-retardation theory (Figs. 23 and 24): Pararotalia mecatepecensis—
Paleomoiogypsina boninensis—Miogypsinella boninensis during late early to early late Oligocene. Also
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Boninella boninensis could evolve from Paleomiogypsina boninensis during early late Oligocene.

Introduction

The Ogasawara (Bonin) Islands lie in the Pacific Ocean, approximately from 1000 to
1300 km south-southeast of Tokyo (Fig. 1). The northern island of the Ogasawara Islands is
Muko-Jima at 27°40'N.Lat. and 142°10’E.Long., and the southern island is Haha-Jima also
called Hillsborough Island at 26°40'N.Lat. and 142°10'E.Long., (Fig. 2). Both islands are
associated with other islands of various sizes extending in a north-south direction. The
islands are the exposed part of the submarine Ogasawara Ridge. There are other Ogasawara
Islands in the west, forming the Shichito-Iwo-Jima Ridge. They include Nishino-Shima
(27°15'N.Lat. and 141°E.Long.) through Iwo-Jima (Sulphur Island) to Minami Iwo-Jima or
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Fig. 1. Locations of Haha-Jima and Chichi-Jima, Ogasawara Islands, of the study area. Both islands of the
Ogasawara Ridge are situated in the eastern rim of the Philippine Sea Plate, in contact with the Pacific
Plate. Horizontal lines show water depths greater than 5km.
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Fig. 2. Geological map of Haha-Jima, Ogasawara Islands, and locations of geological columnar sections
(Figs. 5—6) of the middle Eocene Yusan and Okimura Formations, and upper Eocene Sekimon
Limestone, and the locations of supplementary rock samples of the limestones.
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South Sulphur Island (24°15'N.Lat and 141°30'E.Long.). The Ogasawara Plateau, which is
about 200 km east-southeast of Haha-Jima, lies about 26°N.Lat. and 144°E.Long. The Izu-
Mariana Trench lies almost 120 km east of the Ogasawara Ridge, and separates the Ogasawara
Ridge and the Ogasawara Plateau. This Izu-Mariana Trench is regarded as a plate boundary
between the Philippine Sea Plate in the west and the Pacific Plate in the east.

The largest and most populated Ogasawara Islands is Chichi-Jima (Pe¢l Island, Fig. 3).
Haha-Jima is the second in size and population. Field work in these islands is easy. The
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Fig. 3. Geological map of Chichi-Jima and Minami-Jima, Ogasawara Islands, showing the distribution of
Holocene reefs and their sediments.
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other islands, except for Iwo-Jima, are uninhabited, heavily forested or steep cliffs inland or
along the seacoast. Field work in these uninhabited islands is difficult, so that little information
about their geology or paleontology is available.

The present study is an introduction to the study of Tertiary larger foraminifers in
sedimentary rocks of Haha-Jima, Chichi-Jima, and Minami-Jima. The paleontology deals
with the systematic description of 49 genera, four of them new, and 69 species, 15 of them
new. Genera are based mainly on a classification by Loeblich and Tappan (1988).

The faunal succession will be established from stratigraphic changes in lithofacies and
fossil assemblages, and will be related to changes of environment and tectonic movement,
and correlated with faunal successions in well known sections of the Indo-Pacific region.
The evolution of certain larger foraminifers will be examined, and geologic structure will be
described.

Progress of Research and Acknowledgements

The present study began with four weeks in the field in 1975, supported by the
Educational Bureau of the Metropolis of Tokyo. The work continued for two weeks in
1976, supported by the National Science Museum, Tokyo. Foraminifers collected during
this work were mentioned concisely in reports by Matsumaru (1976a, 1978) and Ujiié and
Matsumaru (1977). Four weeks were spent in the field in 1993, supported by a Grant-In-Aid
of the Ministry of Education, Japanese Government (Project No. 04640718). Samples from
this work together with those collected in 1975 and 1976 form the basis for this report.

The late Dr. Haruyoshi Hujimoto and Dr. Wataru Hashimoto, both Emeritus Professors
of Tokyo University of Education, kindly gave the author advice and encouragement. Prof.
Hiroshi Ujiié, Ryukyu University, a former curator of the National Science Museum,
Tokyo, provided founding and accompanied the author in 1976. Others who made the
author’s research possible include colleagues Dr. Erciiment Sirel and Dr. Evren Yazgan
(M.T.A. Institution, Ankara), Prof. Izver Tansel and Prof. Engin Meri¢ (Istanbul University),
during the scientific research in Turkey in 1992, supported by a Grant-In-Aid of the Japan
Society for the Promotion of Science (JSPS); Prof. Lukas Hottinger, Universitit Basel,
chairman of UNESCO Project IGCP 286 and his colleagues, from 1990 to 1994; Prof.
Ruggero Matteucci, and his colleagues, Universita di Roma (La Sapienza), during a stay as
Visiting Professor of the Universita di Roma in 1993; and Dr. Dario Grignani (STIG,
AGIP, Milano), for permission to study foraminifers in Dr. Alfredo Silvestri’s collection.
The author is also grateful to Dr. Izver Tansel, who provided much useful information on
planktonic foraminiferal taxonomy and Dr. Alphonse Blondeau, Maitre de Conférences
honoraire, Université Pierre et Marie Curie (Paris VI), Dr. Earl E. Brabb, Geologist
Emeritus, U.S. Geological Survey, Menlo Park, California, Prof. Achille Sirotti, Universita
di Modena, Modena, and Prof. Tsunemasa Saito, Tohoku University, Sendai, who kindly
provided comments on several scientific points in the paper.

The author expresses thanks to the Tokyo Metropolitan Government, the National
Science Museum, the Ministry of Education, the Japanese Government, the Japan Society
for the Promotion of Science (JSPS), and the Universita di Roma (La Sapienza), for
financial assistance and other support.
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Fig. 4 Section localities and supplementary spot sample stations of foraminifera-bearing Minamizaki
Limestone, Minamizaki Cape, Chichi-Jima and Minami-Jima, Ogasawara Islands.

Previous Studies

Yabe (1911) indicates that Tetsugoro Wakimizu was the first to find Nummulites on
Haha-Jima. Yoshiwara (1902) is the first to mention and date (Eocene) Nummulites from
this island, referring to literature sources. The rich foraminifer faunas soon attracted the
attention of other workers, resulting in publications by Yabe (1911, 1920, 1921), Hanzawa
(1947a, 1950), Saito (1962), Matsumaru (1976a, 1978, 1983, 1994), Konda and Okuda
(1977), and Ujiié and Matsumaru (1977). Corals, echinoderms, mollusks, calcareous algae,
and bryozoans were described by Yabe and Sugiyama (1935), Nishiyama (1937), Yabe and
Hatai (1939), Iwasaki (1975), and others. The stratigraphy of the Ogasawara Islands has
remained generally obscure (Asami, 1970), but there are some stratigraphical reports
dealing with Chichi-Jima and Haha-Jima (Hanzawa, 1947; Iwasaki and Aoshima, 1970;
Kuroda and Shiraki, 1975; Matsumaru, 1976a, 1978; Ujiié and Matsumaru, 1977). According
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to Kaneoka ez al. (1970) and Tsunakawa (1983), K-Ar ages on boninite, andesite, dacite,
and quartz dacite from Chichi-Jima vary from about 43.0 to 26.7Ma, whereas those on
andesite, basalt, and dacite from Haha-Jima are about 42.5 to 29.4Ma. Accordingly, the
main volcanic activity of Chichi-Jima and Haha-Jima is regarded as having occurred about
40 to 30Ma ago (middle Eocene to late Oligocene), and no volcanic activity is observed at
present.

Stratigraphy

The Tertiary marine sequence interfingering with or overlying the basal volcanic rocks
of Haha-Jima and Chichi-Jima is described below (Figs. 2 and 3). The sequence in Haha-
Jima is stratigraphically subdivided upward into the Yusan Formation (middle Eocene), the
Okimura Formation (upper middle Eocene), and the Sekimon Limestone (upper Eocene),
and that in Chichi-Jima and Minami-Jima is the Minamizaki Limestone (lower to lower
upper Oligocene), subdivided into two members, which probably overlie conformably the
Sekimon Limestone. The relationships of the Sekimon and Minamizaki Limestones are not
possible to observe directly in the field, because Haha-Jima is about 50km south from
Chichi-Jima.

a) Yusan Formation

The Yusan Formation is proposed by Ujiié and Matsumaru (1977) for the series of
nummulite-bearing volcanic breccia, tuff breccia, conglomerate, and medium- to coarse-
grained sandstone, rhythmic alternation of coarse-grained sandstone to siltstone, and acidic
tuff distributed in Yusankaigan Beach, about 2km south-southeast of Okimura village, the
only inhabited village of Haha-Jima (Figs. 2, 5 and 6).

Type locality: Seacoast cliff and beach along Yusankaigan, Haha-Jima.

Reference sections: Seacoast cliffs of Nankinhama and Miyukihama Beaches, respect-
ively, north of Yusankaigan, Haha-Jima.

Distribution: The lower member of the Yusan Formation is narrowly distributed in the
seacoast cliff and beach along Yusankaigan and Nankinhama. Yusankaigan is the southern
limit of the formation. Also the member of the Yusan Formation cannot be traced north of
Nankinhama.

The upper member of the Yusan Formation is widely distributed in the seacoast cliff
and beach of Miyukihama, and in northern areas at Hyogidaira, Otani, Shizukazawa,
Ninohashi Bridge, and Nenbutsu-Toge Pass. At Hyogidaira, called the Yumemizaka slope
by old villagers between Okimura and Miyukihama, is a nummulite-bearing medium-
grained sandstone outcrop of the upper member of the Yusan Formation. This member of
the Yusan Formation is distributed widely in the Otani area, 1km north of Okimura village
and 160m above sea level; from Chibusa Dam to the Rosuishi old quarry; and in the
Rosudani valley at Okimura village, Sm above sea level. Also, this member can be traced
from Shizukazawa, about 1km northwest of Okimura village and 85 m above sea level, to
Old Ichinohashi Bridge, and to Nenbutsu-Toge Pass, 250m above sea level. This pass is the
gateway to Mt. Sekimon (404.5m) and Sekimon Karst Plateau, and is at the northern limit
of the member.
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Fig. 5.

Horizontal lines show the position of sampling stations from sections to the range chart, but not all the

lines are numbered.
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Lithology and faunal content: The lower member of the Yusan Formation along
Yusankaigan Beach at the type locality is predominantly a nummulite-bearing sandstone.
The lower consists of purple- to dark-colored volcanic breccia and tuff breccia, yellowish
very coarse- to medium-grained sandstone with cobble-sized breccia showing cross lamination.
The middle part has rhythmic alternation of sandstone and siltstone, and sandstone with
breccia. The upper part has acidic tuff, sandstone with breccia, and conglomerate (Fig. 5).
The white acidic tuff at the top of the cliff can be traced to Nankinhama and Miyukihama
Beaches, and Hyodgidaira.

Both volcanic and tuff breccia, and sandstone of the lower member of the Yusan
Formation, yield Nummulites aturicus Joly and Leymerie, N. gizehensis (Forskal),
N. millecaput Boubée, N. pengaronensis Verbeek, N. perforatus (Montfort), Asterocyclina
incisuricamerata Cole, A. pentagonalis (Deprat), A. stella (Giimbel), A. asterodisca, n. sp.,
Orbitoclypeus kimurai Matsumaru, Discocyclina augustae van der Weijden, D. dispansa
(Sowerby), D. javana (Verbeek), Daviesina boninensis, n. sp., Operculina schwageri Silvestri,
Alveolina elliptica (Sowerby), Eorupertia boninensis (Yabe and Hanzawa), mollusks, echin-
oids, bryozoans, scleractinian corals, and calcareous algae. In particular, Asterocyclina
asterodisca and Orbitoclypeus kimurai occur in the upper beds of the lower member of the
Yusan Formation. Generally, these fossils are in solid rock that needs to be quarried.

At the cliff of Miyukihama, the upper beds of the lower member of the Yusan
Formation are well developed and have many larger foraminifers (Fig. 5; Table 1, MI
81805—81806), parallel to the bedding and intermixed with echinoids, mollusks, and cal-
careous algae. These beds are composed, in ascending order, of a grayish brown siltstone to
very fine-grained sandstone 1m thick and a white pumice tuff, tuffaceous siltstone, and
tuffaceous fine-grained sandstone 1 m thick. Above these beds are 4.8 m of other pyroclastic-
bearing sandstones and conglomerates with larger foraminifers. The uppermost sandstone
can be traced to Hyogidaira, where the sandstone is conformably overlain by tuffaceous
sandstone of the basal bed of the upper member of the Yusan Formation (Fig. 5).

The upper member of the Yusan Formation is well developed at Otani, 1.1 km north of
Okimura village. It is composed predominantly of a yellowish gray tuffaceous medium-
grained sandstone, and tuff breccia with abundant Nummulites (Fig. 6, Table 1, OT72112B-
72111). The top breccia is conformably overlain by yellowish gray tuffaceous sandstone of
the Okimura Formation. At Shizukazawa, the upper member is composed mainly of very
pale orange tuffaceous fine- to medium-grained sandstone about 7m thick with abundant
Nummulites (Fig. 6, Table 1, SZ72305). At Nenbutsu-Toge Pass, the upper member of the
Yusan Formation is composed of a nummulite-bearing, tuffaceous, mediim-grained sandstone
intercalated with a nummulite-bearing tuff breccia.

Geologic structure: The Yusan Formation has a homoclinal structure, and the general
strikes and dips are N 28° to 30° W, with dips 15° to 20° SW at Yusankaigan Beach, and
beds of the lower member are more than 23 m in total thickness. The strikes and dips are
N 45° to 60° W with dips 10° to 15° SW at Nankinhama and Miyukihama Beaches and beds
of the lower are 23m and 7m in thickness, respectively. The beds of the upper member at
Otani strike N 10° to 15° W and dip 15° to 20° W, and they are 8 to 10m in thickness.

b) Okimura Formation
The Okimura Formation was proposed by Ujiié and Matsumaru (1977) for calcarenite



10 K. Matsumaru

and/or predominantly planktonic foraminifer-bearing coarse- to medium-grained tuffaceous
or calcareous sandstone near Okimura village. The rock was referred to locally as Rosuishi
(Rosu stone).

Type locality: Rosudani old quarry at the entrance of Rosudani valley, northeast
Okimura village, Haha-Jima (Figs. 2 and 6).

Reference sections: Seaside cliff of Okiko Port and along the stonesteps leading up to
the Tsukigaoka Shrine, Okimura village.

Distribution, lithology, stratigraphy, and geologic structure: At the old quarry and
Sonminkaikan, Okimura village, the Okimura Formation consists of predominantly yellowish
gray tuffaceous sandstone. The sandstone is mainly massive and calcareous, but in places it is
poorly stratified and in other places it grades into the mud-supported carbonate rock
(wackestone, after Dunham (1962)’s classification) or marl. Both rocks contain foraminifers
(Fig. 6, Table 1), mollusks, echinoids, bryozoans, and shark teeth. The Okimura Formation
crops out in the cliff at Shichikenya, northwest of Okimura village, and it can be traced to
Maehama Beach of Okimura village, the cliff of Okiko Port, Tsukigaoka Shrine and its
surroundings.

At Toeijiitaku, west of Okimura village, the Okimura Formation comprises, in upward
sequence, a yellowish gray massive, tuffaceous, Globigerina-bearing limestone; an alternation
of medium-grained sandstone and fine-grained tuffaceous sandstone, with Asterocyclina
pentagonalis, A. stella, and Orbitoclypeus kimurai; a white fine-grained tuff, and an alternation
of lapilli-bearing coarse- to medium-grained sandstone and tuff breccia. The formation is
about 20m in total thickness.

In the area of Nishiura Beach and Sankakuiwa Islet, the Okimura Formation consists of
a nummulite-bearing volcanic and tuff breccias; a white fine-grained tuff, and an alternation
of tuffaceous limestone and lapilli-bearing sandstone, with abundant foraminifers (Fig. 6,
Table 1). These beds are more than 16m thick and are overlain comformably by the
Sekimon Limestone.

The Okimura Formation overlies conformably the Yusan Formation in Rosuishi quarry.
The term Rosuishi is used by old villagers for the yellowish brown massive calcarenite or
sandy limestone, or weakly stratified calcareous and tuffaceous sandstone, which was used
as building stone before World War II. The Okimura Formation is overlain conformably by
the Sekimon Limestone at the top of the cliff in Okiko Port and Tsukigaoka Shrine. The
Okimura Formation strikes N 10° to 40° W, and dips 8° to 10° SW at the seaside cliff of
Okiko Port, and it is about 22 m in thickness.

c) Sgkimon Limestone

The Sekimon Limestone has been proposed by Ujiié and Matsumaru (1977) for the
informal name Biplanispira-bearing Limestone of Hanzawa (1947a) (Figs. 2 and 6).

Type locality: Sekimon Karst Plateau, Haha-Jima.

Reference sections: Precincts of Tsukigaoka Shrine, and the top part of the cliff at
Okiko Port, Haha-Jima.

Distribution, lithology, stratigraphy, and geologic structure: The base of the Sekimon
Limestone is distributed in the precincts and the environment of Tsukigaoka Shrine, southwest
of Okiko Port, where it rests conformably on the Okimura Formation. The Sekimon
Limestone consists mainly of a white or pink, compact or cavernous indurated the granular
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Daviesina boninensis, n.sp.
Operculina subformai

0. schwageri

Nummulites aturicus

N, gizehensis

N. millecaput

N. pengaraenensis

N. perforatus

N.'sp.

Grzybowskia boninensis,n.sp.
Spiroclypeus granulosus

iplanispira absurda

B. mirabilis

Pellatispira orbitoidea

P. provalei

Orbitoclypeus kimurai
Asterocyclina asterodisca,n.sp.
A. hahajimensis,n. sp.
A.incisuricamerata

A. pentagonalis

A. stella

Discocyclina augus tae

D. dispansa

D. javana

Fabiania cassis

Halkyardia minima
Neoplanorbulinella saipanensis
Planorbulinella larvata
Eorupertia boninensis
Amphistegina radiata
A.vulgaris
Asterigerina tentoria
Orbitogypsina vesicularis,ngen.,n.sp.
0. globulus,n.gen,n.sp.
Mississippina concentrica.
Alveolina elliptica

Hantkenina alabamensis
H. primitiva

H. ct. aragonensis

H.ct mexicana

H. sp.

Orbulinoides beckmanni
Acarinina cf. spinuloinfiata
Globigerinatheka index index
. index rubriformis

ct. index tropicalis
mexicana mexicana

cf. mexicana mexicana

. mexicana barri

. mexicana kugleri

.cf. mexicana kugleri
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sp.
GIobFi)gerina praebulloides leroyi
G. cf. praebulloides
G. pseudovenezuelana
G. cf. pseudovenezuelana
- G. sellii
[ G. senni
G. cf. senni
G. cf. venezuelana
G. yeguaensis

G. sp.

Globigerinita echinata
Hastigerina bolivariana
Turborotalia centralis

T cerroazulensis cocoaensis
T. cerroazulensis pomeroli

T. ci. pseudomayeri
P13 { Pl4 P15-17 . Blow's zones
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material-supported carbonate rock (packstone, after Dunham’s classification) and wackestone,
with foraminifers (Fig. 6, Table 1), calcareous algae, and mollusks. Foraminifers are mostly
intermixed with calcareous algae and mollusks in the packstone, but they are segregated in
the wackestone.

At the vicinity of Chibusa Dam, north of Okimura village, the Sekimon Limestone can
be seen as huge isolated, dislocated (?), blocks of limestone, with abundant foraminifers
(Fig. 6). No outcrops of the formation occur in this area.

An extensive exposure of the Sekimon Limestone is in the Sekimon Karst Plateau, in
the eastern foothills of Mt. Sekimon, where it forms needle-pointed rocks called locally
Harinoiwa rocks. According to Hanzawa (1947a), the Sekimon Limestone in this area is
established to be 100m thick, and rests conformably on andesitic agglomerate and tuff,
which presumably are the Okimura Formation. These rocks are the best exposed in relatively
inaccessible cliffs along the Pacific Ocean where the Sekimon Limestone seems to rest
conformably on the volcanic rocks, but the limestone at a distance appears to be about
135m thick. The Sekimon Limestone in this area yields foraminifers (Fig. 6, Table 1),
calcareous algae, corals, mollusks, echinoids, and bryozoans.

At the Sekimon Karst Plateau, it generally strikes NS and dips of 8° to 10°E, and in
places it is composed of a weak undulation folding.

d) Minamizaki Limestone

This limestone has been proposed by Matsumaru (1976a) for a white-, buff- or
pink-colored, compact or cavernous, indurated packstone, packstone to wackestone, grain-
supported carbonate rock (grainstone, after Dunham’s classification) or limestone conglom-
erate, coral biolithite, and algal biolithite, developing at and around Minamizaki Cape of
Chichi-Jima, Minami-Jima, and surrounding islets (Figs. 3 and 4). The limestone is generally
white and has a basal member which is pink.

Type locality: Minamizaki Cape, Chichi-Jima.

Reference section: Minami-Jima, 0.9 km west of Minamizaki Cape, Chichi-Jima.

Distribution, lithology, stratigraphy, and geologic structure: The Minamizaki Limestone is
widely distributed in the Minamizaki Cape of Chichi-Jima, Minami-Jima, Tate-Jima,
Kannuki-Jima, Reigan-Jima, Nihon-Iwa, and other small islets, and as a whole is regarded
as a submerged karst topography from the viewpoint of the present, with summits sticking
up from the sea as peninsulas, Jima (island), and islets. This largely submerged limestone is
estimated to be a maximum of 244 m thick, based on correlation with the biostratigraphic
units/beds of Eniwetok Atoll Drill Holes from 1978 to 2780 feet (Cole, 1957b, Tables 1 and 2).

Outcrops of the Minamizaki Limestone extend about 1.7km in a south- to north
direction; and about 1.6 km east-west. They attain a maximum height of about 60 m above
sea level at Minamizaki Cape, and 60 m above sea level at Minami-Jima. The Minamizaki
Limestone rests directly on unnamed altered andesite at Kinseki Beach (Fig. 3), and on
boninite at John Beach (Fig. 4). Foraminifers indicate that the Minamizaki and Sekimon
Limestones are represented generally in a continuous limestone section at Eniwetok Atoll,
but the lithologic boundary of the units there has not been established. The units in the
Ogasawara Islands may also be conformable, because foraminifers are close in age, and no
zones are missing, but the volcanic rocks below the Minamizaki Limestone at Kinseki and
John Beaches and their absence at Eniwetok Atoll indicates that volcanic lenses locally are
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Valvuling sp.

Pararotalia mecatepecensis
Operculina complanata
Heterostegina borneensis
H.duplicamera

Spiroclypeus “margaritatus
Cycloclypeus eidae.

Halkyardia minima
Neoplanorbulinella saipanensis
Peelella boninensis,ngen.,n.sp.
Planorbulinella larvata

Victoriella conoidea

Eulepidina dilatata

E. ephippioides

Nephrolepidina marginata
Amphistegina radiata
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Asterigerina tentoria

Boninella boninensis,n.gen,n.sp.
Miogypsinella boninensis,n.sp. .
Paleomiogypsina boninensis,n.gen,n.sp.
Elphidium” sp.

Orbitogypsina vesicularis,ngen,n.sp.
0. globulus,ngen,n.sp.

Miniacina miniacea

Sporadotrema cylindricum
Mississippina concentrica

-1 Lenticulina sp.

Borelis boninensis,n.sp.

B. pygmaeus

Bullalveolina boninensis,n.sp.
Flosculinella reicheli

Austrotrillina howchini

Pyrgo sp.

Quinqueloculina? boninensis,n.sp.
Peneroplis planatus

Amphisorus hemprichii
Cyclorbiculina compressa
raerhapydionina boninensis,n.sp.

Sorites orbiculus

Textularia sp.

Globorotalia opima nana
G.cf. opima opima

G.gr, opima
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Globigerina praebulloides
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Larger foraminiferal assemblages

Pararotalia mecatepecensis

Operculina complanata

Heterostegina borneensis

H.duplicamera

Spiroclypeus margaritatus

Cycloclypeus eidae

Halkyardia minima

Neoplanorbulinella saipanensis

Peelella boninensis,ngen nsp.

Planorbulinella larvata
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E. ephippioides

Nephrolepidina marginata
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Asterigerina tentoria

Boninella boninensis,n.gen,n.sp.

Miogypsinella boninensis,n.sp.

Paleomiogypsina boninensis,ngen,n sp

Elphidium sp

Orbitogypsina vesicularis,ngen,n.sp

0 globulus,ngen,n.sp.
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Lenticulina sp

Borelis boninensis,n.sp

B. pygmaeus
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Pyrgo sp.
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between the two formations.

An informal lower member of the Minamizaki Limestone, in 801 South (S) and 71801
sections at Kinseki Beach, Minamizaki Cape, consists of a pink and/or white massive
indurated packstone, grainstone, packstone to wackestone, and coral biolithite. The rocks
contain foraminifers (Figs. 10 and 11, Table 2), calcareous algae, scleractinian corals,
mollusks and bryozoans.

In 1301 section at John Beach, Minamizaki Cape, the lower member consists mainly of
a buff, yellowish-white, and white, massive hard packstone, intercalated with similar-quality
packstone to wackestone, grainstone, and porous coral biolithite, with a total thickness 40
meters. These beds also yields foraminifers (Fig. 7, Table 2), calcareous algae, corals,
mollusks, and bryozoans.

In 1302 section (Fig. 8) between John and Jinny Beaches and 1304 section at Jinny
Beach, Minamizaki Cape, the lower member consists of an alternation of a pink, buff, and
white compact packstone and similar-quantity packstone to wackestone intercalated with
grainstone or algal biolithite. These beds yield foraminifers (Figs. 8 and 9, Table 2),
calcareous algae, corals, mollusks, bryozoans, and sponges.

The informal upper member of the Minamizaki Limestone at Minamizaki Cape overlies
conformably the lower member and is recognized in sections 801 S, 801 North (N), 1302,
and 1304, at stations (spot localities) 81801, 81802, 81803, 82703, and 1305 (Figs. 4, 8—10).
It consists of white massive grainstone intercalated with porous coral biolithite in 801 S and
801 N sections, but consists mainly of an alternation of white cavernous compact packstone
and/or porous biolithite and white massive bioclastic grainstone in 1302 and 1304 sections
and other stations. The upper member, therefore, is softer, whiter, and more pure limestone
than that in the lower member.

The top of the upper member of the Minamizaki Limestone forms angular, sharp
peaks. These beds yield foraminifers (Figs. 8, 9 and 10, Table 2), scleractinian corals,
calcareous algae, bryozoans, echinoids, and mollusks.

The Minamizaki Limestone at Minamizaki Cape generally strikes N 18° to 30° E, and
dips of 20° to 45° SE at John Beach, the northern limit of the formation and N 30° to 55°
W, with dips of 5° to 8° SW along 0.4 km of Jinny Beach. Thus an anticline, plunging to the
southeast, is developed in the northwest corner between John and Jinny Beaches of the
cape. Overall, the lower member of the Minamizaki Limestone at Minamizaki Cape is more
than 43m thick, and the upper member of the limestone is more than 17m thick.

The Minamizaki Limestone also covers Minami-Jima (Fig. 12) where the same members as
those at Minamizaki Cape are exposed. The only access to this island is at Same (shark)-
Ike (pond). Topographically, the limestone there forms four doline-ponds along a main
island axis of north-northwest to south-southeast. Of these, there are two inland ponds,
called Inyou-Ike (Asami, 1970) or Ogi-lke, whereas the others are submerged dolines, and
one of those is Same-Ike.

The lower member of the Minamizaki Limestone on Minami-Jima is generally pink or
white massive and compact packstone, yielding foraminifers (Fig. 12, Table 3), calcareous
algae, scleractinian corals, bryozoans, echinoids, and mollusks. The upper member consists
of grainstone, packstone, packstone to grainstone, and contains a similar fauna (Fig. 12,
Table 3).

The general strikes and dips of the Minamizaki Limestone in Minami-Jima are N 60° to



-, *SL] ur 950y} SE Swes oy} dIe sIAFo[OYM| I0] S|OQUIAS ‘spue[s] elemese3Q ‘ewnf-1yoy) ‘ode)

IyeZIUTEUIJ\ 18 UOIO3S H(ET Ul exel [elojiurureso) oworyueld pue ‘xojjews ‘1o8re] ays jo uonnquisigq 6 "84

ST

M/d

M/d

@

M

NOILI3S 70€l

Assemblage IV

Assemblage V

Larger foraminiferal assemblages

Pararotalia mecatepecensis

Operculina complanata

Heterostegina borneensis

H.duplicamera

Spiroclypeus margaritatus

Cycloclypeus eidae

alkyardia minima

Neoplanorbulinella saipanensis

Peelella honinensis,ngen.,n.sp.

Planorbulinella larvata

Victoriella conoidea

Eulepidina dilatata

E. ephippioides

Nephrolepidina marginata

Amphistegina radiata

A.vulgaris

Asterigerina tentoria

Boninella boninensis,n.gen,n.sp.

Miogypsinella boninensis,n.sp.

Paleomiogypsina boninensis,n.gen,n.sp.

Elphidium” sp.

Orbitogypsina vesicularis,ngen,n.sp.

0. globulus,ngen,n.sp.

Miniacina miniacea

Sporadotrema cylindricum

Mississippina concentrica

Lenticulina sp.

Borelis boninensis,n.sp.

B. pygmaeus

Bullalveolina boninensis,n.sp.

Flosculinella reicheli

Austrotrillina howchini

Pyrgo sp.

Quinqueloculina? boninensis,n.sp.

Peneroplis planatus

Amphisorus hemprichii

Cyclorbiculina compressa

raerhapydionina boninensis,n.sp.

Sorites orbiculus

Textularia sp.

Valvulina sp.

Globorotalia opima nana

G.cf. opima opima

G.gr opima
¢ P

. Sp.
Globigerina praebul loides

G.cf. praebulloides

G. sellii

G. cf venezuelana

G. sp.

DJ3}IUIWDIO)
S1UOIYUDIY

P187-20 j P.21

P27

Blow's zones

spue[s] elemese3( oy) WO} eIdJulweIo,] 1ag1e]




16 K. Matsumaru

Q
0 0
o c .
- a a
g g & a @
5 a o c c c
E G0 fde ¢ a 2
& §c ceg & g 2 ¢
o2 v 8 S g gos S Eg c _ & _nt
ol 2 & 3 Do 5] oag v 3.0 - = S =9s
- o a7 < S § 0 8% a 2. & ¢ =g¥g
u 0C < 5CT S o cE¢ Sa o< & == S L3
ol v=o T 23] o= 2§ °¥2F §¢ 2s5 294y
2l 85% §  v9¥co 05 ou¥8 3V _F§ c §ES S3%E
2§58 Sg2ouges 8% Twe ScoSy & 283 2af
£ 588 SESIEoTY B° 2589 €oEd§ § S¥R §SSoS3
= R 280,00 g >¢05 % ¢ 8¢ SO¥oEI 44
E g & UEW“-\:CE"’QQ LEoVag e ay o =3 ‘tcovaal
8OIN SECTION  |E| Esef, SeSsesS8Se C5380220C8eRE, 008 SE,£8555
= SHEI20090S o3 aouwella 50 E830S28TS YwdS25 o
o| SoPSao el S032aa0¢ SPEQS oL allys ST alss5o% Y
< $2Y5887 8033888 s oneSRI e 25098t nTas3g, 58
L S O NN ST e s 2 50T A ES O3SV USwELSS 200203
@l 93P FOOS Q,QKQ_QK.:‘;:\Q.\oouu,\.u¢°,~UgoogQQ.\maa
O 50850087 CcS0asase s DTS RS WS eRNT aySe eSS
S N 5| Sg3 05 eT S s3 SE S us8ca0 o8R0 s S o585 ERESTS
O ST AT LTS WL I<IRIALSSINI IDTAL AU IOTLN =S
>
w E [
O
48.5 49 3
o
43 MINAMIZAKI E
405 LIMESTONE @
375 (UPPER MEMBER, <
(LOWER MEMBER)
=
[
O
o
e}
m 16.5 =
10 &
1l
SL )
0 5m

Fig. 10. Distribution of the larger and smaller foraminiferal taxa in 801S and 801N sections at Minamizaki
Cape, Chichi-Jima, Ogasawara Islands. Symbols for lithologies are the same as those in Fig. 7.

65° W, with dips of 5° to 8 SW at Ogi-Ike and the northern part of the island, whereas they
are N 30° to 50° E, with dips of 5° to 8 NW at Same-Ike Bay and surroundings. A syncline
extends in NE-SW direction, and has southwestward plunging axis.

The lower part of the lower member is not exposed on Minami-Jima. Only about 20m
of the member crops out above sea level. The upper member is more than 40m thick.

Samples used in the Present Study

A total of 236 samples of sandstone and/or tuff breccia, siltstone and limestone were
collected, weighing from one to three kilograms. Of these, 64 were disaggregated using
sodium sulfate, washed on a 200-mesh screen and dried. Samples containing a large number
of foraminiferal specimens were divided with a sample splitter, and all specimens were
picked up, selected, and identified. In order to observe the inner structure of free specimens,
more than 1600 thin sections were made. An additional 2120 thin sections were made to
examine foraminifers in limestone.
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Faunal Succession

The Yusan Formation, the Okimura Formation, the Sekimon Limestone, and the
Minamizaki Limestone abundantly yield larger foraminifers, in association with smaller
benthonic and planktonic foraminifers. From 236 samples, 69 species, with 15 new species,
belonging to 49 genera, with 4 new genera, of larger and smaller benthonic foraminifers
were identified, and described, and the stratigraphic distribution of these species in several
sections is shown in Figures 5—12 and Tables 1-3. From 30 samples, 38 species and
subspecies belonging to 9 genera of planktonic foraminifera were identified and shown in
Figures 14—19. The stratigraphic distribution of these species in some sections is shown in
Figures 6—9, 11 and Tables 1—-3. The ranges of taxa of larger and smaller benthonic and
planktonic foraminifers are shown on Figure 13. Planktonic foraminiferal zones are also shown
on Figure 13 based on a correlation between the middle Eocene to lower upper Oligocene
zones of the present areas and tropical-subtropical zones of Bolli (1957), Blow and Banner
(1962), Blow (1969, 1979), Toumarkin and Luterbacher (1985), and Bolli and Saunders (1985).

The result of the present study indicates that the larger foraminifers from the Yusan
Formation, the Okimura Formation, the Sekimon Limestone, and the Minamizaki Lime-
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stone can be grouped into the following five faunal assemblages, in upward sequence:
Nummulites aturicus-N. gizehensis- N. millecaput (1), Nummulites pengaronensis-N.
perforatus- Alveolina elliptica (11), Biplanispira absurda-Pellatispira provalei (I11), Eulepidina
dilatata- E. ephippioides-Heterostegina borneensis (1V), and Miogypsinella boninensis-
Spiroclypeus margaritatus-Austrotrillina howchini (V).

1. Nummulites aturicus-N. gizehensis-N. millecaput Assemblage (Assemblage I)

This assemblage is dominated by Nummulites aturicus Joly and Leymerie, N. gizehensis
(Forskal), N. millecaput Boubée, Discocyclina augustae van der Weijden, and Discocyclina
javana (Verbeek). This assemblage is seen in stratigraphical sequences in Yusankaigan,
Nankinhama, Miyukihama, Hyogidaira, Otani, Shizukazawa, Ninohashi and Nenbutsu-
Toge sections in the Yusan Formation. The assemblage is the best developed in the
Yusankaigan and Miyukihama sections (Fig. 5).

Characteristic species: In addition to the five nominate species, which dominate the
assemblage, the common occurrence of the following species typifies this assemblage:
Daviesina boninensis, n. sp., Operculina schwageri Silvestri, Nummulites pengaronensis
Verbeek, N. perforatus (Montfort), Asterocyclina incisuricamerata Cole, Alveolina elliptica
(Sowerby), Asterocyclina pentagonalis (Deprat), A. stella (Giimbel), Discocyclina dispansa
(Sowerby), Eorupertia boninensis (Yabe and Hanzawa), and Orbitoclypeus kimurai
Matsumaru. Nummultes sp. related to a transitional form between Nummulites acutus
(Sowerby) and N. yawensis Cotter, is found only within the assemblage, and Asterocyclina
asterodisca, n. sp., closely related to A. habanensis Cole and Bermidez in the America-
Caribbean region, is found from the assemblage.

Correlation: This assemblage is determined to be Tertiary a3 of the Far East Letter
Stages in the zonal scheme of Hashimoto and Matsumaru (1984), because of the coexistence
of Nummulites perforatus, N. pengaronensis, and Asterocyclina incisuricamerata. According
to Doornink (1932) and Oppenoorth and Gerth (1929), the Discocyclina Layers resting on
the Djokjakartae and Axinea Layers of the Kalisongo Member of the Nanggulan Formation
(Nanggoelan Bed), west of Yogyakarta (Djokjakarta, Jogjakarta), Central Java, are character-
ized by larger foraminifers of Tertiary a3, such as Discocylina javana, D. dispansa, D. omphala
Fritch, Nummultes semiglobula Doornink, N. irregularis Deshayers, N. pengaronensis,
N. pustulosa Douvillé, N. cf. lucasana Defrance, N. orbigny Galeotti, and N. variolarius
Lamarck. Marks (1957) described the following species from the Discocyclina Beds (Layers)
of the Nangulan (Nanggulan, Nangoelan) Beds (Lagen, Formation, Group): Discocyclina
javana, D. dispansa, D. fritschi (Douvill§), D. omphala, Camerina bagelensis (Verbeek),
C. nanggulani (Verbeek), and Pellatispira sp. Hartono (1969) described the follow-
ing planktonic foraminifers, indicating a middle Eocene age, from the Disocyclina Beds:
Globorotalia centralis Cushman and Bermidez, G. lehneri Cushman and Jarvis, G. spinulosa
Cushman, G. bolivariana (Petters), Hantkenina dumblei Weinzierl and Applin, Hastigerina
micra (Cole), Truncorotaloides rohri Bronnimann and Bermidez, T. topilensis (Cushman),
Globigerina yeguaensis Weinzierl and Applin, and Globigerinatheka barri Bronnimann.
Inasmuch as Discocyclina javana, indicating Tertiary a3 Stage, was found in the Nummulites
aturicus-N. gizehensis- N. millecaput Assemblage of the Yusan Formation of Haha-Jima, in
association with Discocyclina dispansa and Nummulites pengaronensis, the present assemblage
(Assemblage I) of the Yusan Formation is correlated at least to Tertiary a3 Stage of the



Table 1. Distribution of the larger, smaller, and planktonic foraminiferal species from the Yusan Formation,
Okimura Formation, and Sekimon Limestone, Haha-Jima
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M Abundant (210%)

Table 2. Distribution of the larger, smaller, and planktonic foraminiferal species from the Minamizaki
Limestone, Minamizaki Cape, Chichi-Jima

K Common (1<, <10%)
N Rare (£1%)
Stations and 1301 1302 1304 801N 8018 71801 Others
symbols
= 8
| T A e N R EE g 9 © @ Be o 2881.E
Species SRGBSa 2T ANTVACAIZEINASRES 88 | BR02-InT e o QRNNSKSNSRRSHRSHEERRSTeR [ R0 BERIVINNVRRELVTLLTL2BBAGE | 2BER | 2RKILET |oro=RRE2E B8R | S6578
Halkyardia minima (Liebus)
Amphistegina radiata (Fichtel & Moll lIIIIIIIIIIIIIIZIZIIIIZIIIIIII BX |[OxE NN EEERR XX SN ER 2 ®| XXEXE SEE XEEE SESEE ENEERR (N § ([N SSEE NN EEENS EE L
4 vulgaris d'Orbigny B X X KN N XX S| = . R ON XX § R
Asterigerina tentoria Todd & Post = EEEE X BN 2N B EEZEEEECONN EEENE NN 20 ON )| KR SN ZEN KESESEECEE N RNEERR)SNSN E XECEE | RNSSEEENS BEN (ONN =
Orsteppeing i Matsumars, . g -5, | HEI MMM MEIE RSN KEE @ N X M EEEEE ENE N BEEREZ BN X NN RRX
0. globulus Matsumaru, n. gen., n. sp. XN REX X H XEH XX X aAx N H XE NE X=R N XERX RENXXKX B R X =
Mississippina concenirica (Parker & Jones) KK K X KX K X
Neoplanorbulinella saipanensis M u 24 = RN B R N < = KRER R m KX N RIXIX
Planorbulinella larvata (Parker & Jones) NX HX X iIX XKXXX [ ] NN H X N H EN X B XXEX X H BRX XX HKXX ||
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Operculina complanata (Defrance) ] | 4] N X X || = | | | XX X XRKN X
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Cycloclypeus eidae Tan NNNRE XX BRR X EEAXNX NEEEN RX HRRNRK AEXNKERRE X XN Em EEENSR
Victoriella conoidea (Rutten) X KK KXX HXN RXXX E N XX XK N X N ]
Eulsidina diataa (Michelott IR KK ERER K NXX X EER N EERN N B XXEK N 2 EN N K XEEE EEXXRORE NS [T AN XEE
£ cplippisdes Jones & Chapman) RRNEEE RS O R N SNRER B RS ENESNNEN  SX N 0 2 | EMESEE ANMEEEEN EEM o O N |SY CEEESSEEE
Nephrolepidi 12 (Michelotti ] =
PaIeammgypsma boninensis Matsumaru, n. gen., n.sp. | NI | ] 4] | ] = X X H IR X HEXEX X n | | ] XN X
Miniacing miniacea (Pallas) ] X [ X NN KK N X X
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Borelis pygmaeus (Hanzawa) X X XX X XXX
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Amphisorus hemprichii Ehrenberg XX N (| X K
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Globigerina praebulloides Blow X
G. cf. pracbulloides Blow R
G. sellii (Borsetti) [
G. cf. venezuelana Hedberg R X
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Globorotalia opima nana Bolli
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Table 3. Distribution of the larger, smaller, and planktonic foraminiferal species from the Minamizaki

Limestone, Minami-Jima

B Abundant (210%)
® Common

N Rare (S1%)

(1<, <10%)

Stations

and
symbols

Species
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Halkyardia minima (Liebus)

Amphistegina radiala (Fichtel & Moll)

A. vulganis d'Orbigny

Aslerigerina lentoria Todd & Post

Orbilogypsi icularis M u, n. gen., n. sp.
O. globulus Matsumaru, n. gen., n. sp.
Mississippina concentrica (Parker & Jones)

borlitoll,

Neobl,

P ip u
Planorbulinella larvata (Parker & Jones)
Pararotalia mecalepecensis (Nuttall)
Operculina complanata (Defrance)
Heleroslegina borneensis v.d.Vierk

H. duplicamera Cole

Cycloclypeus eidae Tan

Victoriella conoidea (Rutten)

Eulepidina dilalata (Michelotti)

E. ephippoides (Jones & Ch )

Nephrolepidiana marginata (Michelotti)

Paleomic ina boninensis M. u, n. gen., n. sp.

Miniacina miniacea (Pallas)
Sporadotrema cylindricum (Carter)
Lenticulina sp.

Borelis pygmaeus (Hanzawa)
Peneroplis planatus (Fichtel & Moll)
Amphisorus hemprichii Ehrenberg
Textularia sp.

Spiroclypeus margarilatus (Schlumberger)
Peelella boninensis Matsumaru, n. gen., n. sp.
Boninella boninensis M u, n. gen., n. sp.
Miogypsinella boninensis M u, n. sp.
Borelis boninensis Matsumaru, n. sp.

Bullalveohia bonis PR u, n. sp.

Flosculinella reicheli Mohler
Austrotrillina howchini (Schlumberger)
Ouinoueloculina? bominensic M, 4, n. 5p.

Cyclorbiculina compressa (d'Orbigny)
Soriles ;rbv'culus (Forskal)
Valvulina sp.

Cveloloculing bosinemsis M,
Pyrgo sp.

Elphidium sp.

u, n. sp.
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paaddi
EEENERX

L L
HEEN
pdizdizdzd

X HEM
ANEER
N KX
X N

XXXE N
P

X
HRRNRRX

X&

bz

XX

Pz

X UK m n

L
L]
u
X
EEXXRN
L]

X KR
] |

x|
HER

XX
prpddzdzdzddad |}

pradzdzdzpdadzd T
AN NENERE

]
n K XEE

[\

X XRRX

R

nm
P2

NN

[ 1 ]| XNXEXENNE
HE XOXEXEER
XXX RRXERX
XX X RRE
RRRK RRRKEN
HEEEXK XEXEEE
7 [N
bz

XXM
EEX

| X X mn
X
] - NXEXREXE

NERERX

_IN)y

XEE n
] ]

Globigerina praebulloides Blow
G. cf. pracbulloides Blow

G. sellii (Borsetti)

G. cf. venezuelana Hedberg
G. sp.

Globorolalia opima nana Bolli
G. cf. opima opima Bolli

G. gr. opima Bolli

G. sp.

Discocyclina Layers of Kalisonggo Member, Nanggulan Formation, Java.

Assemblage I is also correlated with the Masungit Limestone Member of the Maybangain
Formation (Reyes and Ordofiez, 1970; Hashimoto et al., 1979), in Luzon, Philippines. The
Masungit Limestone exposed along the Tanay-Daraitan Road, south of Pinugay Hill, yields
Nummulites cf. pengaronensis Verbeek, N. perforatus (Montfort), Fasciolites javana
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(Verbeek), Assilina spira (de Roissy), and Asterocyclina incisuricamerata Cole (Hashimoto
et al., 1979; Hashimoto and Matsumaru, 1984). The limestone also contains Orbitolites cf.
biplanatus Lehmann, Nummulites burdigalensis (de la Harpe), Fasciolites boscii (Degrance),
and F. cf. delicatissima (Smout) which may be reworked. Although a more detailed biostrati-
graphic study of the Masungit Limestone Member would be needed to solve the problem of
reworking, the present status of the larger foraminiferal fauna of the Masungit (MSG
Fauna) is as follows. The assemblage characterized by Orbitolites cf. biplanatus and
Nummulites burdigalensis is designated as the MSG2 Fauna of Tertiary a2 Stage from upper
Ilerdian to Cuisian, whereas the assemblage of Tertiary a3 Stage, which has no Orbitolites
cf. biplanatus, is subdivided into the MSG3 Fauna without Asterocyclina incisuricamerata,
and MSG4 Fauna with A. incisuricamerata. The MSG3 Fauna is considered to range from
upper Cuisian to lower Lutetian, and MSG4 Fauna is assigned to Lutetian. Overall, it is
possible to correlate the MSG4 Fauna, comprising Asterocyclina incisuricamerata, A. stella,
Nummulites perforatus, N. cf. pengaronensis, Heterostegina sp., and Eorupertia sp., with
Assemblage I of Haha-Jima.

2. Nummulites pengaronensis-N. perforatus-Alveolina elliptica Assemblage (Assemblage
II)

This assemblage is dominated by Nummulites pengaronensis Verbeek, N. perforatus
(Montfort), Alveolina elliptica (Sowerby), Asterocyclina hahajimensis, n. sp., Fabiania cassis
(Oppenoorth), and Halkyardia minima (Liebus). This assemblage is seen in stratigraphic
sequences in Rosudani, Toeijataku, Sonminkaikan, Okiko/Tsukigaoka Shrine, Ninohashi,
and Nishiura sections in the Okimura Formation. The assemblage is the best observed at
Okiko/Tsukigaoka Shrine section (Fig. 6).

Characteristic species: In addition to the nominate species, which dominate the assem-
blage, the following species characterize this assemblage: Daviesina boninensis n. sp.,
Operculina schwageri Silvestri, Asterocyclina incisuricamerata Cole, A. asterodisca n. sp., A.
pentagonalis (Deprat), A. stella (Giimbel), Discocyclina dispansa (Sowerby), Eorupertia
boninensis (Yabe and Hanzawa), and Orbitoclypeus kimurai Matsumaru. The following
planktonic foraminiferal species, in association with larger foraminifers, are found in the
OK82001 bed in the Okiko/Tsukigaoka Shrine section (Figs. 14—16) Acarinina cf. spinulo-
inflata (Bandy), Globigerinatheka mexicana mexicana (Cushman), G. cf. mexicana mexicana
(Cushman), G. mexicana kugleri (Bolli, Loeblich and Tappan), G. cf. mexicana kugleri
(Bolli, Loeblich and Tappan), G. index index (Finlay), G. index rubriformis (Subbotina),
G. sp., Orbulinoides beckmanni (Saito), Hantkenina alabamensis Cushman, H. cf. mexicana
Cushman, H. primitiva Cushman and Jarvis, H. cf. aragonensis Nuttall, H. sp., Turborotalia
centralis Cushman and Bermidez, Turborotalia cerroazulensis pomeroli (Toumarkine and
Bolli), Globigerinita echinata Bolli, Globigerina pseudovenezuelana Blow and Banner, G.
cf. pseudovenezuelana Blow and Banner, G. cf. senni (Beckmann), G. venezuelana Hedberg,
and G. yeguaensis Weinzierl. Of these species, Globigerinatheka mexicana mexicana, G. cf.
mexicana mexicana, G. mexicana kugleri, G. index index, G. index rubriformis, and Turbo-
rotalia centralis are found in the RO72405-3 bed in the Rosudani section, with a newly
observed species of Globigerina senni (Beckmann).

Correlation: This assemblage was determined to be Tertiary a3 in the zonal scheme of
Hashimoto and Matsumaru (1984), and it is correlated with the MSG4 Fauna in Luzon,
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Fig. 14. Representative planktonic foraminifers from the Okimura Formation (Locality: OK82001, Okiko/
Tsukigaoka Shrine Section. 1—4. X75, 5=7. x150)

Hantkenina alabamensis Cushman Globigerinatheca cf. mexicana mexicana (Cushman)
la, c. Side views, 1b. Apertural view. 5a. Side view, 5b. Spiral view.

Hantkenina primitiva Cushman and Jarvis Globigerinatheka mexicana mexicana (Cushman)
2a—b. Side views. 6a. Side view, 6b. Spiral view.

Hantkenina cf. aragonensis Nuttall Orbulinoides beckmanni (Saito)
3a, c. Side views, 3b. Apertural view. 7a—c. Side views, 7d. Spiral view.

Hantkenina cf. mexicana Cushman
4a. Side view, 4b. Apertural view.
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Fig. 15. Representative planktonic foraminifers from the Okimura Formation (Locality: OK82001, Okiki/
Tsukigaoka Shrine Section, all figures X150)
Globigerinatheka cf. mexicana kugleri (Bolli, Loeblich  Acarinina cf. spinuloinflata (Bandy)

and Tappan) 4a. Umbilical view, 4b. Side view, 4c. Spiral
la. Umbilical view, 1b. Side view, lc. Spiral view. view.

Globigerinatheka index index (Finlay) Turborotalia centralis Cushman and Bermidez
2a. Umbilical view, 2b. Spiral view. 5a, 6a. Umbilical views, 5b. Side view, 6b.

Globigerinatheka index rubriformis (Subbotina) Spiral view.

3a. Umbilical view, 3b. Spiral view, 3c. Side view.
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Fig. 16. Representative planktonic foraminifers from
Tsukigaoka Shrine Section, all figures X 150)
Turborotalia cerroazulensis pomeroli (Toumarkin and
Bolli)
1. Spiral view.
Globigerina venezuelana Hedberg
2a. Umbilical view, 2b. Side view, 2c. Spiral
view.
Globigerina pseudovenezuelana Blow and Banner
3a. Umbilical view, 3b. Side view, 3c. Spiral view.

the Okimura Formation (Locality: OK82001, Okiko/

Globigerina yeguaensis Weinzierl and Applin

4a. Umbilical view, 4b. Side view, 4c. Spiral view.
Globigerinita echinata Bolli

Sa. Umbilical view, 5b. Side view, 5c. Spiral view.
Globigerina cf. senni (Beckmann)

6a. Umbilical view, 6b. Side view, 6¢. Spiral view.

[Se]
(%)
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Philippines, because of the coexistence of Asterocyclina incisuricamerata, A. stella, Nummu-
lites pengaronensis, and N. perforatus, and no joint occurrence of Biplanispira and Pellatispira.

Assemblage II is considered to correspond to Orbulinoides beckmanni total range Zone
(Zone P.13) of Blow (1969, 1979) or O. beckmanni Zone of Toumarkine and Luterbacher
(1985), because of the presence of Orbulinoides beckmanni (Saito) from the OK82001 bed.
It is also correlated with Saito’s (1962) fauna.

As such the former Assemblage I is also assigned to be Zone P.13, or possibly older.
Further, Assemblage I is assigned to Truncorotaloides rohri-Globigerinita howei partial range
Zone (Zone P.14) of Blow (op. cit.) or Truncorotaloides rohri Zone of Toumarkin and
Luterbacher (1985), through the coexistence of Globigerinatheka mexicana mexicana
(Cushman) and Globigerina senni (Beckmann) and the non-existence of Orbulinoides beck-
manni from the RO72405 bed. Therefore, Assemblage II is correlated with two zones of the
planktonic standard, P. 13 and P.14.

3. Biplanispira absurda-Pellatispira provalei Assemblage (Assemblage III)

This assemblage is dominated by Biplanispira absurda Umbgrove, B. mirabilis
(Umbgrove), Pellatispira orbitoidea (Provale), P. provalei Yabe, Grzybowskia boninensis,
n. sp., Spiroclypeus granulosus Boussac, and Operculina subformai Provale. This assemblage is
seen in Okiko/Tsukigaoka Shrine and Sekimon Karst sections in the Sekimon Limestone,
and also seen in the limestone of Chibusa Dam. The assemblage is the best developed in the
Sekimon Karst area (Fig. 6).

Characteristic species: In addition to the nominate species stated above, other associated
species include Asterocyclina pentagonalis (Deprat), A. stella (Giimbel), Discocyclina dispansa
(Sowerby), Eorupertia boninensis (Yabe and Hanzawa), Orbitoclypeus kimurai Matsumaru,
Fabiania cassis (Oppenheim), and Halkyardia minima (Liebus). The following species occur
commonly in this assemblage: Amphistegina radiata (Fichtel and Moll), A. vulgaris d’Orbigny,
Asterigerina tentoria Todd and Post, Orbitogypsina vesicularis, n. gen, n. sp., O. globulus,
n. gen., n. sp., Mississippina concentrica (Parker and Jones), Neoplanorbulinella saipanensis
Matsumaru, and Planorbulinella larvata (Parker and Jones). Nummulites perforatus (Mont-
fort) and Asterocyclina incisuricamerata Cole are seen in the Okiko/Tsukigaoka Shrine
section where it is poorly developed. Judging from the ill preservation and broken form of
Nummulites perforatus and Asterocyclina incisuricamerata, these species are considered to be
reworking from their original position. The following planktonic foraminifers are found
from the Okiko/Tsukigaoka Shrine section (Fig. 17): Globigerinatheka mexicana kugleri
(Bolli, Loeblich and Tappan), G. index index (Finlay), G. index rubriformis (Subbotina),
G. cf. index tropicalis (Blow and Banner), Turborotalia centralis Cushman and Bermidez,
T. cerroazulensis cocoaensis (Cushman), T. cf. pseudomayeri (Bolli), Globigerina praebulloides
leroyi Blow and Banner, G. cf. praebulloides Blow, G. sellii (Borsetti), G. senni (Beckmann),
G. cf. senni (Beckmann), G. sp., and Hastigerina bolivariana (Petters). Of these species,
the identification of Globigerina sellii should be questioned because this is inconsistent with
the older ranges of the other foraminifers (Blow, 1969, 1979). Hastigerina bolivariana and
Globigerina cf. senni also need additional examination. From the Sekimon Karst Plateau
(sample 72203), one species belonging to Globigerina praebulloides Blow is present (Fig.
17). The planktonic foraminiferal species from Chibusa Dam (sample C1) are Globigerinatheka
mexicana Bronnimann, G. sp., Globigerina senni (Beckmann), and G. sp. Of these,
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Fig. 17. Representative planktonic foraminifers from the Sekimon Limestone (Localities: 1—4, 6, 8. OK25.95,
9. OK23.95. Okiko/Tsukigaoka Shrine Section, 5. 72203, Sekimon Karst Section, 7.c1, Chibusa Dam;
1, 6. x75, 2. x150, 3, 5. X158, 4. x68, 7—9. x165)

Globigerina praebulloides leroyi Blow and Banner Globigerina senni (Beckmann)
1. Oblique longitudinal section. 7. Oblique longitudinal section.
Hastigerina bolivariana (Pectters) Globigerina sellii (Borsetti)
2. Axial section. 8. Axial section.
Globigerina cf. praebulloides Blow Globigerina cf. senni (Beckmann)
3, 5. Oblique longitudinal sections. 4, 6. 9. Oblique longitudinal section.

Longitudinal sections.
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Globigerina senni should be reexamined (Fig. 17).

Correlation: Assemblage III was determined to be Tertiary b of upper Eocene in the
zonal scheme of Hashimoto and Matsumaru (1984), because of the presence of Biplanispira
and Pellatispira. Tertiary b Stage is considered to be equivalent to the Priabonian Stage of
Europe by Leupold and Vlerk (1931) and Sirotti (1978).

Other correlative beds of Tertiary b Stage include the Melinau Limestone, Sarawak
(Borneo), Malaysia, which contains Nummulites javanus Verbeek, Discocyclina sp., N. sp.
(striatus Bruguiere), Pellatispira orbitoidea (Provale), P. sp., Fabiania saipanensis Cole,
Spiroclypeus vemicularis Tan, and Halkyardia sp. (Adams, 1965).

The upper Eocene Hagman Formation, Densinyama Formation, and Matansa Limestone
in Saipan are regarded as constituting a single faunal unit of Tertiary b Stage, because of the
presence of Pellatispira orbitoidea (Provale), P. provalei Yabe, and Asterocyclina matanzensis
Cole (Cole, 1957a). According to Hanzawa (1957), the Densinyama and Matansa Formations
from Saipan, Tinian, and Rota, Micronesia, and the Aimilik Formation, Babelthuap, Palau,
are characterized by Nummulites pengaronensis (Verbeek), N. bagelensis (Verbeek),
N. striatus (Bruguiere), Discocyclina dispansa (Sowerby), D. indopacifica Hanzawa, Astero-
cyclina stellaris (Brunner), Biplanispira, Pellatispira, Fabiania saipanensis Cole, Halkyardia,
Acervulina linearis Hanzawa, Gypsina saipanensis Hanzawa, and Spiroclypeus vermicularis
Tan. Accordingly, the fauna is assigned definitely to Tertiary b Stage. Todd (1957) regarded
the Hagman and Densinyama Formations in Saipan as late Eocene, because of the presence
of Hantkenina bermudez Thalmann, whereas the age of the Matansa limestone is considered
to be late Eocene (Jackson equivalent).

In Guam, Cole (1963a) showed that the diagnostic Tertiary b genera and species of
Asterocyclina matanzensis Cole, Biplanispira fulgeria (Whipple), B. mirabilis (Umbgrove),
Discocyclina omphala (Fritsch), Fabiania saipanensis Cole, and Spiroclypeus vermicularis
Tan, occurred in two localities (Hjl and EK7) within the Alutom Formation. The other
11 localities in the Alutom Formation are, however, considered to ’represent Tertiary ¢
(Oligocene) accumulation, into which reworked Tertiary b genera and species were carried.
Blow (1969) showed that the Alutom Formation in Guam is placed at Zones P.15 to P.17 of
planktonic foraminiferal zonation. As a whole, the Biplanispira absurda-Pellatispira provalei
Assemblage (III) in Haha-Jima can be correlated with the faunal zone of Tertiary b Stage of
the western Pacific Region (Saipan, Tinian, Rota, Palau, and Guam), because of the
presence of the genera Biplanispira, Pellatispira, and Fabiania.

Cole (1957b) described the following species of Tertiary b Stage from the stratigraphic
section of 2780 to 4553 feet in the Eniwetok Atoll Drill Holes: Gypsina vesicularis (Parker
and Jones), Pseudochrysalidina eniwetokensis Cole, Asterocyclina matanzensis Cole,
Coskinolina rotaliformis Cole; Camerina djokjokartae (Martin), C. pengaronensis (Verbeek),
Boreloides eniwetokensis Cole, Heterostegina saipanensis Cole, H. aequatoria Cole, Astero-
cyclina penuria Cole, A. incisuricamerata Cole, A. praecipua Cole, Operculina eniwetokensis
Cole, Operculinoides saipanensis Cole, O. subformai (Provale), Pellatispira orbitoidea
(Provale), Asterocyclina centripilaris Cole, Biplanispira fulgeria (Whipple), B. mirabilis
(Umbgrove), Fabiania saipanensis Cole, Spiroclypeus vermicularis Tan, and S. albapustula
Cole. Accordingly, the fauna of Tertiary b Stage from the Eniwetok Atoll is correlated with
Assemblage III in Haha-Jima, because of the common diagnostic species of Biplanispira
mirabilis, Pellatispira orbitoidea, Asterocyclina incisuricamerata, and Operculina subformai.
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Assemblage III is also correlated with both the Data (DATA) Fauna, near Bondoc,
Mountain Province, northern Luzon, and the Caguray (CGR) Fauna, southern Mindoro,
Philippines, which are defined by the presence of Biplanispira mirabilis (Umbgrove), B. cf,
inflata Hanzawa, Pellatispira madaraszi (von Hantken), P. orbitoidea (Provale), P. cf.
rutteni Umbgrove, Spiroclypeus vermicularis Tan, Asterocyclina stellaris (Brunner),
Nummulites acutus Sowerby, N. striatus (Bruguiere), and Fabiania cassis (Oppenheim)
(Hashimoto and Matsumaru, 1984).

The Biplanispira absurda-Pellatispira provalei Assemblage (III) in Haha-Jima is con-
sidered to correspond to Zones P.15 to P.17 of Blow (1969, 1979), or Globigerinatheka
semiinvoluta Zone to Turborotalia cerroazulensis s. 1. Zone of Toumarkine and Luterbacher
(1985), because of the presence of the following species from the Okiko Section (Fig. 18):
Globigerinatheka mexicana barri Bronnimann, G. mexicana kugleri (Bolli, Loeblich and
Tappan), G. index index (Finlay), G. index rubriformis (Subbotina), G. cf. index tropicalis
(Blow and Banner), Hantkenina sp., Turborotalia cerroazulensis cocoaensis (Cushman). T.
cf. pseudomayeri (Bolli), Globigerina praebulloides leroyi Blow and Banner, G. cf. praebull-
oides Blow, G. sellii (Borsetti), G. cf. senni (Beckmann), G. sp., and Hastigerina bolivariana
(Petters). Of these species, the problem of Globigerina cf. senni, G. sellii, and Hastigerina
bolivariana was discussed before.

4. Eulepidina dilatata-E. ephippioides-Heterostegina borneensis Assemblage (Assemblage
V)

This assemblage is dominated by Eulepidina dilatata (Michelotti), E. ephippioides
(Jones and Chapman), and Heterostegina borneensis van der Vlerk. It is seen in stratigraphic
sequences in the studied sections in the lower member of the Minamizaki Limestone in
Minamizaki Cape, Chichi-Jima (Figs. 7—11), and Minami-Jima (Fig. 12). The best section
for Assemblage IV is 1304 (Fig. 9).

Characteristic species: The following joint occurrence association of species characterizes
this assemblage: Halkyardia minima (Liebus), Pararotalia mecatepecensis (Nuttall), Oper-
culina complanata (Defrance), Heterostegina duplicamera Cole, Cycloclypeus eidae Tan,
Victoriella conoidea (Rutten), Nephrolepidina marginata (Michelotti), Paleomiogypsina
boninensis, n. gen., n. sp., Miniacina miniacea (Pallas), Sporadotrema cylindricum (Carter),
Amphistegina radiata (Fichtel and Moll), A. vulgaris d’Orbigny, Asterigerina tentoria Todd
and Post, Orbitogypsina vesicularis, n. gen., n. sp., O. globulus, n. gen., n. sp., Mississippina
concentrica (Parker and Jones), Neoplanorbulinella saipanensis Matsumaru, Planorbulinella
larvata (Parker and Jones), Borelis pygmaeus (Hanzawa), and Peneroplis planatus (Fichtel
and Moll). In addition to the fauna, Amphisorus hemprichii Ehrenberg, Borelis boninensis,
n. sp., Flosculinella reicheli Mohler, and Austrotrillina howchini (Schlumberger) are found
in this assemblage. Globorotalia opima nana Bolli, G. cf. opima opima Bolli, G. group
opima, Globorotalia sp., Globigerina praebulloides Blow, G. cf. praebulloides Blow, G.
sellii (Borsetti), G. cf. venezuelana Hedberg, and G. sp. are also found rarely in this
assemblage in 1301, 1302, and 1304 Sections, Minamizaki Cape (Figs. 7—9, Fig. 19).

Correlation: The correlation with the Tertiary Letter Stages used in the Far East is
difficult because some, these stages, are based on larger foraminifers that probably lived in
different environments. For example, Mohler (1950) indicated that the difference between
the Nummulites fichteli (Michelotti)-bearing Tertiary ¢ and d Stages is based on the absence
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Fig. 18.

Representative planktonic foraminifers from the Sekimon Limestone (Localities: 1, 7. OK19.95, 2,

4. OK25.95, 6, 8. OK23.95, Okiko/Tsukigaoka Shrine Section; 3, 5. c1, Chibusa Dam; 1, 3, 5, 7. X165,

2. x158, 4. x163, 6, 8. x83)
Globigerinatheka index rubriformis (Subbotina)
1. Longitudinal section.
Globigerinatheka cf. index tropicalis (Blow and
Banner)
2. Axial section.
Globigerinatheka mexicana barri Bronnimann
3. Oblique axial section.
Globigerinatheka mexicana kugleri (Bolli, Loeblich
and Tappan)
4. Oblique longitudinal section.

Globigerinatheka sp.
5. Oblique longitudinal section.
Turborotalia cf. pseudomayeri (Bolli)
6. Transverse section.
Turborotalia cerroazulensis cocoaensis (Cushman)
7. Axial section.
Turborotalia centralis Cushman and Bermidez
8. Axial section.
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Fig. 19. Representative planktonic foraminifers from the Minamizaki Limestone (Localities: 1. 12, 2. 31, 4.
19.5, 7. 21.5, 9. 15, all belonging to 1301 Section: 3. Base, 5. 10, 8. 17.5, all belonging to 1304 Section;
6. 9312701, 1302 Section; 1-3. X150, 4-9. X75)

Globorotalia cf. opima opima Bolli Globigerina cf. venezuelana Hedberg
1. Axial section. 6. Oblique section.
Globorotalia group opima Bolli Globigerina cf. praebulloides Blow
2. Axial section. 7. Longitudinal section.
Globorotalia opima nana Bolli Globigerina praebulloides Blow
3. Axial section. 8. Axial section.
Globorotalia sp. Globigerina sp.
4. Axial section. 9. Oblique section.

Globigerina sellii (Borsetti)
5. Axial section.
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and presence of Eulepidina, respectively. From the viewpoint of a paleoenvironmental
interpretation of larger foraminifers, it is easy to say, by their occurrence, associated genera
and species, living occurrence, and lithology, that Nummulites may have lived in deep
euphotic shelf of bottoms, at 30 to 55m by Deecke (1914), or 50 to 130m by Hottinger
(1983), whereas Eulepidina could have lived in reefs, open platforms, and foreslopes (Frost
and Langenhaim, 1974; Chaproniere, 1975; Matsumaru, 1978). This shows that there were
different ecological conditions for each of Nummulites and Eulepidina, and that the Tertiary
¢ Formation may be stratigraphically equivalent to the Tertiary d Formation.

Assemblage IV in Chichi-Jima and Minami-Jima was determined to be Tertiary ¢ and/
or d in the zonal scheme of Hashimoto and Matsumaru (1984), based on the coexistence of
Eulepidina dilatata (Michelotti), E. ephippioides (Jones and Chapman), Heterostegina
borneensis van der Vlerk, Nephrolepidina marginata (Michelotti), Halkyardia minima
(Liebus), and Borelis pygmaeus (Hanzawa). Judging from the existence of a reworking
problem, Tertiary ¢ and d Stages from the Bugton Limestone at Bugton Point, Mindoro,
Philippines, are not easy distinguished (Corby ez al., 1951; Hashimoto e? al., 1977). Therefore,
Hashimoto et al. (op. cit.) could discriminate only the following fact: Tertiary ¢ Bugton
Fauna (BGT Fauna) is marked by the occurrence of Numrmulites fichteli (Michelotti),
Halkyardia minima (Liebus), and Amphistegina radiata (Fichtel and Moll). Tertiary d
Bugton Fauna is characterized by the joint occurrence of Nummulites fichteli (Michelotti),
Nephrolepidina praetournoueri H. Douvillé, N. morgani (Lemoine and R. Douvill¢),
Eulepidina planata (Oppenoorth), E. dilatata (Michelotti), E. favosa (Cushman), E. formosa
(Schlumberger), E. papuaensis (Chapman), Borelis pygmaeus (Hanzawa), Heterostegina
borneensis van der Vlerk, Cycloclypeus sp., Operculina bartschi Cushman, O. venosa
(Fichtel and Moll), Amphistegina radiata (Fichtel and Moll), and Planorbulinella larvata
(Parker and Jones). The latter has further been subdivided into the lower and upper
biozones, according to the absence or presence of Spiroclypeus. In any case, Nummulites
fichteli of Tertiary ¢ Bugton Fauna might have existed in a deeper ecological condition than
Eulepidina dilatata of Tertiary d Bugton Fauna. With the present status of knowledge,
Assemblage IV could correlate Tertiary ¢ and/or d of Bugton Fauna.

Assemblage IV is also correlated with the fauna of the Tertiary beds of 1629 to 2687
feet, in Eniwetok Atoll Drill Holes (Cole, 1957b), and 1723.5 to 2359.5 feet, in Bikini Atoll
Drill Holes (Cole, 1954), respectively, because of the coexistence and range of Eulepidina
ephippioides (= E. formosa, E. abdopustula), Heterostegina borneensis (= H. nigripustula),
H. duplicamera, and Halkyardia minima (= H. bikiniensis). Moreover, Assemblage IV is
correlative with the fauna from the Calagasan Formation and Butong Limestone, south
Cebu, Philippines, where Eulepidina ephippioides (Jones and Chapman), E. formosa
(Schlumberger), Heterostegina borneensis van der Vlerk, and Borelis pygmaeus (Hanzawa)
were reported by Alcantala (1980). Hashimoto ez al. (1977) regarded the Calagasan Formation
of the marine deposits to be equivalent to the nonmarine Cebu Coal Measure, and the
Butong Limestone to be correlated with the Cebu Orbitoid Limestone in the Cebu coal-
field, central Cebu, because of the presence of Eulepidina ephippioides and Heterostegina
borneensis.

Sparse specimens of planktonic foraminifers in the lower part of Assemblage IV (see
Fig. 13, Fig. 19) are Globigerina sellii (Borsetti), G. cf. venezuelana Hedberg, and Globo-
rotalia opima nana Bolli, which correlate with Globigerina sellii Zone of lower Oligocene,
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or Zone P. 187—20 of Blow (1969, 1979). Sparse specimens of planktonic foraminifers in
the upper part of Assemblage 1V include Globorotalia cf. opima opima Bolli, and G. group
opima Bolli, which correlate with Globorotalia opima opima Zone of Bolli (1957), of upper
Oligocene, or Zone P. 21 of Blow (op. cit.).

5. Miogypsinella boninensis-Spiroclypeus margaritatus-Austrotrillina howchini Assemblage
(Assemblage V)

This assemblage is dominated by Miogypsinella boninensis, n. sp., Spiroclypeus marga-
ritatus (Schlumberger), and Austrotrillina howchini (Schlumberger). This assemblage is
generally seen in stratigraphic sequences in 1302, 1304, 801 S, and 801 N sections, and 9308
S and 9301 sections in the upper member of the Minamizaki limestone, in Chichi-Jima and
Minami-Jima, respectively. Section 1304 probably is the most characteristic (Fig. 9).

Characteristic species: In addition to three nominated species, Eulepidina dilatata
(Michelotti), E. ephippioides (Jones and Chapman), and Borelis pygmaeus (Hanzawa) are
found in this assemblage. The common occurrence of the following species typifies this
assemblage: Amphistegina radiata (Fichtel and Moll), A. vulgaris d’Orbigny, Asterigerina
tentoria Todd and Post, Orbitogypsina vesicularis, n. gen., n. sp., O. globulus, n. gen., n.
sp., Mississippina concentrica (Parker and Jones), Neoplanorbulinella saipanensis Matsumaru,
Planorbulinella larvata (Parker and Jones), Pararotalia mecatepecensis (Nuttall), Operculina
complanata (Defrance), Heterostegina borneensis van der Vlerk, H. duplicamera Cole,
Cycloclypeus eidae Tan, Victoriella conoidea (Rutten), Nephrolepidina marginata (Michelotti),
Paleomiogypsina boninensis, n. gen., n. sp., Peelella boninensis, n. gen., n. sp., Boninella
boninensis, n. gen., n. sp., Miniacina miniacea (Pallas), Sporadotrema cylindricum (Carter),
Peneroplis planatus (Fichtel and Moll), Quinqueloculina ? boninensis, n. sp., Cyclorbiculina
compressa (d’Orbigny), Cycloloculina boninensis, n. sp., Amphisorus hemprichii Ehrenberg,
Borelis boninensis, n. sp., Bullalveolina boninensis, n. sp., Flosculinella reicheli Mohler,
Praerhapydionina boninensis, n. sp., Austrotrillina howchini (Schlumberger), and Sorites
orbiculus (Forskal).

Correlation: The correlation depends on subjective opinions about the evolution of the
Miogypsinidae. If the arrangement of the nepionic chambers and following the reverse
principle of nepionic retardation is considered, Miogypsinella boninensis, n. sp., is the most
primitive species. Moreover, Miogypsinella grandipustulus (Cole) is more advanced (younger)
and this in turn evolved into either Miogypsinella complanata (Schlumberger) or M. ubaghsi
(Tan) (Fig. 24). Using this evolutionary framework, Assemblage V was correlated with the
earliest part of the Tertiary e1-4 by Hashimoto and Matsumaru (1984). Similarly, Assemblage
V also may correlate with Tertiary e Stage limestones in boreholes at Eniwetok Atoll Drill
Holes at depth from 1210 to 1599 feet, and at Bikini Atoll Drill Holes at depth from 1597.5
to 1671 feet, respectively, where Miogypsinella grandipustula (Cole) and M. ubaghsi (Tan)
were reported by Cole (1957b, 1954).

Assemblage V is also correlative with the fauna of the Bugton Limestone, Mindoro,
Philippines, which has Spiroclypeus leupoldi van der Vlerk, and S. tidoenganensis van der
Vlerk, and both index fossils are junior synonyms of Spiroclypeus margaritatus (Schlumberger).
Moreover, Assemblage V is regarded as probably Zone P.21 of the planktonic foraminiferal
zonation of Blow (1969, 1979).
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Summary of Geological Age

The five assemblages based on the larger foraminifers in the Ogasawara Islands are
assigned to the Tertiary a3, Tertiary a3, Tertiary b, Tertiary ¢ and/or d, and Tertiary e1—4
of the Far East Letter Stages, respectively. In addition, they are associated with planktonic
foraminifers, and are considered to be correlative with planktonic foraminiferal Zone P.13,
Zones P.13—14, Zones P.15—-17, Zones P. 18?21, and probable Zone P.21, respectively.
Therefore, they are regarded as middle Eocene, late middle Eocene, late Eocene, early to
late early Oligocene, and early late Oligocene, respectively.

Paleoecological Environment

The biota is dominated by shallow water forms, chiefly calcareous algae of red algae
(Rhodophyta) and green algae (Chlorophyta), scleractinian corals as rock builders, bryozoans,
echinoids, mollusks, and encrusting larger and smaller benthonic foraminifers. Larger fora-
minifers are especially known to be characteristic organisms of neritic environments in
tropical to subtropical provinces, and of the photic zone, in order to acquire algal symbionts
in their cytoplasm.

The biota was probably influenced by volcanic activity in the Ogasawara-Mariana
Islands from middle Eocene to late Oligocene time, but this influence was probably subtle,
because the organisms seem similar throughout the sections (Figs. 5—12), and Nummulites
perforatus (Montfort) has a trimorphism reproduction under a productive ecological environ-
ment (Fig. 25; Matsumaru, 1994).

The sedimentary cycle in middle Eocene time began with a marine transgression
represented by the basal deposits of the Yusan Formation (containing Assemblage I). A
shallow shelf environment is indicated by larger foraminifers such as Nummulites, Operculina,
Discocyclina, Asterocyclina, and Daviesina. Succeeding rocks contain Alveolina, indicating
an inner shelf and/or lagoon environment. This environment in the Ogasawara Islands,
except Haha-Jima, was interrupted, perhaps by tectonic forces or a drop in sea level as
indicated by conglomerates and sandstones in the Yusankaigan and Miyukihama sequences
(Fig. 5).

The sedimentation in an open marine basin with a slope environment resumed in late
middle Eocene time when the Okimura Formation (containing Assemblage IT) was deposited.
This formation contains pelagic foraminifer-bearing sandstone and marl with several interbeds
of thin limestone. The overlying Sekimon Limestone (containing Assemblage III) with
abundant calcareous (coralline) algae (Rhodophyta); larger foraminifers, such as Biplanispira,
Pellatispira, Fabiania, Amphistegina, and Asterigerina; echinoids; and thin coral biostromes,
suggest coral reefs and/or a shelf environment.

The major regression of sea-level accompanied by cooling temperature of ocean deep
water in the latest Eocene and/or earliest Oligocene (Douglas and Woodruff, 1981) has not
yet been found either the Ogasawara Islands or at Eniwetok Atoll. This regressing/cooling
interval, between Assemblages III and IV in the Ogasawara Islands may be present in the
part of the Minamizaki Limestone (containing Assemblage IV) below sea level, or in the
part of the Sekimon Limestone removed by erosion. The interval is presumably present at
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Eniwetok Atoll where carbonate deposition seems continuous from late Eocene to Oligocene,
but has not yet been recognized. The interval could also be present but unrecognized in the
sections represented by Assemblages III and IV.

The ‘Oligocene environment represented by the lower member of the Minamizaki
Limestone was probably open ocean at the shelf edge, as indicated by Eulepidina and
Heterostegina faunas (Assemblage IV). The environment was shallower and more protected
during deposition of the upper member, as indicated by abundant Miogypsinella, Spiroclypeus,
and Austrotrillina (Assemblage V). Perhaps the member represents a barrier reef adjacent
to a lagoon.

Rate of Sedimentation

The rate of sedimentation can generally be determined from the total thickness of
sediments deposited during an interval of geologic time, provided that the rate was constant.
The following ages provide calibration points for the sections in the Ogasawara Islands. The
radiometric age of the basal andesite of Hah-Jima (basal Assemblage I) is assumed to be
about 42.5Ma, by Kaneoka et al. (1970), and that of the boundary between the late middle
Eocene Okimura Formation (Assemblage 1) and late Eocene Sekimon Limestone (Assem-
blage III) is estimated at 40 Ma, by Berggren et al. (1985). The radiometric age between the
Eocene/Oligocene boundary (between Assemblages III and IV) is generally assumed to be
about 37Ma, and that of the top of the Minamizaki Limestone (top of Assemblage V) is
assumed to be about 29Ma, based on relations of planktonic foraminiferal zonation of
Globorotalia opima opima Zone at 1301, 1302, and 1304 sections and radiometric dating
(Berggren et al., 1985; Bolli and Saunders, 1985) (Fig. 13). Accordingly, the rates of
sedimentation in the Tertiary sedimentary rocks in the Ogasawara Islands are as follows:
1. Middle Eocene Yusan and Okimura Formations (total 55m thick)................. 22m/Ma
2. Late Eocene Sekimon Limestone (135m thick)......cc.ccovvvviiniiiiiiiniinnnnnn. 45 m/Ma
3. Oligocene Minamizaki Limestone (only 83 m thick exposed above sea level) ... minimum

10 m/Ma

Some examples will be given to investigate the calculation done so far. In Java,
Indonesia, clastic sediments of the middle Eocene Kalisonggo Member of the Nanngulan
Formation, from Tertiary a2 Axinea Layers to Tertiary a3 Discocyclina Layers, are 300 m
thick (Marks, 1957), which is a duration from 8 Ma, based on the planktonic foraminiferal
zonation (probably from Zone P. 11? to P. 14? of Blow, 1969, 1979) by Hartono (1969).
Then the rate of sedimentation of the member is calculated to be 38 m per Ma. In Luzon,
Philippines, the total thickness of the Masungit Limestone, from the middle Eocene MSG3
to MSG4 Faunas, is assumed to be 144 m (Hashimoto et al., 1979, Fig. 3) during 9 Ma from
51 to 42Ma. As the result, the rate of sedimentation of this limestone is estimated to be
16 m per Ma. As such, it may be difficult to accurately compare the rate of sedimentation of
shallow water sediments in three areas of Java, Luzon and Haha-Jima.

Concerning the rate of sedimentation during the upper Eocene, there are three formations
in Saipan: the Hagman Formation (335 m thick), Densinyama Formation (244 m thick), and
Matansa Limestone (152 m thick), as described by Cloud et al. (1956). The rate of sedimen-
tation of these three formations is calculated to be 112 m, 81 m, and 51 m per Ma, respectively.
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In Guam, the total thickness of the upper Eocene and lower Oligocene Alutom Formation,
with carbonate rocks, is more than 610 m (Schlanger, 1964). Then the rate of sedimentation
of the formation is calculated to be 61 m per Ma, because the radiometric age of the upper
part of the Alutom Formation is about 30Ma. In Eniwetok Atoll, the thickness of upper
Eocene beds is 1773 feet (540 m) from 2780 to 4553 feet (Cole, 1957b), and the rate of
sedimentation of the beds is calculated to be 180 m per Ma. Moreover, in Ishigaki-Jima,
1862 km west-southwest of Haha-Jima, as shown in Fig. 1, the upper Eocene Miyara
Formation, with carbonate rocks is estimated to be about 141 m thick (Foster, 1965). Then
the rate of sedimentation of the formation is calculated to be 47m per Ma. Therefore, the
rate of sedimentation of the Matansa Limestone, Alutom Formation, and Miyara Formation
seems to be in harmony with that of the Sekimon Limestone, whereas the rate of sedimen-
tation of other beds is maximum four times than that of the Sekimon Limestone.

Concerning the rate of sedimentation during Oligocene beds, the thickness of the
Oligocene-Miocene Tagpochau Limestone in Saipan is 1000 feet (305m) (Cloud et al.,
1956). Then the rate of sedimentation of the limestone is calculated to be 16 m per Ma, if
the radiometric age of the upper part of the limestone is about 11Ma. According to
Schlanger (1964), the thickness of the Oligocene-Miocene Umatac Formation in Guam is
2200 feet (671 m), and the rate of sedimentation of the formation is calculated to be 35m
per Ma. In Eniwetok and Bikini Atolls, both of the lower to lower upper Oligocene beds,
which may be a duration from 8 Ma from 37 to 29 Ma, are estimated to be 1570 feet (479 m)
thick from 1210 to 2780 feet, and 958.5 feet (292m) thick from 1597.5 to 2556 feet,
respectively, (Cole, 1957b, 1954). Then, the rate of sedimentation of each beds is 60m per
Ma and 37m per Ma. In Kita-Daito-Jima (North Borodino Island) of Daito Ridge, as
shown in Fig. 1, Sr isotope age of the upper Oligocene Miogypsinella- to middle Miocene
Miogypsina-bearing beds, from 428.8 to 143.1m in depth is 24.3 to 15.4 Ma by Ohde and
Elderfield (1992) (Fig. 24). Then the rate of sedimentation from the beds is calculated to be
32m per Ma. According to Ozima et al. (1977), the average sedimentation rate for the time
interval from 47.5 to 20.5Ma in the Deep Sea Drilling Project (DSDP) Leg. 31) (Site 296)
at Kyushu-Palau Ridge, as shown in Fig. 1, is calculated to be 27.2m per Ma.

Note on Evolutionary Trends

The author (1991) has indicated that Eocene Orbitoclypeus Silvestri, 1907 in the
America-Europe and Indo-Pacific regions evolves into Oligocene Eulepidina H. Douvillé,
1911 in the same regions, based on the morphogenetic pattern in the microspheric form and
many occurrences of adauxiliary chambers in the periembryonic stage in the megalospheric
form, as one of evolutionary trends (lineage 3) in the family Lepidocyclinidae. The evolution of
these forms in Ogasawara Islands is not clear, because specimens of Orbitoclypeus kimurai
Matsumaru, 1989 from the Yusan and Okimura Formations and Sekimon Limestone in
Haha-Jima are limited in occurrence, poorly preserved, and not in continuous sequence
with Eulepidina species in Chichi-Jima and Minami-Jima. However, the evolution of Orbito-
clypeus to Eulepidina is suggested by specimens in the same bed of the Kurusuno Formation
(upper Eocene) in Shikoku, Japan (Matsumaru and Kimura, 1989; Matsumaru et al., 1993),
where Orbitoclypeus kimurai is associated with a species of Orbitoclypeus sp. (see Fig.
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Fig. 20. Drawings of the embryonic, nepionic, and neanic stage in equatorial sections of species of: 1.
Orbitoclypeus himerensis A. Silvestri, Lectotype, A. Silvestri’s collection no. 500 (see Laghi and Sirotti,
1982, text-fig. 1); 2, 4. Eulepidina dilatata (Michelotti). 2, 1304—35-19 specimen (Plate 61, fig. 6), 4.
1304—17.5—3 specimen (Plate 61, fig. 2); 3. Orbitoclypeus sp., AZ141—1 specimen, Kurusuno Formation,
Shikoku, Japan (Matsumaru and Kimura, 1989, fig. 5—-3); 5. Eulepidina ephippioides (Jones and
Chapman). 1301—12.2 specimen (Plate 65, fig. 3); 6. Eulepidina papuaensis (Chapman). Geological
Survey, Bandoeng specimen, Tertiary d Tempilan Beds, east Borneo (van der Vlerk, 1928, fig. 7a).
P: protoconch, D: deuteroconch of the embryonic chambers.

20-3), which has a full, large nucleoconch and enough thick outer walls of nucleoconch
very close in concept to the genus Eulepidina. Moreover, the lectotype of Orbitoclypeus
himerensis Silvestri, 1907 (see Fig. 20—1) has the same trochoid spiral from the embryonic
to nepionic stages as Eulepidina dilatata (Michelotti, 1861) (see Fig. 20—2, Plate 61, fig. 6)
from 35 station in 1304 section, Minamizaki Cape, Chichi-Jima, suggesting a close affinity.

The evolution of Nephrolepidina marginata (Michelotti, 1841) (Fig. 22—15) from the
Minamizaki Limestone, Chichi-Jima and Minami-Jima, Ogasawara Islands, in evolutionary
trends (lineage 2) in the family Lepidocyclinidae (Matsumaru, 1991) can be determined, in
part, from the global geographic and stratigraphic distribution of some related middle to
upper Eocene and Oligocene Lepidocyclinids (Fig. 22), and the morphological characters of
Lepidocyclinids. In the America-Caribbean region, the lower Oligocene Lepidocyclina
yurnagunensis Cushman, 1919 with equatorial chambers arranged in curves that intersect
(Fig. 22—4), and Lepidocyclina mantelli (Morton, 1833), with equatorial chambers arranged
in concentric rings (Fig. 22—5), have evolved from the upper Eocene Lepidocyclina pustulosa



36 K. Matsumaru

H. Douvillé, 1917 (Fig. 22—3) and Lepidocyclina macdonaldi Cushman, 1918 (Fig. 22-2),
respectively (Frost and Langenheim, 1974; Butterlin, 1987). During Oligocene, Lepidocyclina
yurnagunensis evolved into Lepidocyclina canellei Lemoine and R. Douvillé, 1904 with
equatorial chambers arranged in both intersecting curves (Fig. 22—6b) and concentric rings
(Fig. 22—6a) (Cushman, 1919; Cole, 1961b).

In the Europe-Africa region, Oligocene Nephrolepidina marginata (Michelotti)
(= Nephrolepidina praemarginata (R. Douvillé, 1908) (Fig. 22—8), N. praetournoueri
(H. Douvillé, 1925) (Fig. 22—-9)), with isolepidine to typical nephrolepidine embryos and
equatorial chambers arranged in curves that intersect, is considered to evolve from the
upper Eocene Lepidocyclina mauretanica (Bourcart and David, 1933) (Fig. 22—7), which is
similar to Lepidocyclina pustulosa H. Douvillé in the America-Caribbean region (Bronnimann,
1940; Butterlin, 1991). Also, Oligocene Nephrolepidina morgani (Lemoine and R. Douvillé,
1904), with a nephrolepidine embryo and equatorial chambers arranged in intersecting
curves (Fig. 22—10), evolves into Oligocene to Miocene Nephrolepidina tournoueri (Lemoine
and R. Douvillé, 1904), with nephrolepidine to trybliolepidine embryos and equatorial
chambers arranged in intersecting curves (Vervloet, 1966; Lange, 1968; Mulder, 1975;
Matteucci and Schiavinotto, 1977). The author (Matsumaru, 1992) has indicated that
Nephrolepidina marginata is a diploid, multinucleate agamont (microspheric form), whereas
Nephrolepidina morgani is a haploid, uninucleate gamont (megalospheric form), and
Nephrolepidina marginata is a senior synonym of Nephrolepidina morgani. Then, Nephro-
lepidina marginata evolved from Lepidocyclina mauretanica and, in turn, evolved into
Nephrolepidina tournoueri in the Europe-Africa region.

In the Indo-Pacific Region, Nephrolepidina parva (Oppenoorth, 1918) and Lepidocyclina
formosensis Hanzawa, 1939, both with equatorial chambers arranged in intersecting curves,
are recognized as Lepidocyclina yurnagunensis in the America-Caribbean region (Grimsdale,
1959; Hashimoto and Matsumaru, 1973, 1975a). Also, both Lepidocyclina isolepidinoides
van der Vlerk, 1929 (Fig. 22—14) and Nephrolepidina sumatrensis (Brady, 1875), with
isolepidine to nephrolepidine embryos and equatorial chambers arranged in intersecting
curves (Fig. 22—16), may be junior synonym of Nephrolepidina marginata, because they
have similar embryos and equatorial chamber arrangement. Nephrolepidina plicomargo
(Hanzawa, 1940) from the limestone of Oligocene and Miocene age in Kita-Daito-Jima
(Hanzawa, 1940) has similar characters of a primitive nephrolepidine embryo and equatorial
chambers arranged in intersecting curves to those of Nephrolepidina marginata. Moreover,
Nephrolepidina plicomargo evolved into Nephrolepidina tournoueri from the lower Miocene
part of the limestone in Kita-Daito-Jima (Fig. 24). If Nephrolepidina plicomargo is a junior
synonym of Nephrolepidina marginata, this lineage of Nephrolepidina plicomargo to N.
tournoueri is the same in the Indo-Pacific region as it is in the Europe-Africa region.

Nephrolepidina marginata (Michelotti) from the Minamizaki Limestone, Ogasawara
Islands may evolve either from Eocene Lepidocyclina mauretanica (Bourcart and David) in
the Europe-Africa region or from Eocene Lepidocyclina pustulosa H. Douvillé in the
America-Caribbean region, because both have intersecting equatorial chambers. However,
neither Lepidocyclina mauretanica or L. pustulosa have found yet from the Sekimon
Limestone, Haha-Jima, Ogasawara Islands. Nephrolepidina marginata probably evolved
into Nephrolepidina tournotieri in Kita-Daito-Jima of the Indo-Pacific region during Oligocene-
Miocene (Fig. 24), similar to it’s evolution in the Europe-Africa region.
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Lepidocyclinids in the Ogasawara Islands, therefore, evidently evolved from species
that migrated both from the America-Caribbean region and from the Europe-Africa region.
In addition to the Nephrolepidina marginata lineages with intersecting equatorial chambers,
lineages with concentric equatorial chambers are important in both regions of the Indo-
Pacific and America-Caribbean. For example, Lepidocyclina boetonensis van der Vlerk,
1928 with isolepidine embryo and equatorial chambers arranged in concentric rings (Fig.
22-13), is regarded as more primitive species than Oligocene Tertiary d species in the Indo-
Pacific region (Tan, 1936a, p. 9—10; Bemmelen, 1949, p. 131), whereas Lepidocyclina
mantelli (Morton) has the same characters and the same age in the America-Caribbean
region.

Similarly, Polylepidina zeijlmansi Tan, 1936a (Fig. 22—11) and P. birmanica Rao, 1940
(Fig. 22—12) from the Eocene beds in Borneo and Burma, respectively (Tan, 1936a; Rao,
1940; Matsumaru, 1991), in evolutionary trends (lineage 1) in the family Lepidocyclinidae
(Matsumaru, 1991) have the same characteristics as Polylepidina antillea (Cushman, 1919)
(Fig. 22—1) in the America-Caribbean region, but are missing in Europe and Africa, showing
the close association of the Indo-Pacific and America-Caribbean faunas during the Eocene
time. Moreover, Premoli Silva and Brusa (1981) found Polylepidina antillea and other larger
foraminifers in the upper Oligocene bed (Leg. 61, Site 462, core 22—1, 69—71cm), a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>