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Abstract : Taxonomic refinements are made on some 30 taxa belonging to the
marine diatom genera, Crucidenticula, Denticulopsis and Neodenticula, and their most
probable evolutionary lineages are presented based on their morphology as well as
their stratigraphic and geographic distributions. Fifteen new species and varieties
are herein described, and two new combinations are established. They are, in
alphabetical order, Crucidenticula kanayae var. pacifica n. var., C. paranicobarica var.
tropica n. var., C. sawamurae n. sp., Denticulopsis barronii n. sp., D. crassa n. sp., D.
delicata n. sp., D. dimorpha var. areolata n. var., D. ichikawae n. sp., D. okunoi n. sp.,
D. ovata (SCHRADER) n. comb., D. praedimorpha var. minor n. var., D. praedimorpha
var. robusta n. var., D. praedimorpha var. intermedia n. var., D. prackatayamae n. sp.,

D. simownsenii n. sp., D. tanimurae n. sp. and D. vulgaris (OKUNO) n. comb.

I. Introduction

The late Cenozoic diatom genera Cruciden-
ticula, Denticulopsis and Neodenticula include
many short-ranging and widely distributed
taxa, most of which are extremely valuable
for the Neogene diatom biostratigraphy. The
diatom taxa included in these three genera
had long been recognized as “marine species
of Denticula KUTZING” (SIMONSEN and
KANAYA, 1961), and were later placed in the
genus Denticulopsis by SIMONSEN (1979), until
AKIBA and YANAGISAWA (1986) recently clar-
ified their generic distinctions.

The number of taxa of this species group
has been greatly increased as their biostrati-
graphic utility has become clear (Fig. 1).
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When SIMONSEN and KANAYA (1961) made
taxonomic revision of this group, only five
species were known. Over a decade later,
SCHRADER (1973a, b) recognized 12 taxa, ad-
ding many new forms, and he first suggested a
possible evolutionary lineage of this diatom
group. However, his idea is basically contra-
dictory to ours in that this diatom group is not
monogenetic but clearly polygenetic. By the
successive descriptions of new forms or refine-
ments of previously described species (McCOL-
LUM, 1975; SCHRADER, 1976 ; SCHRADER and

FENNER, 1976 ; AKIBA, 1982, 1986 ; MARUYA-

MA, 1984a; AKIBA and YANAGISAWA, 1986 ;
TANIMURA, 1989), some 20 taxa have been
counted in our recent synthesis of the tax-
onomic and morphological details of this
diatom group (AKIBA and YANAGISAWA, 1986).

The main purpose of our previous paper
was to circumscribe the specific concepts of
the group as clearly as possible in order to
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Fig. 1 Taxonomic history of taxa of the genera Crucidenticula, Denticulopsis and Neodenticula.

better understand its stratigraphic signifi- Continued study during the last several
cance. Another aim of our study was to trace  years allows us to propose the most probable
the evolutionary lineage of these taxa. How-  phylogenetic relationship of this species group
ever, we could not complete this study because = based on the latest information available.
available evidence useful for the purpose was  This diatom group now includes more than 30
not extensive at that time. taxa, many of which are newly described here.
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The taxonomic relationship, morphological
diagnoses and time-and-space distribution of
this group are described in detail as well.

II. Materials and methods

For biostratigraphic study, samples from
the Lower Miocene through Pliocene
sequences of DSDP Site 438 (Hole A, Cores 1
-85; Hole B, Cores 6-16) and the Lower
Miocene to Upper Miocene sections of DSDP
Site 77 (Hole B, Cores 17-24) and Site 71
(Cores 19-29) were analyzed.

Holes 438A and 438B are located in the
northwestern Pacific, off northeast Honshu of
Japan (Fig. 2), containing the most complete
reference sections for the Lower Miocene
through Quaternary North Pacific diatom
biostratigraphy (BARRON, 1980 ; AKIBA et al.,
1982; MARUYAMA, 1984b; Koizumi, 1985;
OpA, 1986; AKIBA, 1986: ORESHKINA and
RADIONOVA, 1987). In this study, the samples
analyzed by AKIBA et al. (1982), MARUYAMA
(1984b) and AKIBA (1986) and those deposited
in DSDP Reference Center in the National

Science Museum (Tokyo) are re-examined
with special attention to the three genera
treated in this paper.

Holes 77B and 71 were drilled in the eastern
equatorial Pacific (Fig. 2), and offer one of the
most valuable Lower Miocene to Middle
Miocene sections for the diatom bios-
tratigraphy of this area (BARRON, 1981b, 1983,
1985a). We examined the slides of some
selected samples studied by BARRON (1983,
1985a).

For taxonomic study, especially for SEM
observation, several selected samples from
on-land sequences of Japan and from deep-
sea cores in the Southern Ocean were used as
well as the DSDP samples mentioned above.

Preparation method for LM studies varied
but mostly followed KoizumI and TANIMURA
(1985), BARRON (1983) and MARUYAMA (1984a).
For SEM observation, samples were prepared
after AKIBA and YANAGISAWA (1986).

One hundred diatom valves were counted
for each sample at 1000X magnification.
After the counting, each slide was scanned to
record other species missed during the count-

Fig. 2 Geographic locations of DSDP sites examined in this study (solid circles) and the
Southern Ocean DSDP sites of which diatom stratigraphic records are used to summa-
rize stratigraphic ranges of taxa treated in this paper (open circles).
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ing. The copulae of Denticulopsis praedimor-

pha, D. barronii, D. dimorpha, D. crassa and
Neodenticula species were counted separately
during the routine counting of valves, because
they serve to identify these species rather
easily. Resting spores of Chaefoceros were
also counted separately at the DSDP Site 438.

Several biometrical parameters (e. g. valve
length and width) were measured for some
taxa to obtain objective diagnostic criteria,
using a micrometer scale in LM.

III. Morphology and terminology

Some of the common characteristic struc-
tures to the three genera are discussed, since
there has been serious confusion or mis-
interpretation concerning the valve structures
of this diatom group. They are clarified here

epitheca-

frustule—

—hypovalve

with illustrations of frustules of the genus
Denticulopsis (Figs. 3-5). General morphologi-
cal terms are after ANONYMOUS (1975) and
Ross et al. (1979) and special terms for this
diatom group are used after SIMONSEN and
KANAYA (1961), AKIBA (1979), MARUYAMA
(1984a, 1988) and AKIBA and YANAGISAWA
(1986) with some modifications. Basic char-
acteristics of the three genera are summarized
in Table 1.

Primary pseudoseptum : The primary
pseudoseptum, a basic valve structure com-
mon to the three genera, penetrates very
deeply and forms complete chambers of the
valve interior. At the basal part, it accom-
panies a capitate end, which was called a
“crossbar” of septum by SIMONSEN and
Kanaya (1961). The “crossbar” is, however,
not a element of septum (=copula) but

1—epivalve
—epicopula
—P4

—Pp2 repipleurae

—P3

~~~>)—hypocopula

~hypovalve

Fig. 3 Composition of frustule of Denticulopsis lauta (BAILEY) SIMONSEN.
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Fig. 4 Frustule of Denticulopsis simonsenii n. sp. A : inner valve view by LM ; B : outer valve
view by SEM ; C: inner valve view by SEM ; D : valve view of copula ; E : broad girdle
view of frustule in cross section ; F : broad girdle view of frustule by SEM ; G : broad
girdle view of frustule by LM ; H, I: narrow girdle view of frustule by SEM, showing
a lingula (li) and an antilingula (al) of the first pleura; J: cross-sectional view at
marginal rib(mr) ; K : cross-sectional view at secondary pseudoseptum (sp) ; L : cross-
sectional view at primary pseudoseptum (pp) and basal ridge (br); M : inner valve
structure.
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Fig. 5 Valve structure of Denticulopsis simonsenii n. sp. A : valve without valve face and
mantle ; B, : deck of valve ; B, : valve without deck.

belongs to the valve as SIMONSEN (1979)
pointed out. This term is, therefore, inade-
quate in usage according to ROss et al. (1979).
Instead of this term, MARUYAMA (1984a)
introduced a name, “tuzumi” after a Japanese
traditional hand drum, whose outline is very
similar to this structure. However, this term
seems also to be inadequate because it is

exotic among other morphological terms
which are named in Latin or European lan-

- guages. In this paper, this capitate structure

is termed a basal ridge.

Although it has sometimes been called
merely a “pseudoseptum”, the term “primary
pseudoseptum” is used in this paper to avoid
confusion with secondary and apical pseudo-
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Table 1 Characteristics of the genera Crucidenticula, Denticulopsis and Neodenticula.

Crucidenticula Denticulopsis Neodenticula
Morphology
Punctation Coarse Fine Very fine
(0.4-0.55 um (less than 0.1 um (indiscernible
in diameter) in diameter) in LM)

Between each two
transapical striae
on both sides

Location of
Marginal ribs

About two between
each two pseudosepta

Location of
portulae of raphe

Raphe slit Divided
Stratigraphic range 17.8-10.6 Ma
Ancestor Nitzschia

maleinterpretaria

Geographic distribution  Originally and mainly
in the low-latitude,

later expanded to the

Between each two
pseudosepta
on both sides

Formed by branching
of pseudosepta,
only on raphe side

One between each
two marginal ribs

One between each
two pseudosepta

Divided
16.4-7.9 Ma

Continuous
7.2-0 Ma

a Nitzschia species Nitzschia rolandii
resembling

N. challengeri

Originally and mainly Endemic in the high-
in the middle- to high- latitude in the Nothern
latitude, later expanded Hemisphere

middle- to high-latitude to the low-latitude

septa.

Secondary pseudoseptum : This pseudose-
ptum is differentiated from the primary
pseudoseptum in that it does not penetrate
very deeply and that it lacks a basal ridge. It
is present only in some limited species.

Apical pseudoseptum : This term was
proposed by MARUYAMA (1988) for a shallow
pseudoseptum which is recognized near the
apex in some valves of Denticulopsis lauta and
its related species. It is very similar to the
secondary pseudoseptum in lacking a basal
ridge, but differs from the latter in that it is
located only near apex and not located be-
tween primary pseudosepta and that it is not
present all valves of D. lauta. This pseudosep-
tum is also recognized in D. praedimorpha, N.
kamischatica and their related taxa.

Apical costa: This structure is a shallow
costa situated near each apex, consisting of a
transapical costa and two or three longitudi-
nal costae running to the apex. MARUYAMA
(1984a, 1988) called these longitudinal costae
“apical branchings”.

Marginal rib: This is a short thickening
which protrudes inward from the valve mantle
between pseudosepta. Though this structure
was originally named a “marginal rib-like
wall thickening” by SIMONSEN and KANAYA
(1961), it is here termed merely a marginal rib
for simplicity. The distribution pattern of
marginal ribs is one of the most diagnostic
features that distinguish the three genera
(Table 1; AKIBA and YANAGISAWA, 1986).

Deck : This is a plate, which would corre-
spond to the deck of ship if the valve of
Denticulopsis were a ship. The deck is some-
times isolated (Pl. 8, Fig. 16).

Chamber : This is a space or interval for-
med between each two primary pseudosepta
(MARUYAMA, 1988).

Raphe: The raphe of normal vegetative
valve is situated along the valve edge, but that
of the initial valve is located along the valve
center (Pl. 2, Figs. 38, 44, 45; P1. 3, Fig. 29; Pl
5, Figs. 20, 42 ; P1. 9, Figs. 10, 11; Pl 10, Figs.
3-9). The raphe canal is a round tube with
inner portulae. The raphe of Crucidenticula
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or Denticulopsis is interrupted at the middle,
divided into two branches of raphe, whereas
that of Neodenticula is continuous. Indistinct
central and terminal pores of raphe are ob-
served by SEM. The distribution pattern of
portulae is unique to each of the three genera
(Table 1; AKIBA and YANAGISAWA, 1986).

Punctation: The valve face and valve
mantle are perforated by puncta which form
transapical striae. The puncta are arranged
in clear quincunx so that oblique rows are
formed in Denticulopsis, Neodenticula and the
younger group of Crucidenticula, whereas
those of the older group of Crucidenticula are
in non-quincunx arrangement. The size of
puncta is one of the most important features
that distinguish the three genera (Table 1).
The puncta of Crucidenticula are large enough
to recognize their shape in ordinary LM obser-
vation, with each punctum occluded by a cross
~shaped rota. The puncta of Denticulopsis are
fine, but they are easily discernible in LM with
high magnification. Denticulopsis has two
types of punctation ; single~ and double-layer-
ed types. The former (S-type) is a single
perforated wall (Pl 12, Fig.4), whereas the
later (D-type) is composed of outer fine
perforation and inner coarse punctation (P1. 9,
Fig.7; Pl 12, Figs.15, 16). The puncta of
Neodenticula are too fine to recognize in ordi-
nary LM observation. They can be seen only
by oblique illumination in LM (PL 7, Figs. 30,
37).

The distribution patterns of puncta on the
valve face can be classified into the following
three basic types; full punctation, reduced
punctation and hyaline (the absence of puncta)
(Fig. 6).

Cingulum : The cingulum of the three gen-
era is basically composed of a copula (inter-
calary band) and three pleurae (connecting
bands) (Fig. 3). Since this diatom group was
previously believed to posses only a single
band in its theca (SIMONSEN, 1979), the copula
has been erroneusly called a connecting band
(AKIBA, 1979, 1982 ; MARUYAMA, 1984a).

The copulae of the three genera are classi-

Full

Redeced

Hyaline

Fig. 6 Distribution patterns of puncta on valve
face.

fied into four types as follows (Fig. 7):

open band with non-punctated sides

(Con)

open band with punctated sides (Cop)

closed band with a serrate edge (Ccr)

closed band with a smooth edge (Ccm)

The copula has a septum-like plate (GOTOH,
1984), a plate projecting in valvar plane from
the edge of copula into the valve interior (Fig.
4, M). This plate has pairs of inner exten-
sions (KANAYA, 1959), which correspond to the
basal ridges of valve and combine the valve
and copula (Fig. 7, Con). In Denticulopsis
dimorpha and D. ovata, these extensions
extrude from both sides to form a cross rod
(Fig. 7, Ccm). The cross rods are also devel-
oped partially in D.praedimorpha var. robusta
and var. nfermedia. The closed copula of the
advanced varieties of Denticulopsis praedimor-
pha have a silicified inner apical thickening
at each apex (Fig. 7, Ccr).
The pleurae are all non-punctated open
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Fig. 7 Types of copula in the genera Crucidenticula, Denticulopsis, Neodenticula and their
related species. Con : open band with non-punctated sides (Denticulopsis simonseni) ;
Cop: open band with punctated sides (Crucidenticula sawamurae) ; Ccr : closed band
with a serrate edge (Denticulopsis praedimorpha var. praedimorpha); Ccm: closed
copula with a smooth edge (Denticulopsis dimorpha var. dimorpha).

bands. The first and third ones (P, and P;) are
narrow and the second one (P,) is broad (Fig.
3).

Each of copula and pleurae has a lingula and
an antilingula at the closed apex (Fig. 4, H).
The lingulae of the first and third pleurae are
high and distinct, while those of copula and
the second pleura are low and indistinct.

Polymorphism : Some species of Denticulo-

psis show clear polymorphism. Denticulopsis
praelauta and probably the primitive form of
Denticulopsis lauta have three types of frus-
tules formed by combinations of two types of

copulae (Cop, Con). Polymorphism of Denti-

culopsis  praedimorpha, D. barronii and D.
dimorpha is more complicated due to the

Table 2 Valve types in Denticulopsis praedi-
morpha, D. barromi, D. dimorpha
and D. ovata with their correspond-
ing copulae.

combinations of three types of copulae (Cop,
Ccr and Ccm). In addition, these species have
two types of valves ; Types Vo and Vc (Table
2). The Vo valve combines with open copula,
whereas the Vc valve corresponds to closed
copula. These Vo and Vc valves are called
shallower and deeper valves, respectively by
AKIBA (1979, 1982) and MARUYAMA (1984a).
However, their terminology is inadequate
because the two types of valves are not much
different in depth.

The three types of copulae might theoreti-
cally form nine (3 X 3) combinations in frustule
(Table 3). However, not all of them have been
recognized so far.

Table 3 Frustule types formed by combination of
three types of copulae in Denticulopsis
praedimorpha. Numbers indicate plate-
figure numbers in this paper.

Type of | Corresponding | AkiBa (1979, 1982)
valve copula MARUYAMA (1984 a)
Vo Cop shallower valve
Ve Ccer, Ccm deeper valve

Epi 1

Hypocopula Cop plécé;rm a o
Cop Pl 4-5 — _
Cer Pl.4-17  PL4-35 +

Cem PL5-10 PL5-11  PL5-12

+ ! recognized,
— . not recognized at present
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IV. Stratigraphic ranges

Tables 4-6 present the stratigraphic occur-
rence charts of the taxa of Denticulopsis,
Crucidenticula and Neodenticula with some
related and marker species at DSDP Holes
438A, 438B, 77B and 71, respectively. For
Holes 438 A and 438B, the North Pacific
diatom zones of AKIBA (1986) are utilized with
slight modification of age controls of the
Middle to Late Miocene after Opa (1986). The
low-latitude diatom zones of BURCKLE (1972)
and BARRON (1983, 1985a, b) are applicable for
DSDP Holes 71 and 77B.

As stated by BARRON (1985b), late Cenozoic
diatom stratigraphic studies have developed
different zonations for three main areas of the
oceans: the middle- to high-latitude North
Pacific, the low-latitude areas (eastern
equatorial Pacific and tropical Indian Ocean)
and the Southern Ocean (Antarctic and sub-
Antarctic), because each area contains largely

an endemic diatom assemblage. In this paper, -

therefore, the stratigraphic range of the taxa
of the genera Crucidenticula, Denticulopsis,
Neodenticula and their related species are
shown separately for these three areas, using
different biostratigraphic zonations.

Figure 8 shows summarized stratigraphic
ranges of taxa treated in this paper in the
middle- to high-latitude North Pacific. This
figure is based on this study at DSDP Holes
438A and 438B and several previous studies
(AKIBA and ICHINOSEKI, 1983 ; BARRON, 1985b,
AxiBA, 1985, 1986, KoizumI and TANIMURA,
1985). The Miocene North Pacific diatom
assemblage is represented by the abundant
occurrence of highly diversified Denticulopsis
species. The genus Crucidenticula is lower in
abundance and less diversified than in the low
-latitude area. From the Pliocene through the
Quaternary, the abundant occurrence of the
genus Neodenticula characterizes the diatom
assemblage in this region.

Figure 9 presents stratigraphic ranges of the
taxa of Denticulopsis, Crucidenticula and their

related species in the low-latitude area. This
is mainly based on this study at DSDP Holes
71 and 77B, as well as those of BARRON (1983,
1985a, b). In the low-latitude areas, a number
of Crucidenticula species occur abundantly in
the Lower to Middle Miocene sequences,
whereas Denticulopsis is apparently lower
both in diversity and abundance than in the
middle- to high-latitude North Pacific. No
Neodenticula species occurs in this region.

As we have not yet thoroughly examined
the Southern Ocean diatom assemblage, strati-
graphic ranges of the taxa treated in this
study are compiled for the Southern Ocean
(Fig. 10) from previous biostratigraphic
studies at DSDP Site 278 (SCHRADER, 1976),
Site 266 (McCoLLum, 1975; WEAVER and
GOMBOS, 1981) and Sites 512, 513 (CIESIELSKI,
1983), utilizing the Southern Ocean diatom
zonation of WEAVER and GomBOS (1981).
Since the Miocene diatom assemblage in the
Southern Ocean has very similar composition
to that in the North Pacific except for several
endemic species, the North Pacific diatom
zonation may be employed to the Miocene
intervals of the Southern Ocean (BARRON,
1985b). The stratigraphic distributions of
Denticulopsis and Crucidenticula in the South-
ern Ocean are essentially equal to those in the
middle- to high-latitude North Pacific. How-
ever, the Pliocene and Quaternary diatom
assemblages are fundamentally different
between the two areas; Neodenticula species,
the most important constituents in the North
Pacific diatom assemblage, are absent in the
Southern Ocean.

V. Geographic distribution

The Recent planktonic diatom assemblage
exhibits distinct latitudinal provincialism in
the oceans (KANAYA and Koizumi, 1966).
During the Miocene, however, the provincial-
ism was not so severe as at present (SAN-
CETTA, 1978); for example, there are many
common species between the North Pacific
and the Southern Ocean diatom assemblages
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Table 4 Occurrences of taxa of the genera Denticulopsis, Crucidenticula, Neodenticula and
their related species in DSDP Hole 438A. Denticulopsis lauta group includes D. lauta,
D. ichikawae and D. okunoi. Denticulopsis hyalina group includes D. tanimurae, D.
praehyalina, D. hyalina and D. miocenica. Denticulopsis simonsenii group includes D.
simonsenii, D. vulgaris, D. praeckatayamae, D. katayamae, D. hustedtii and D. ovata.
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E o= = = E < B = = =% & ® /&
N. seminae 1-2, 80-82 - - 8 -44 - - - - = - 3 124
Rhizosolenia 2-1, 10-14 - - - 8 -17 - - 1 1 1 - =~ 2125
curvirostris 2-1, 96-98 - - -2 -13 - -1 - - - 2 2157
2-5, 5~9 1 1 - 3 - 8 = = 3 2 + =1 1 6l
3-1, 31-33 - - - 3 - 7 - 4+ - - 4+ = 2 4 84
Actinocyclus 3-3, 140-142 1 - 322 -7 - -17 - - - 1 1 42
oculatus 3-4, 10-14 - - 324 -9 - 310 + 4+ - =~ 1 43
3cc - - 417 -48 -15 1 2 - - - 5 386
4-1, 40-74 - 11628 898 111 - + + = =~ 3234
Neodenticula 4-4, 8-12 2 2 613 322 1 1 - + + 2 - + 140
koizumii 5-2, 96-100 - 3749 -59 - 4+ + - + - = =~ 2 48
5cc -2361l -53 - + 1 - 4+ = =~ - - 18

Note: This table also includes occurrences of some zonal maker species, but those of other
species recognized in this hole are omitted for simplicity. Numbers represent valve
numbers during routine 100 count. However, numbers of resting spores of Chaetoceros
and copulae of some Denticulopsis and Neodenticula species indicate individuals
encountered during 100 count of valves; + indicates valves encountered after the

count ; — indicates absence.

of the Miocene. However, the detailed Mio-
cene diatom biogeography of the oceans is
poorly undestood at present due to the lack of
thorough studies concerning this theme.

In order to understand the geographic distri-
bution of each taxon treated in this paper,
three major provinces are roughly classified
according to the regions used in the biostrati-
graphic part (Table 7) : the middle- to high-
latitude Northern Hemisphere, the low-lati-
tude area and the Southern Ocean.

The middle- to high-latitude Northern
Hemisphere includes the middle- to high-lati-
tude circum-North Pacific (Northwest
Pacific, high-latitude North Pacific and
Northeast Pacific), the middle- to high-lati-
tude North Atlantic (Norwegian Sea, Atlantic
coast of the United States), and the Mediter-
ranean and Paratethys. The low-latitude
region contains the eastern equatorial Pacific
and the tropical Indian Oceans. The Southern
Ocean is composed of the Indian, Pacific and
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Table 5 Occurrences of taxa of the genera Den-
ticulopsis, Crucidenticula, their related
species and several zonal marker
species in DSDP Hole 438B. Note: See
Table 4 for explanation of numbers and

symbols.
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9-1, 85-87 - 2 1 - 12338 36
10-1, 9-10 - - 15 2 6 1 69
11-1, 60-62 - - 4+ - 428 1 54
- - - - - 2
Crucidenticula 12-1. 81-82 i3l
kanayae 13-1, 68-70 - -~ - 5 4+ 9 1 35
l4cc - - +18 3 9 1 80
15-2, 61-62 - - 2 5 =13 2 60
l6-1, 82-84 - - 3 8 210 + 56

Atlantic sectors.

On the basis of many biostratigraphic
studies listed in Table 8, the geographic distri-
butions of all taxa studied in this paper are
presented in Table 7.

VI. Phylogenetic developments

Temporal and spatial distributions of the
genera Crucidenticula, Denticulopsis and Neo-
denticula are shown in Figure 11. Phylogene-
tic relationship in generic level is presented in
Figure 12.

As discussed in AKIBA and YANAGISAWA
(1986), the genera Crucidenticula, Denticulopsis
and Neodenticula have no phylogenetic rela-
tionship to each other, although they are
morphologically very similar to each other
and were grouped in a single genus by SIMON -
SEN (1979). The three genera evolved individu-
ally from the genus Niizschia in different

times (Fig. 12). The genus Crucidenticula
evolved from the genus Nifzschia in the late
Early Miocene and disappeared near the end
of the Middle Miocene. The genus Denticulo-
psis was born in the latest Early Miocene and
became extinct in the early Late Miocene.
The genus Neodenticula gradually developed
from the genus Nitzschia in the latest Miocene,
following the extinction of the genus Denti-
culopsis and is extant in the high-latitude of
the Northern Hemisphere. Thus, close mor-
phologic similarity within the three genera
can be explained by evolutionary convergence.

Phylogenetic relationships in specific level
are determined based on both morphologic
similarity and time-and-space distribution
(Fig. 13). In the following, phylogenetic devel-
opments of the genera Crucidenticula, Denti-
culopsis and Neodenticula are briefly de-
scribed. Evolutionary changes in morphology
are illustrated in Figures 14-17.

Genus Crucidenticula

Crucidenticula is originally a low-latitude
genus. It appeared in the low-latitude area in
the late Early Miocene and later expanded to
the high-latitudes (Fig. 11).

The origin of Crucidenticula can be traced
to an Early Miocene diatom Nifzschia male-
interpretaria which possesses almost the same
valve structure to that of Crucidenticula,
except that it lacks pseudosepta. However,
the ancestry of this species remains unknown
at present. From N. maleinterpretaria evolved
Crucidenticula sawamurae, the first species of
Crucidenticula, by a gradual development of
pseudosepta in the late Early Miocene. By the
successive evolutionary changes including
enlargement of valve structure, C. sawamurae
gave rise to C. tkebei and C. kanayae. More-
over, C. kanayae split into two geographical
varieties, var. pacifica and var. kanayae. This
evolutionary lineage was geographically con-
fined within the low-latitude at the early
stage of evolution, but at its later stage it
expanded its distribution to the high-latitudes,
giving rise to the middle- to high-latitude
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Diatom genera Crucidenticula, Denticulopsis and Neodenticula (Y. Yanagisawa and F. Akiba)

Table 6 Occurrences of taxa of the genera Crucidenticula, Denticulopsis, their related species
and several zonal marker species in DSDP Holes 77B and 71. Denticulopsis simon-
senii group includes D. simonsenii, D. vulgaris and D. praekatayamae. Note : See
Table 4 for explanation of numbers and symbols.
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taxa such as C. tkebe: and C. kanayae var.
kanayae. This geographic expansion coin-
cides with a global climate optimum at the
latest Early Miocene (Fig. 11). After the
expansion, this lineage became extinct near
the end of the Early Miocene. This extinction

is probably due to the beginning of cooling at
this time.

After then, the second lineage started from
C. paranicobarica var. tropica which arose
from C. sawamurae by size reduction. This
low-latitude variety gave rise to a middle- to
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Table 7 Geographic distributions of taxa of the genera Crucidenticula,
Denticulopsis, Neodenticula and their related species.

g
o
2
g (e}
& 9 2 g
5 ES - 3§
= & <23 o 5
@ [ B S =3 o
S 5 5 &2 8 @
Species and varieties T 8§18 % 3 g 2 ¢ s § o
P % e 8|8 g Fa 2§55 5 8
2 ¥ O L 2 & g & g 2 & 2 5 8
2 £ 2|3 E&E 43 8 0 s| 2|8 8 @
L & 5 2= 8 88 53|z g 4
5 L €| € g € 8B E 5|4 B8 E ¥
T E 3|5 ®»5 558|285 g
S S3|lzHzz <45 |86 8 & 2
Nitzschia maleinterpretaria + O O - - 4+ + O O O
Crucidenticula sawamurae + O + + + O +
C. tkebei o - O O -
C. kanayae var. pacifica - O — @]
C. kanayae var. kanayae o - O O + -
C. paranicobarica var. tropica + O + + + O
C. paranicobarica var. paranicobarica o - O -
C. nicobarica + O + + + + + 4+ | O O + +
C. punctata + -+ + + + + + + + + + +
Nitzschia challengeri + - - + + - -
Denticulopsis praelauta o - + O — + +
D. lauta O+ O] O O+ + + | + +
D. ichikawae o - + O + - +
D. okunoi o - O -
D. tanimurae o - O -
D. prachyalina o - @] + -
D. hyalina O - O o O O + - O
D. miocenica + - - + + — —
D. simonsenii OO0 O] o000+ + +|]0+| 00O
D. vulgaris O O + O + + O - + +
D. prackatayamae o + + @] + +
D. katayamae o - o O O -
D. delicata - = + — - +
D. hustedtii o -+ |0 o) - +
D. crassa o - + 10 + — +
D. praedimorpha var. minor o - + @] - +
D. praedimorpha var. praedimorpha o - + O o + - +
D. praedimorpha var. robusta o - O -
D. praedimorpha var. intermedia - - + - - +
D. barronii - O - O
D. dimorpha var. dimorpha O - O] O O O - o O
D. dimorpha var. areolata O - O] OO0 - (@)
D. ovata - = 0 — — O O
Nitzschia volandii + - - + + + - - -
Neodenticula kamtschatica O - -]100 + + - = | = -
N. koizumi O - —-—]10 0 O + - - - -
N. seminae o - - O O O + - - — —
“Denticula” norwegica + -+ + + + + +
“Denticulopsis” maccollumii - = 0O - - = = - o O O
O aboundant; +:rare; —:absent; blank: no information

Note: See Table 8 for references.
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Table 8 References for Table 7.

Middle- to high-latitude of the Northern Hemisphere

Northwest Pacific This paper ; BARRON, 1980 ;
AKIBA et al., 1982 ;
AKiIBA, 1985, 1986 ;
MARUYAMA, 1984a, b ;
ORESHKINA and RADIONOVA, 1987

High-latitude North Pacific This paper ; Koizumi, 1973 ;
ORESHKINA, 1985 ; AKIBA, 1986

Northeast Pacific SIMONSEN and KANAYA, 1961 ;
SCHRADER, 1973a, b, 1974b ;
BARRON, 1975, 1976, 1981a;
BARRON and KELLER, 1983

Norwegian Sea SCHRADER and FENNER, 1976 ;
DZINORIDZE, et al., 1978 ;
BALDAUF, 1987 ;
MONJANEL, 1987

Atlantic coast of U.S.A. ANDREWS, 1978 ;
. ABBOTT, 1980, 1984 ;
ABBOTT and ANDREWS, 1979 ;
ABBOTT and ERNISSEE, 1983 ;
POWwERs, 1988

Mediterranean & Paratethys HAJ0s, 1968, 1973, 1986 ;
MONJANEL, 1987

Low-latitude area

Eastern equatorial Pacific This paper ; GOMBOS, 1975 ;
BARRON, 1981b, 1983, 1985a

Tropical Indian Ocean SCHRADER, 1974a

Southern Ocean

Indian sector This paper ; McCoLLUM, 1975 ;
WEAVER and GOMBOS, 1981 ;
BARRON (personal comm.)

Pacific sector SCHRADER, 1976 ; This paper ;
AKIBA, 1982
Atlantic sector GOMBOS, 1976 ; FENNER, 1978 ;

CIESIELSK], 1983

high-latitude variety paranicobarica by the  without leaving any descendants in the late
reduction of puncta on valve face. Middle Miocene. This extinction of Cruciden-
In the early Middle Miocene the third line- ticula, which is basically a warm water genus,
age started from C. micobarica which itself = was probably due to progressive cooling dur-
developed from C. paranicobarica var. tropica  ing the Middle Miocene (Fig. 11).
by making clear quincunx arrangement of
puncta on valve face. This evolutionary line
went on evolving to C. punctata with enlarge- Although the genus Denticulopsis was born
ment of valve as a whole and terminated there  in the high-latitudes, it later expanded to the

Genus Denticulopsis
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Fig. 11 Temporal and spatial distributions of Crucidenticula, Denticulopsis and Neodenticula
with composite benthic foraminiferal oxygen isotope records for Pacific and Atlantic

DSDP sites (MILLER et al., 1987).
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Fig. 12 Evolution and stratigraphic distribution
- of the genera Crucidenticula, Denticulop-
sis and Neodenticula.

low-latitudes and became a cosmopolitan
diatom genus (Fig. 11).

Near the beginning of the Middle Miocene,
Denticulopsis praelauta, the oldest species of
Denticulopsis, arose abruptly in the strati-
graphic records of the middle- to high-lati-
tude areas of both Northern and Southern
Hemispheres. This sudden appearance of
Denticulopsis just coincides with the initiation
of Middle Miocene cooling following the latest
Early Miocene climate optimum (Fig. 11).
Although the ancestor of D. praelauta remains
unknown at present, it is likely that the ances-
try of this species may be a small Nztzschia
species resembling N. challengeri, because of
close morphologic affinities between the two
species. D. praelauta evolved from the un-
known ancestor by acquiring primary
pseudosepta with basal ridges, and it started
the first evolutionary lineage reaching to D.
okunoi through D. laeuta and D. ichikawae.
This lineage evolved rapidly by the develop-
ment of marginal rib (D. praelauta to D. lauta),

the reduction of puncta on valve face (D. lauta
to D. ichikawae) and a change in valve outline
to oval form (D. ichikawae to D. okunoi), and
then stopped there.

All species of this lineage are distributed
mainly in the middle- to high-latitudes,
except for a transient invasion of D. lauta into
the low-latitude.

During the early Middle Miocene after the
termination of the first Denticulopsis lineage
at D. okunoi, three major evolutionary line-
ages radiated successively from D. lauta in
various morphologic directions.

The first lineage led from D. fanimurae to
D. miocenica through D. praehyalina and D.
hyalina. This lineage originated from D. lauta
through strong silicification associated with
development of double-layered punctation on
valve mantle. It shows tendencies to reduce
the punctation on valve face (D. tanimurae to
D. praehyalina to D. hyalina) and to change
valve outline to oval form (D. hyalina to D.
miocenica). The constituents of this lineage
are all middle- to high-latitude species.
Although this lineage terminated at D.
miocenica, D. hyalina persisted up to the Late
Miocene with very rare abundance. However,
this persisted occurrence of D. hyalina is
possibly due to reworking.

The second is a lineage that started from D.
simonsenii, which itself evolved from D. lauta
by creation of secondary pseudosepta. This
lineage is composed of one principal lineage

. and two subordinate short lineages. The prin-

cipal lineage led from D. simonsenii to D.
katayamae via D. wvulgaris and D. prae-
katayamae through successive reduction of
puncta on valve face and gradual silicification
associated with development of double-layer-
ed punctation on valve mantle. This lineage
was born in the middle- to high-latitudes at
ca. 145 Ma. After a brief incursion into the
tropics just after 14.5 Ma, it was introduced
into the low-latitude area from the middle- to
high-latitudes at ca. 14 Ma, probably in
response to severe polar cooling in the early
Middle Miocene (Fig. 11 ; BARRON, 1986), and
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Fig. 13 Evolutionary lineages of the genera Crucidenticula, Denticulopsis and Neodenticula.
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Fig. 15 Evolutionary lineages of the genus Denticulopsis. Only Vc type valves are illustrated
for Denticulopsis praedimorpha, D. barvonii, D. dimorpha and D. ovata.
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Fig. 17 Evolutionary lineage of the genus
Neodenticula.

it became established as one of the most
common diatom group in the Middle Miocene
tropical diatom assemblage. Thus the lineage
became a cosmopolitan diatom group dis-
tributed both in the high- to middle latitudes
and the low-latitude, except for the last
member D. katayamae which is restricted to

the middle- to high-latitude.

A short lineage from D. simonsenii to D.
crassa is characterized by a morphologic
change to oval valve outline, thick silicifica-
tion and development of closed copula.
Another short lineage which led from D.
simonsenti to D. hustedtii shows a phylogene-
tic trend of changing valve outline from linear
to lanceolate form. Both lineages are geo-
graphically confined to the middle- to high-
latitudes.

The third lineage which has its origin in D.
lauta is a group of Denticulopsis praedimorpha.
It appears to have arisen from the primitive
form of D. lauta by creation of closed copula,
although a stratigraphic gap exists between
the ranges of the two species. D. praedimor-
pha var. minor, the first element of this line-
age, appeared in the early Middle Miocene,
and rapidly evolved into var. praedimorpha
through an increase in size and the develop-
ment of apical thickening of closed copula.
The latter variety further developed into var.
robusta by further enlargement of valve and
the partial formation of cross rod in closed
copula. On the other hand, D. barronii bran-
ched off from D. praedimorpha var. minor by
making secondary pseudosepta in Vc type
valve. Moreover, with gradual development
of cross rods in closed copula, D. praedimor-
pha var. minor gave rise to D. praedimorpha
var. intermedia, which is a link to the next D.
dimorpha lineage. The D. praedimorpha line-
age is originally and mainly a middle- to high
-latitude group, although it includes a tropical
species, D. barronii.

The next lineage started from D. dimorpha
var. dimorpha. This lineage descended from
D. praedimorpha var. intermedia by develop-
ing complete cross rods of closed copula.
Stratigraphic and geographic data indicate
that D. dimorpha lineage was first established
in the Southern Ocean during the late Middle
Miocene and later migrated to the middle- to
high-latitude in the Northern Hemisphere.
This evolutionary line consists of D. dimorpha
var. dimorpha, D. dimorpha var. areolata and
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D. ovata. The evolution from D. dimorpha
var. dimorpha to var. areolata shows ten-
dencies to increase in size and form double-
layered punctation on both valve face and
mantle. The last species D. ovata evolved
from the primitive form of D. dimorpha var.
areolata by development of unequally spaced
cross rods of closed copula, All members of
this lineage are middle- to high-latitude taxa.
D. dimorpha is distributed in both the North-
ern and Southern Hemispheres, but D. ovata is
endemic in the Southern Ocean.

By the end of the late Late Miocene D.
katayamae Zone (NPD 6A), all Denticulopsis
species including the last species D. katayamae
became extinct. The extinction of the genus
Denticulopsis coincides with the Late Miocene
“ice growth event” (MILLER ef al., 1987).

No descendant species of this genus is pres-
ent in overlying intervals. However, remark-
able reworking of many Denticulopsis species
is recognized in the latest Miocene to Early
Pliocene sequences in the North Pacific and
the Southern Ocean (Figs. 8,10 ; Table 4).

Genus Neodenticula

The evolutionary pattern of the genus
Neodenticula is rather simple compared with
those of Crucidenticula and Denticulopsis ; It is
represented by a single lineage from Niizschia
rolandii through Neodenticula kamischatica
and N. koizumii to N. seminae. These species
are all endemic in the Northern Hemisphere
(Fig. 11), especially dominant in the high-lati-
tude North Pacific. This endemic ' and
restricted distribution of Neodenticula is
attributed to the strong provincialism of
diatom assemblage which has developed
remarkably since the beginning of the
Pliocene.

Nitzschia rolandii, a precursor of the genus
Neodenticula, first appeared in the late Middle
Miocene, though it is sporadic ‘during the
Middle to early Late Miocene interval. After
the Late Miocene extinction of the genus
Denticulopsis, N. rolandii increased in abun-
dance and occupied the ecological niche which

the genus Denticulopsis occupied. After a
while, this Nitzschia species graded into N.
kawmtschatica by the widening of interval be-
tween pseudosepta or transapical costae.
Near the end of the Miocene (about 6 Ma), V.
kamtschatica increased abruptly and became a
most important constituent of the North
Pacific Pliocene diatom assemblage. This
species later gave rise to its descendant N.
koizumii by creating secondary pseudosepta
in the late Pliocene. Near the beginning of the
Quaternary, the last species N. seminae
evolved from N. koizumii by the development
of closed copula, enlargement of valve and
narrowing interval between the pseudosepta.
N. seminae remains extant as the most impor-
tant cold water diatom species in the high-
latitude North Pacific (KANAYA and Koizumi,
1966).

VII. Taxonomic part

VII.1 Genus Crucidenticula AKiBA et
YANAGIsawa, with related species

Nitzschia maleinterpretaria SCHRADER
Plate 1, Figs. 1-4;
Plate 8, Figs. 1-7

SCHRADER, 1976, p. 634, pl. 2, figs. 9, 11-19,
21, 24 ; BARRON, 1983, pl. 5, figs. 7, 8 ; BARRON,
1985a, pl. 9, fig. 8 ; BARRON 1985b, p. 787-788,
fig. 13.13; non SCHRADER and FENNER, 1976,
pl. 1, fig. 30.

Description : Frustule rectangular with
rounded corners in girdle view (Pl. 1, Fig. 2).
Valve linear or linear-elliptical with rounded
apices, 8-57 um long, 3-6 um wide. Smaller
valve linear with rounded apices (Pl. 1, Fig. 3),
whereas larger valve linear-elliptical with
slightly rostrate rounded apices (Pl. 8, Fig. 1).
Transapical striae on valve face coarsely
punctated, 11-16 in 10 #m, puncta not in quin-
cunx arrangement (Pl. 8, Fig. 3). Puncta
rounded, 15-16 in 10 um. Valve mantle low,
perforated by a row of puncta (Pl 8, Fig. 5).
Shallow transapical costae between each two
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transapical striae, 12-16 in 10 um, often bran-
ching at raphe-bearing margin (Pl. 8, Figs. 6,
7). Transapical costae straight and parallel to
transapical axis in the middle of valve, becom-
ing oblique to transapical axis and slightly
curved toward apices. Raphe at the edge of
valve face, divided into two branches at the
middle (Pl. 8, Fig. 3). Portulae of raphe not
spaced regularly, about one between two tran-
sapical striae on average. A central portula
located where raphe is interrupted, larger than
other portulae (Pl. 8, Fig. 3). Copula open and
punctated by a row of puncta (Pl 1, Fig. 2).
Stratigraphic occurrence: This species
has a long stratigraphic range from the upper
part of the Craspedodiscus elegans Zone (NTD
2) to the lower part of the Cestodiscus peplum
Zone (NTD 5) in the equatorial Pacific. It
occurs dominantly within the Triceratium
pileus Zone (NTD 3). In the Southern Ocean,

it occurs from the middle part of the Cos-

cinodiscus rhombicus Zone (NSD 2) through
the N. maleinterpretaria Zone (NSD 3). Its last
occurrence defines the top of the latter zone
(SCHRADER, 1976 ; WEAVER and GOMBOS, 1981 ;
BARRON, 1985b). :

Geographic distribution: The species is
distributed in the equatorial Pacific and the
Southern Ocean. It is also reported from the
Norwegian Sea (SCHRADER and FENNER, 1976)
but the illustrated specimen (pl. 1, fig. 30) is
not assigned evidently to this species. It has
not been reported from the middle- to high-
latitude of the North Pacific.

Remarks: The species closely resembles
Crucidenticula sawamurae in punctation on
valve face and valve outline. However, it is
easily distinguished from the latter species by
the absence of pseudosepta.

Phylogenetic relationship: The species
certainly exhibits strong affinities in valve
outline and structure with Crucidenticula
sawamurae. It evidently evolved into C.
sawamurae by development of pseudosepta.
The antecedent of this species can not be
traceable at present.

Crucidenticula sawamurae n. sp.
Plate 1, Figs. 5-9

Synonymy : Denticula punctata SCHRADER,
DZINORIDZE et al., 1978, pl. 20, figs. 3, 4;
Denticulopsis nicobavica (GRUNOW) SIMONSEN,
BARRON, 1981b, pl. 2, fig. 8 ; BARRON, 1985b, pl.
9, fig. 7; Denticulopsis aff. kanayae (AKIBA)
BARRON, POWERS, 1988, pl. 5, figs. 4, 5 ; Denti-
culopsis kanayae (AKIBA) BARRON, POWERS,
1988, pl. 5, fig. 6.

Description : Frustule rectangular with
rounded corners in girdle view, about 6-7 um
in depth. Valve linear or slightly linear-ellip-
tical with rounded apices, 14-51 #m long, 3.5-
5.5 um wide. Transapical striae on valve face
coarsely punctated, 13-16 in 10 xm, puncta not
arranged in quincunx and sometimes sporadic.
Transapical striae straight and parallel to
transapical axis in the middle, becoming
curved and oblique to transapical axis toward
apices. Puncta rounded, 11-12 in 10 xm.
Valve mantle perforated by two rows of pun-
cta, 13-16 puncta in 10 #m. Primary pseudo-
septa, 3-5 in 10 um, sometimes oblique to
transapical axis and not always equally
spaced. Unclear secondary pseudosepta rare-
ly present. Marginal ribs short and numerous,
13-16 in 10 #m between each two transapical
striae. Raphe marginal. Copula open,
perforated by a row of puncta, 13-14 in 10 xm.

Holotype : Plate 1, Fig. 9; GSJ F12752 de-
posited in Geological Survey of Japan (Sample
DSDP Hole 71, 25-3, 96-98 cm, eastern equato-
rial Pacific).

Paratype: Plate 1, Fig. 8; GSJ] F12751
(Sample DSDP Hole 71, 25-1, 128-130cm,
eastern equatorial Pacific)

Stratigraphic occurrences : The first
occurrence of this species marks the base of
the A Subzone of the Denticulopsis nicobarica
Zone (NTD 4) in the equatorial Pacific. Its
last occurrence falls within the lower part of
the B Subzone of the D. nicobarica Zone.

Geographic distribution: C. sewamurae
occurs dominantly in the equatorial .Pacific.
It is also found with very rare abundance from
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the Early Miocene Kamenoo Formation in
Joban Coalfield of Japan (AKIBA, 1985). This
species is distributed in the Southern Ocean
(BARRON, personal communication, 1988).
This geographic distribution indicates that C.
sawamurae is basically a low-latitude species.

Remarks : This new species is distinguished
from Crucidenticula nicobarica and C. punctata
by non-quincunx arrangement of puncta. It
differs from C. paranicobarica by more robust
and wider valve, and from C. zkebei by its
linear valve outline. The species is easily
distinguished from C. kanayae by finer pun-
ctation. It resembles Nitzschia wmaleinter-
pretaria in valve outline, the same density of
transapical striae, slightly oblique transapical
striae and punctated copula, but differs by the
presence of pseudosepta.

Phylogenetic relationship : The species is
the oldest representative of the genus Cruci-
denticula and may be a basic ancestor of all
species included in this genus. It appears that
the species evolved from Nitzschia maleinter-
pretaria because of morphologic similarities
between the two species. This phylogenetic
relationship is also supported by the presence
of evolutionary intermediate form between
the two species (P1. 1, Fig. 4), which show close
affinity with N. maleinterpretaria but has in-
conspicuous pseudosepta. C. sawamurae
evolved from N. wmaleinterpretaria through
gradual development of pseudosepta from
transapical costae. It gave rise to C. ikebei
and C. kanayae var. pacifica.

Derivation of name : The species is named
in honor of Dr. Konosuke SAWAMURA, one of
the pioneers of diatom biostratigraphic study
of Japan.

Crucidenticula ikebei AKIBA
et YANAGISAWA
Plate 1, Figs. 10-12;
Plate 8, Figs. 8-13

AKIBA and YANAGISAWA, 1986, p. 485-486,
pl. 1, figs. 1, 2 ; YANAGISAWA et al., 1989, pl. 6,
fig. 28.

Synonymy : Denticula ikebei AKIBA, 1977, pl.
1, figs. 15a-15¢, pl. 2, figs. 1a-3, nom. invalid ;
Denticula ikebei AKIBA ex BARRON, 1980, p.
672, pl. 1, fig. 30, nom. invalid.

Description : Frustule rectangular with
rounded corners, sometimes curved in girdle
view (PL 1, Fig. 12). Valve linear-elliptical,
broad in the middle and tapered to apices with
elongated rounded apices, 18-67 um long, 4-7
um wide. Transapical striae of rounded pun-
cta on valve face coarsely punctated, 12~16 in
10 #m, arranged not in clear quincunx, so that
oblique rows obscure. Valve mantle low,
perforated by two longitudinal rows of puncta
(PL. 8, Fig. 11). Primary pseudosepta, 3-5 in 10
um, not equally spaced, with narrow basal
ridges (PL. 8, Fig. 12). Secondary pseudosepta
absent. Marginal ribs short and incon-
spicuous on both sides between transapical
striae. Raphe located at valve margin, inter-
rupted at the middle point and divided into
two branches of raphe (PI. 8, Fig. 9). Portulae
of raphe rounded and small except for a large
central one which is located where raphe is
interrupted (PI. 8, Fig. 13). Portulae irregular-
ly spaced, about one in two transapical striae
on average. Copula open with punctated sides
(PL. 1, Fig. 12).

Stratigraphic occurrence : The species
occurs rarely within the C. kanayae Zone
(NPD 3A) in the middle- to high-latitude
North Pacific. It is sometimes found with
very sporadic occurrence in the overlying
Denticulopsis lauta Zone (NPD 4A) and the D.
hyvalina Zone (NPD 4B).

Geographic distribution : C. {kebei s
known only from the middle- to high-latitude
North Pacific at present. It is not distributed
in the equatorial Pacific. This species has not
been reported from the Southern Ocean.

Remarks : The species is very similar to
Crucidenticula sawamurae and C. paranico-
barica, but distinguished by the slender linear
-elliptical valve outline with elongated apices.
It also resembles Denticula norwegica
SCHRADER (PL. 1, Fig. 40) in valve outline, but
differs fundamentally in shape and structure
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of puncta ; C. tkebei has round puncta occlud-
ed by cross-shaped rotae, whereas D. nor-
wegica possesses oval puncta occluded by
mesh-like cribra (Pl. 8, Fig. 18).
Phylogenetic relationship : C. ikebei is con-
sidered to be a descendant of C. sawamurae
because of morphologic similarities between

the two species. It evolved from C. sawamur-

ae by the change in valve outline from linear
to linear lanceolate form. It left no descen-
dant.

Crucidenticula kanayae var.
pacifica n. var.
Plate 1, Figs. 36-38

Synonym : Denticulopsis sp. cf. D. kanayae
(AKIBA) BARRON, 1985a, pl. 9, fig. 4.

Description : Frustule rectangular with
rounded corners. Valve heavily silicified,
mostly linear with bluntly rounded apices, 20~
48 um long, 5.5-7 um wide. Transapical
striae very coarsely punctated, 10-11 in 10
um ; puncta not arranged in clear quincunx.
Puncta rounded about 6-7 in 10 gm, occluded
by cross-shaped rotae. Valve mantle high;
perforated with two longitudinal rows of
rounded puncta. Primary pseudosepta about
3 in 10 xm, mostly in transapical direction, but
sometimes slightly oblique to transapical axis
near apices. Secondary pseudosepta absent.
Marginal ribs very inconspicuous between
each two transapical striae on both sides, 10-
11 in 10 um. Raphe marginal. Copula open
and punctated with a row of longitudinal row
of puncta.

Holotype : Plate 1, Fig. 38; GSJ] F12744
deposited in Geological Survey of Japan (Sam-
ple DSDP Hole 71, 22-6, 116-118 cm, eastern
equatorial Pacific).

Paratype: Plate 1, Fig. 37; GSJ F12745
(Sample DSDP Hole 71, 23-2, 117-119, eastern
equatorial Pacific).

Stratigraphic occurrence : The variety has
a short range from the base of the B Subzone
of the Denticulopsis nicobarvica Zone (NTD 4B)
to the lowest part of the Cesfodiscus peplum

Zone (NTD 5) in the equatorial Pacific.

Geographic distribution : The variety is
found in the equatorial Pacific but not in the
middle- to high-latitude North Pacific.

Remarks : This new variety and C. kanayae
var. kanayae are different mainly in type of
copula ; the var. pacifica has open punctated
copulae (Type Cop; PL 1, Fig. 38) without any
exceptions, whereas the var. kanayae has open
non-punctated copulae (Type Con; Pl 8, Fig.
14). This new variety differs from the nomi-
native variety also by slightly denser puncta-
tion on valve face and more linear valve
outline. C. kanayae var. pacifica differs from
C. sawamurae by coarser punctation and from
C. punctata by both coarser punctation and
non-quincunx arrangement of puncta.

Phylogenetic relationship: The stratigra-
phic range and morphologic similarities sug-
gest that this taxon evolved from
Crucidenticula sawamurae by enlargement of
valve structure. C. kanayae var. pacifica is
probably a geographic variety of C. kanayae
var. kanayae and may be an ancestor of the
latter variety.

Crucidenticula kanayae AKIBA
et YANAGISAWA var. kanayae

Plate 1, Figs. 33-35, 39;
Plate 8, Figs. 14-17

AKIBA and YANAGISAWA, 1986, p. 486, pl. 1,
figs. 3-8, pl. 3, figs. 1-6, 9-11.

Synonymy : Denticula nicobarica GRUNOW,
HATA and HASEGAWA, 1970, pl. 4, figs. 3a-6b,
Denticula punctata SCHRADER, SCHRADER and
FENNER, 1976, pl. 1, figs. 42, 43, non pl. 1, fig.
33; Denticula kanayae AKIBA, 1977, pl. 1, figs.
la-10b, pl. 2, fig. 13, nom. invalid. ; Denticula
kanayae AKIBA ex BARRON, 1980, p. 672, pl. 1,
figs. 26-28, nom. invalid.; Denticulopsis
kanayae (AKIBA) BARRON, 1985b, p. 784, figs.
13.20, 13.21, nom. invalid.

Description : Frustule rectangular with
rounded corners, about 9 um in depth. Valve
heavily silicified, mostly linear-oblong, less
frequently linear-elliptical with bluntly
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rounded apices, 14-43 um long, 4-8 um wide.
Transapical striae very coarsely punctated,
9-10 in 10 #m ; puncta not always arranged in

_clear quincunx and sometimes sporadic so
that hyaline areas sometimes present on valve
face. Puncta rounded about 6 in 10 um, oc-
cluded by cross-shaped rotae. Valve mantle
high, perforated with two longitudinal rows of
rounded puncta. Primary pseudosepta 2 in 10
xm, mostly in transapical direction, but some-
times slightly oblique to transapical axis.
Secondary pseudosepta absent, but some spec-
imens has shallow incomplete rudimentary
pseudosepta. Marginal ribs very inconspicu-
ous between each two transapical striae, 9-10
in 10 #m. Raphe marginal. Copula open and
not punctated.

Stratigraphic occurrence: This variety is
very abundant in the C. kanayae Zone (NPD 3
A) and rare or sporadic in younger horizons up
to the Denticulopsis hyalina Zone (NPD 4B) in
the middle- to high-latitude North Pacific.

Geographic distribution : C. kanayae var.
kanayae occurs in the middle- to high-latitude
North Pacific. It is also reported from the
Norwegian Sea (SCHRADER and FENNER, 1976).
In the equatorial Pacific, it is not found but
another variety C. kanayae var. pacifica is
distributed. There has been no information
on this taxon in the Southern Ocean.

Remarks : The copula of this variety is an
open non-punctated type (Con ; Pl 8, Figs. 14,
15). This is an unique and specialized charac-
teristic among the genus Crucidenticula be-
cause all other Crucidenticula taxa have open
punctated copulae (type Cop). The taxon dif-
fers from the variety pacifica by this open non
-punctated copula. The variety resembles
Crucidenticula sawamurae, but differs by coar-
ser punctation. It is also similar to Cruciden-
ticula punctata but differs by both coarser
punctation and non-quincunx arrangement of
puncta. .

Phylogenetic relationship : This variety is
probably a geographic variety of C. kanayae
var. pacifica ; C. kanayae var. pacifica and var.
kanayae are distributed mainly in the low-

latitude and the high-latitude, respectively.
The var. kanayae may be a descendant of the
var.. pacifica, because the former appeared
slightly later than the latter wvariety. C.
kanayae var. kanayae left no descendant.

Crucidenticula paranicobarica
var. fropica n. var.
Plate 1, Figs. 17-22

Synonymy : Denticula nicobarica GRUNOW,
ABBOTT and ERNISSEE, 1983, pl. 13, fig. 7;
Denticulopsis nicobarica (GRUNOW) SIMONSEN,
BARRON, 1983, pl. 5, fig. 2; TANIMURA and
SAITO, 1986, pl. 2, fig. 15; Denticulopsis nico-
barica var. 1, MARUYAMA, 1984a, pl. 16, fig. 12

Description : Frustule rectangular with

rounded corners. Valve narrowly linear with
bluntly rounded -apices, 5-58 um long, 2-3.5
pum wide.. Transapical striae coarsely pun-
ctated 16-18 in 10 um, without reduction of
puncta. Primary pseudosepta 5-6 «in 10 um,
not always equally spaced. Secondary
pseudosepta basically absent but rarely un-
clear shallow secondary pseudosepta present.
Marginal ribs short and numerous, 16-18 in 10
um. Raphe marginal. Copula open and pun-
ctated with a longitudinal row of puncta.
- Holotype : Plate 1, Fig. 19; GSJ F12739
deposited in Geological Survey of Japan (Sam-
ple DSDP Hole 71, 21-2, 89-91 cm, eastern
equatorial Pacific)

Paratype: Plate 1, Fig. 17; GSJ F12740
(Sample DSDP Hole 71, 21-4, 60-62 cm, east-
ern equatorial Pacific)

Stratigraphic occurrence : The variety has
its first occurrence in the middle part of the A
Subzone of the Cestodiscus peplum Zone (NTD
5A) and its last occurrence near the base of
the overlying B Subzone of the C. peplum
Zone (NTD 5B) in the equatorial Pacific.

Geographic distribution : The variety
occurs predominantly in the equatorial
Pacific. It is sometimes found from several
on-land sequences in Japan which were
affected by warm water current during the
early Middle Miocene (Pl. 1, Fig. 21). It also
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reported from the Atlantic coast of U.S.A.
(ABBOTT and ERNISSEE, 1983). These occur-
rences suggest that this variety is mainly a
low-latitude warm water taxon.

Remarks : The variety is characterized by
full punctation on valve face, non-quincunx
arrangement of puncta and slender valve out-
line. It is distinguished from its nominative
variety by the full punctation on valve face.
However, specimens with slightly reduced
punctation are rarely encountered in DSDP
Hole 71. In this study these specimens are
tentatively included in the var. #ropica. The
variety has been confused with Crucidenticula
nicobarica, but clearly differs by non-quin-
cunx arrangement of puncta. It is also similar
to  Crucidenticule sawamurae, but distin-
guished by more slender valve outline.

Phylogenetic relationship : The stratigra-
phic range of this variety is separated from
those of preceding Crucidenticula kanayae var.
pacifica and C. sawamurae by a short interval
where no Crucidenticula species occurs. How-
ever, morphologic similarities suggest that C.
paranicobarica var. tropica is most probably a
descendant of C. sawamurae. This variety is a
geographic variety of the nominate variety
and may be an ancestor of the latter variety
because the var. tropica occurs slightly earlier
than the var. paranicobarica. C. pavanicobarica
var. tropica gave rise to C. nicobarica with
development of clear quincunx arrangement
of puncta on valve face.

Crucidenticula paranicobarica AKIBA
et YANAGISAWA var. paranicobarica

Plate 1, Figs. 13-16

AKIBA and YANAGISAWA, 1986, p. 487, pl. 2,
figs. 8-14 ; AKIBA, 1986, pl. 26, fig. 7.

Synonymy : Denticula nicobarica GRUNOW,
SCHRADER, 1973a, pl. 1, figs. 31-34 ; Denticula
paranicobarica AKIBA, 1977, pl. 1, figs. 11a-14b,
pl. 2, figs. 7a-9b, nom. invalid ; Denticulopsis
paranicobarica AKIBA, TANIMURA and SAITO,
1986, pl. 2, fig. 14.

Description : Frustule rectangular with

rounded corners in girdle view, 5-8 xm in
depth. Valve narrowly linear or rarely linear-
elliptical with bluntly rounded apices, 8-32 #m
long, 2.5-4.5 um wide. Puncta on valve face
usually sporadic except for two apical rows
near both valve margins and several sporadic
puncta in or around central chamber, 14-16 in
10 um. Primary pseudosepta 4-6 in 10 g#m,
sometimes slightly oblique to transapical axis
and not always equally spaced. Secondary
pseudosepta rarely present (Pl. 1, Figs. 15, 16).
Marginal ribs short and numerous, 14-16 in 10
xm. Raphe marginal. Copula open and pun-
ctated with a longitudinal row of puncta.

Stratigraphic occurrence : In the middle-
to high-latitude North Pacific, the variety has
its first occurrence in the lowest part of the
Denticulopsis lauta Zone (NPD 4A) and occurs
frequently in the middle to upper part of this
zone and the lower part of the overlying
Denticulopsis hyalina Zone (NPD 4B). Its last
occurrence, although it is obscure due to spo-
radic occurrence, is near the top of the D.
hyalina Zone.

Geographic distribution: The variety is
distributed in the middle- to high-latitude
North Pacific, but not in the equatorial
Pacific. It is not known in the Southern
Ocean. Based on these occurrences, this vari-
ety seems to be a middle- to high-latitude
taxon. .

Remarks : C. paranicobarica var. paranico-
barica is characterized by its slender valve
outline and non-quincunx arrangement of
puncta and reduced sporadic punctation. It is
distinguished from C. paranicobarica var.
tropica by the reduced punctation. The vari-
ety has been confused with C. nicobarica
because of similar valve shape, but differs
clearly by non-quincunx arrangement of pun-
cta and reduced punctation.

Phylogenetic relationship: C. paranicobar-
ica var. paranicobarica is mainly distributed in
the middle- to high-latitudes, whereas the
var. tropica occurs in the low-latitude. The
two varieties have nearly the same strati-
graphic ranges, although the var. #ropica
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appeared slightly earlier than the var. par-
anicobarica. These geographic and strati-
graphic evidences suggest that the var. par-
anicobarica is a geographic variation of the
var. tropica and evolved from the latter vari-
ety by reducing of puncta on valve face.

Crucidenticula nicobarica (GRUNOW)
AKIBA et YANAGISAWA
Plate 1, Figs. 23-29

AKIBA and YANAGISAWA, 1986, p. 486-487,
pl. 1, fig. 9, pl. 2, figs. 1-7, plL. 5, figs. 1-9;
AKIBA, 1986, pl. 26, figs. 1-4; YANAGISAWA et
al., 1989, pl. 6, fig. 24.

Synonymy : Denticula nicobarica GRUNOW,
1868, p. 97, pl. 1A, figs. ba, 5b; VAN HEURCK,
1880-1885, pl. 49, fig. 3; SIMONSEN and
KaNaya, 1961, p. 503, pl. 1, figs. 11-13;
SCHRADER, 1973a, pl. 1, fig. 35; SCHRADER,
1973b, p. 419-420, pl. 1, figs. 25-27 ; SCHRADER,
1974b, figs. 1:26, 1:27; GOMBOS, 1976, pl. 8,
fig. 8 ; SCHRADER and FENNER, 1976, pl. 1, fig.
32 ; AKIBA, 1977, pl. 2, figs. 5, 6, 12 ; ABBOTT,
1980, pl. 1, fig. 18 ; BARRON, 1980, pl. 1, figs. 22,

23 ; Denticulopsis nicobarica (GRUNOW) SIMON -

SEN, 1979, p. 65 ; BARRON, 1981a, pl. 4, fig. 6;
AKIBA et al., 1982, pl. 3, figs. 49-52 ; MARU-
YAMA, 1984a, pl. 15, figs. 12-13b, pl. 16, fig. 11 ;
BARRON, 1985 b, p. 785, fig. 13.19.
Description: Frustule rectangular with
rounded corners in girdle view. Valve nar-
rowly linear to linear-elliptical with bluntly
rounded apices, 10-32 gm long, 3.5-4.5 um
wide. Transapical striae on valve face coarse-
ly punctated, about 16 in 10 #m; puncta in
quincunx so that clear oblique rows formed.
Puncta rounded, occluded by cross-shaped
rotae. Valve mantle perforated by two lon-
gitudinal rows of puncta. Primary pseudose-
pta 4-5 in 10 gm. Secondary pseudosepta
absent. Marginal ribs short and numerous,
about 16 in 10 #m between transapical striae.
Raphe marginal. Copula open and punctated
by a row of puncta, 13-14 in 10 um.
Stratigraphic occurrence : In the middle-
to high-latitude North Pacific, the first occur-

rence of this species is in the uppermost part
of the Middle Miocene Denticulopsis lauta
Zone (NPD 4A) and its last occurrence lies in
the lower part of the Denticulopsis praedimor-
pha Zone (NPD 5B). However, its abundance
is generally rare except within the C. nicobar-
ica Zone (NPD 5A) where this species occurs
frequently.

In the equatorial Pacific, C. nicobarica first
occurs in the uppermost part of the A Subzone
of the Cestodiscus peplum Zone (NTD 5A) and
last occurs in the middle part of the Cos-
cinodiscus gigas var. diorama Zone (NTD 7),
occuring very abundantly from the B Subzone
of the C. peplum Zone through the Cos-
cinodiscus lewisianus Zone (NTD 6).

In the Southern Ocean, this species occurs
from the middle part of the Coscinodiscus
lewisianus Zone (NSD 4) to the lower part of
the Nitzschia denticuloides Zone (NSD 6).

Geographic distribution : This species is a
cosmopolitan species with very broad distri-
bution over the world. However, it is most
dominant in the equatorial Pacific where it
often occupies more than a half of diatom
assemblages (Table 6 ; BARRON, 1985a).

Remark : The diagnostic characteristics of
this species are its clear quincunx arrange-
ment of puncta and small size. It is distin-
guished from Crucidenticula sawamurae, C.
tkebei and C. paranicobarica by the clear quin-
cunx pattern of puncta. It resembles C. pun-
clata, but differs by smaller size.

Phylogenetic relationship : The most prob-
able ancestor of C. nicobarica is C. paranico-
barvica var. tropica because of their stratigra-
phic occurrences and morphologic similarities.
The species probably developed from the
latter taxon through rearrangement of puncta
from non-quincunx to clear quincunx. The
descendant form of this species is C. punctata.

Crucidenticula punctata (SCHRADER)
AKIBA et YANAGISAWA
Plate 1, Figs. 30-32

AKIBA and YANAGISAWA, 1986, p. 487, pl. 1,
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figs. 10-12, pl. 4. figs. 1-9.

Synonymy : Denticula nicobarica GRUNOW,
KaNAYA, 1971, pl. 40.5, figs. 12a, 12b;
Denticula punctata SCHRADER, 19732, p. 705, pl.
1, figs. 25-30; SCHRADER, 1973b, p. 420, pl. 1,
fig. 19; SCHRADER, 1974b, figs. 1: 22-1: 24;
Denticulopsis punctata (SCHRADER) SIMONSEN,
1979, p. 65; MARUYAMA, 1984a, pl. 16, fig. 6;
Denticula punctata f. hustedtii SCHRADER,
1973a, p. 705, pl. 1, figs. 23, 24 ; Denticulopsis
punctata f. hustedtii (SCHRADER) SIMONSEN,

1979, p. 65 ; BARRON, 1981a, pl. 4, fig. 1; BAR-

RON, 1985a, pl. 9, fig. 11 ; BARRON, 1985b, p.
785, fig. 13.18 ; Koizumi and TANIMURA, 1985,

pl. 1, figs. 9, 10; Denticula punctata var. hus-

tedtii SCHRADER, 1973b, p. 420, pl. 1, fig. 18;
non BARRON, 1980, pl. 1, fig . 29 ; Denticulopsis
nicobarica (GRUNOW) SIMONSEN, POWERS,
1988, pl. 5, fig. 7.

Description : Frustule rectangular with
rounded corners in girdle view. Valve linear
to linear-elliptical with bluntly rounded
apices, 20-40 um long, b5.5-75um wide.
Transapical striae on valve face coarsely
punctated, 14-15 in 10 gm; puncta in clear
quincunx so that clear oblique rows formed.
Puncta rounded, occluded by cross-shaped
rotae. Valve mantle high, perforated by four
longitudinal rows of puncta. Primary pseudo-
septa 3-4 in 10 gm. Secondary pseudosepta 0
-2 between each two primary pseudosepta.
Marginal ribs short and numerous, 15-16 in 10
um. Raphe marginal. Copula open and pun-
ctated by a row of puncta. Pleurae open, first
and third ones narrow and second one broad.

Stratigraphic occurrence : In the middle-
to high-latitude North Pacific, this species
occurs rarely from the uppermost part of the
Denticulopsis hyalina Zone (NPD 4B) to the
top of the Denticulopsis praedimorbha Zone
(NPD 5B). In the equatorial Pacific, it is
found within the interval from the upper part
of the Coscinodiscus lewisianus Zone (NTD 6)

to the upper part of the Craspedodiscus cos-

cinodiscus Zone (NTD 8). In the Southern
Ocean, the species has its reported stratigra-
phic range from the uppermost part of the

Nitzschia maleinterpretaria Zone (NSD 3) to
the lower part of the Nitzschia denticuloides
Zone (NSD 6).

Geographic distribution : C. punctata is a
cosmopolitan species. It occurs in the mid-
dle- to high-latitude of the North Pacific,
Norwegian Sea, the equatorial Pacific and the
Southern Ocean.

Remarks : This species is characterized by
its clear quincunx arrangement of puncta on
valve face and relatively large size. It resem-
bles Crucidenticula nicobarica, but differs by
larger size and more frequent development of
secondary pseudosepta. It is also very similar
to C. kanayae and C. sawamurae but distin-
guished from them by clear quincunx arrange-
ment of puncta.

Phylogenetic relationship: The stratigra-
phic records and morphologic characteristics
indicate that this species evolved from C.
nicobarica by an increase in size and devel-
opment of many secondary pseudosepta. C.
punctata is the last member of the genus
Crucidenticula. 1t became extinct without
leaving any descendant species before the end
of Middle Miocene.

VII.2 Genus Denticulopsis SIMONSEN
emend. AKIBA et YANAGISAWA
with closely related species

Nitzschia challengeri SCHRADER
Plate 2, Figs. 1, 2, 10;
Plate 9, Figs. 12-16;
Plate 10, Figs. 1, 2

SCHRADER, 1973a, p. 707, pl. 5, figs. 10-14, .
non pl. 5, fig. 34 ; BARRON, 1980, pl. 2, fig. 10 ;
BaArRrON, 1981a, pl. 4, fig. 19; MARUYAMA,
1984b, pl. 11, fig. 18 ; YANAGISAWA ef al., 1989,
pl. 6, fig. 32.

Description : Frustule rectangular with
rounded corners in girdle view. Valve linear
to linear-elliptical with bluntly rounded
apices, 10-29um long, 3.5-55xm wide.
Transapical costae shallow and equally
spaced, 9-12 in 10 gm, straight in the middle
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and curved near apex. At each apex two or
three longitudinal costae running to apex,
which are very similar to apical costa of
Denticulopsis (Pl. 9, Fig. 15). Intercostal area
perforated with mostly two or rarely three
transapical striae of fine puncta (Pl. 9, Fig. 16).
Raphe marginal, divided at the middle into
two branches of raphe. Portula between each
two transapical costae (Pl. 9, Fig. 15). Copula
open and punctated by a row of puncta.

Stratigraphic occurrence: This species
occurs rarely but consistently from the latest
Early Miocene through the Middle Miocene in
the middle- to high-latitude North Pacific.
Its first occurrence is in the lowest part of the
Denticulopsis praelauta Zone (NPD 3B) ; name-
ly just above the first occurrence of D.
praelauta, and its last occurrence lies in the
uppermost part of the Denticulopsis
praedimorpha Zone (NPD 5B) or the lower
part of the Thalassiosiva yabei Zone (NPD 5C).

Geographic distribution : The species is
found only in the middle- to high-latitude
North Pacific.

Remarks : N. challengeri is sometimes simi-
lar to the primitive form of D. praelauta when
the spacing of its transapical costae is rela-
tively wide.

Phylogenetic relationship: It is certain
that N. challengeri shared common ancestry
to the genus Denticulopsis because of its com-
mon valve structures to Denticulopsis and its
affinity with D. praelauta. This species is
considered to be derived from an unknown
common ancestor with D. praelauta in the
latest Early Miocene.

Denticulopsis praelauta AKIBA et KolzuMI
Plate 2, Figs. 3-5, 16-18

AKIBA, 1986, p. 439, pl. 26, figs. 10-14 ; AKIBA
and YANAGISAWA, 1986, p. 490, pl. 7, figs. 1-15,
pl. 8, figs. 1-9 ; YANAGISAWA et al., 1989, pl. 6,
figs. 3, 4.

Synonymy : Denticula aff. kamischatica
ZABELINA, SCHRADER, 1976, p. 632, pl. 4, fig.
18 ; Denticula sp. cf. D. lauta BAILEY, BARRON,

1980, p. 672, pl. 1, figs. 13, 14 ; Denticulopsis sp.
A, AKIBA et al., 1982, pl. 3, figs. 41-44.

Description : Frustule rectangular with
rounded corners in girdle view, 6-7 gm in
depth. Valve small, narrowly linear with
bluntly rounded apices, 8-16 um long, 2.5-5.5
pum wide. Transapical striae on valve face
finely punctated, 25-30 in 10 gm ; puncta in
quincunx so that oblique rows formed. Pri-
mary pseudosepta 5-8 (mostly 5-6) in 10 xm,
with poorly developed narrow basal ridges.
Secondary pseudosepta absent. Marginal ribs
absent in primitive form but inconspicuous
marginal ribs observed in advanced form.
Raphe marginal. Copula open, punctated by
longitudinal rows of puncta or non-punctated.

Stratigraphic occurrence : Common to
abundant in the Early Miocene D. praelauta
Zone (NPD 3B) in the middle- to high-latitude
North Pacific. Its first occurrence defines the
base of this zone and its last occurrence is in
the lower part of the overlying Denticulopsis
lauta Zone (NPD 4A). In the Southern Ocean,
the species shows only sporadic occurrence
from the uppermost part of the Nifzschia
maleinterpretavia Zone (NSD 3) to the upper
part of the Denticulopsis lauta-D. hustedtii
Zone (NSD 7). This is probably because the
interval where D. praelauta is expected to
occur abundantly (around 16 Ma in age) is
missing due to a hiatus at DSDP Site 278
(WEAVER and GOMBOS, 1981).

Geographic distribution : The species is
found in the middle- to high-latitude North
Pacific and the Southern Ocean but not in the
low-latitude.

Remarks : D. praelauta resembles D. lauta,
but differs from the latter by the absence or
very poor development of marginal ribs. It is
similar to Nitzschia challengeri when it has no
clear basal ridges, but distinguished by wider
intervals of pseudosepta or costae. The older
primitive form which occurs in the lower part
of the D. praelauta Zone is characterized by
the absence of marginal ribs and poor develop-
ment of basal ridges, whereas the younger
advanced form found from the upper part of
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the D. praelauta Zone through the lower part
of the D. lauta Zone has inconspicuous mar-
ginal ribs and moderately developed basal
ridges. The latter younger form may be an
evolutionary intermediate form to D. lauta. D.
praelauta has two types of copula (Cop and
Con) and therefore four types of frustules are
formed (Pl. 2, Figs. 16-18).

Phylogenetic relationship: D. praclauta,
the oldest known member of the genus
Denticulopsis, is a basic ancestor of all species
of this genus. However, a possible ancestor of
this species is unknown at present. Nitzschia
challengeyi, which is very similar to D.
praelauta, may share common ancestry as
stated earlier. D. praelauta is a direct precur-
sor of Denticulopsis lauta.

Denticulopsis lauta (BAILIY) SIMONSEN
Plate 2, Figs. 6-8, 15;
Plate 5, Figs. 1-3;
Plate 9, Fig. 1

SIMONSEN, 1979, p. 64 ; MARUYAMA, 1984a,
pl. 14, figs. 1a-8b, pl. 16, figs. 9, 10 ; BARRON,
1985b, p. 785; AKiBA, 1986, pl. 26, fig. 15;
AKIBA and YANAGISAWA, 1986, p. 489, pl. 7, fig.
29, pl. 9, figs. 2-9, non pl. 9, fig. 1. TANIMURA
and SAITO, 1986, pl. 2, figs. 6, 7; YANAGISAWA,
et al., 1989, pl. 6, fig. 5; TANIMURA, 1989, pl. 1,
figs. 16a-17b.

Synonymy : Denticula? lauta BAILEY, 1854,
p. 9, figs. 1, 2; Denticula lauta BAILEY, SIMON -
SEN and KANAYA, 1961, p. 500-501, in part, pl.
1, figs. 1, 3, non pl. 1, figs. 2, 6-10.

Description : Frustule rectangular with
rounded corners in girdle views. Valve linear
to linear-elliptical with bluntly rounded
apices, 7-57um long, 35-8um wide.
Transapical striae on valve face finely pun-
ctated, 20-28 in 10 xm; puncta in quincunx so
that oblique rows formed. Primary pseudose-
pta 3-5 in 10 um. Secondary pseudosepta
absent. Apical pseudosepta present near
apices in some specimens. Marginal ribs pres-
ent between each two primary pseudosepta on
both sides. Raphe marginal. Copula open and

non-punctated but primitive forms with both
punctated and non-punctated copulae.

Stratigraphic occurrence : In the middle-
to high-latitude North Pacific, the species
occurs abundantly in the lower Middle
Miocene D. lauta Zone (NPD 4A). The first
occurrence of this species defines the base of
the D. lauta Zone and its last consistent occur-
rence is in the lower part of the Crucidenticula
nicobarica Zone (NPD 5A).

In the equatorial Pacific, this species is
found sporadically in the lower part of the A
Subzone of the Cestodiscus peplum Zone
(NTD 5A).

In the Southern Ocean, the reported strati-
graphic range of D. lauta is separated into two
ranges by a gap in the early Middle Miocene
(Fig. 10). Of these two ranges, the lower one
from the uppermost part of the Nifzschia
maleinterpretavia Zone (NSD 3) to the middle
part of the N. grossepunctata Zone (NSD b) is
considered the true range of D. lauta, because
it just corresponds to those in the middle- to
high-latitude North Pacific and in the equato-
rial Pacific. However, the upper range from
the lower part of the Nitzschia denticuloides
Zone (NSD 6) to the top of the D. lauta-D.
hustedtii Zone (NSD 7) may not be a range of
D. lauta but that of Denticulopsis dimorpha s.
1. (D. dimorpha and D. praedimorpha). Since it
is not so easy to distinguish the valve of D.
lauta from those of D. dimorpha and D.
praedimorpha without careful observation as
will be discussed in remarks, the valve of D.
dimorpha and D. praedimorpha may have
previously been mis identified as D. lauta.

Geographic distribution : Although it
occurs in the low-latitude, D. lauta is basically
a middle- to high-latitude species because of
its abundant occurrences in the middle- to
high-latitude North Pacific and the Southern
Ocean.

Remarks: The species resembles D. ichi-
kawae, but differs by full punctation on valve
face. The more linear valve outline distin-
guishes D. lauta from D. okunoi which has
more oval outline. D. laute also has similar
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characteristics to those of D. fanimurae but
differs by finer punctation and more weakly
_ silicified valve.

There are sometimes large valves with a
central raphe (Pl. 2, Fig. 38 ; P1. 9, Figs. 10, 11).

Although these forms were described as Yo-

shidaia divergens KOMURA (KOMURA, 1976, p.
389-390, Abb. 9, figs 1-3, pl. 40, figs. 6-8), they
may possibly be initial valves of D. lauta
because of similar valve structures. The char-
acteristics of these forms are as follows : (1) A
raphe, which is located along valve edge in
ordinary vegetative valves, is running along
the valve center. (2) The valve face is strongly
convex so that valve face and mantle can not
be distinguished. (3) The valve is relatively
larger than ordinary vegetative valves. (4)
Other features are almost the same as those of
corresponding vegetative valve. (5) The occur-
rence of these forms is always very rare. (6)
The stratigraphic range of these forms rough-
ly coincides with that of corresponding vege-
tative valves. Although it is highly possible
that Yoshidaia divergens may be an initial
valve of D. lauta, further study is needed to
confirm this possibility.

D. lauta, D. praedimorpha and D. dimorpha
are very similar in valve morphology and thus
they have been confused and misidentified for
a long time (SIMONSEN and KANAvYA, 1961;
Korzumi, 1973, 1975; BARRON, 1980, 1985b).
However, valves of the three species can be
clearly distinguished by shape of basal ridge
(AKIBA, 1979 ; MARUYAMA, 1984a ; AKIBA and
YANAGISAWA, 1986 ; PI. 5, Figs. 1, 4, 5, 13, 14).

D. lauta possesses distinct basal ridges look-
ing like clear dark bow ties in silhouette in
LM (Pl 5, Fig. 1, right). In contrast the basal
ridges of Vc type valve of D. praedimorpha are
much shorter than those of D. luta, looking
like dark small quadrangles in silhouette (Pl.
5, Fig. 4, right), whereas those of Vo type
valve are bow tie-shaped, but exhibit very
unclear and faint impression because they are
very low (Pl 5, Fig. 5, right). The Vc-type
valve of D. dimorpha lacks basal ridges (Pl. 5,
Fig. 13), while those of Vo type valve have the

same look as those of Vo type valve of D.
praedimorpha (Pl. 5, Fig. 14).

D. lauta, D. praedimorpha and D. dimorpha
are distinguished more easily in type of copula
than in valve morphology. The copula of D.
lauta is a weakly silicified open band with non
-punctated sides (type Con) and short and
indistinct pairs of inner extensions (PL. 5, Fig.
2). In contrast D. praedimorpha has two types
of closed copulae (types Ccr and Ccm) and one
type of open copula (type Cop). The closed
copula is strongly silicified with relatively
long and sharply truncated pairs of inner
extensions (Pl 5, Fig. 8). The type Ccr copula
has a serrate edge (Pl. 5, Fig. 6), whereas the
type Ccm copula has a smooth edge (PL. 5, Fig.
7). The open copula with punctated sides
(Cop) is weakly silicified (Pl. 5, Fig. 9) with
indistinct pairs of inner extensions. D. dimoy-
pha also has two types of closed copula (types
Cer and Ccm) and one type of open copula
(type Cop) as D. praedimorpha does. How-
ever, the closed copula of D. dimorpha posses-
ses complete cross rods (PL. 5, Fig. 15) . The
open copula of D. dimorpha is the same as that
of D. praedimorpha (Pl. 5, Fig. 16).

Phylogenetic relationship : The species is
a descendant of D. praelauta because of nearly
continuous morphologic series from the
younger advanced form of D. praelauta to D.
lauta. D. lauta arose from D. praelauta by
gradually development of marginal ribs. D.
lauta gave rise to four species ; D. ichikawae,
D. tanimurae, D. praedimorpha and D. simon-
senii.

Denticulopsis ichikawae n. sp.
Plate 2, Figs. 9, 11-13;
Plate 9, Figs. 2-4

Synonymy : Denticula lauta BAILEY, SIMON -
SEN and KANAYA, 1961, pl. 1, fig. 2, non pl. 1,
figs. 1, 3, 6-10; Denticulopsis lauta (BAILEY)
SIMONSEN, HAJOs, 1986, pl. 34, figs. 7-16;
AKIBA and YANAGISAWA, 1986, pl. 9, fig. 1.

Description : Frustule rectangular with
rounded corners in girdle view, 6-8 um in
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depth. Valve linear to linear-elliptical with
rounded apices, 9-30 um long, 4-6 um wide.
Transapical striae on valve face, finely pun-
ctated, 20-26 in 10 xm, partly reduced so that
the middle part of the interval between
pseudosepta is hyaline. Valve mantle finely
punctated without reduction of puncta. Pri-
mary pseudosepta, 3-5 in 10 um. Secondary
pseudosepta absent. Apical pseudosepta pres-
ent in some specimens. Between each two
primary pseudosepta, short marginal ribs
present on both sides. Raphe marginal. Cop-
ula open with smooth non-punctated sides.

Holotype : Plate 2, Fig. 12; GSJ F 12813
deposited in Geological Survey of Japan (Sam-
ple DSDP Hole 438 A, 79-1, 51-54 cm, north-
west Pacific).

Stratigraphic occurrence: The species
first occurs in the lower part of the Denticu-
lopsis lauta Zone (NPD 4A) and is abundant in
the middle part of this zone. It is rare to
sporadic in the upper part of this zone and the
overlying Denticulopsis hyalina Zone (NPD
4B), making its real last occurrence difficult
to recognize.

Geographic distribution : The species is
distributed in the middle- to high-latitude
North Pacific and the Southern Ocean, but not
in the equatorial Pacific.

Remarks : This new species resembles D.
lauta and D. okunoi, but differs from the for-
mer by its reduced transapical striae or
hyaline middle intervals between pseudosepta,
and from the latter by its linear valve outline.
It is also very similar to D. praehyalina in
partly reduced transapical striae, but distin-
guished by more thinly silicified valve struc-
tures, finer punctation and pattern of reduc-
tion of puncta on valve face.

Phylogenetic relationship: Morphologic
similarities and stratigraphic occurrence indi-
cate that D. ichikawae evolved from D. lauta
through partial reduction of puncta on valve
face. D. ichikawae developed into D. okunoi by
change in valve outline from linear to oval
form.

Derivation of name : The species is named

in honor of Dr. Wataru ICHIKAWA, one of the
pioneers of diatom biostratigraphic research
in Japan.

Denticulopsis okunoi n. sp.
Plate 2, Figs. 19-25

Synonymy : Denticulopsis lauta (BAILEY)
SIMONSEN, AKIBA et al., 1982, pl. 3, figs. 46, 47 ;
Denticulopsis lauta BAILEY, ITO, 1986, pl. 1,
figs. 1, 2, 5 ; Denticulopsis praedimorpha AKIBA,
LEE, 1986, pl. 2, fig. 18.

Description : Frustule rectangular with
rounded corners in girdle view. Valve oval
with broadly rounded apices, 10-21 um long,
6-9.5 um wide. Transapical striae on valve
face finely punctated, 22-26 in 10 gm, partly
reduced so that the middle part of interval
between each two pseudosepta is hyaline.
Valve mantle low, finely punctated without
reduction of puncta. Primary pseudosepta, 6~
7 in 10 um, curved near apex. Short marginal
ribs present between each two pseudosepta on
both side. Secondary pseudosepta absent.
Apical pseudosepta present in some speci-
mens. Raphe marginal. Copula open with
smooth non-punctated sides.

Holotype : Plate 2, Fig. 22; GS] F12814
deposited in Geological Survey of Japan (Sam-
ple JOB 423, Taga Formation, Hirakata,
Joban Coalfield, Ibaraki, Japan).

Stratigraphic occurrence : The species has
a very short range in the lower part of the
Denticulopsis lauta Zone (NPD 4A). Its first
occurrence is younger than that of Denficulop-
sis ichikawae.

Geographic distribution : The species has
been found only from Japan and its environs
at present.

Remarks : Reduction of puncta on valve
face varies from nearly full punctation (Pl. 2,
Fig. 21) to reduction with only two striae near
each two pseudosepta (Pl. 2, Fig. 19). This
new species is characterized by its oval valve
outline, which distinguishes it from its related
species D. ichikawae and D. lauta. Biometric
analysis indicates that this species is signifi-
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Fig. 18 Plot of width and length in valves of
Denticulopsis okunoi, D. ichikawae and D.
lauta. Sample JOB 423, Taga Formation,
Hirakata, Ibaraki, Joban Coalfield,
Japan (Denticulopsis lauta Zone, NPD
4A).

cantly different from the latter two species in
valve length and width (Fig. 18). It is similar
to D. crassa in valve outline, but clearly distin-
guished by the absence of secondary pseudose-
pta. This species also resembles D. ovata, but
differs in morphology of copula and stratigra-
phic range.

Phylogenetic relationship : D. okunoi is a
descendant of D. ichikawae because of its
stratigraphic range and morphologic similar-
ities. It evolved from D. ichikawae through
change in valve outline from linear form to
oval one. D. okunoi is the last member of the
lineage leading from D. praelauta via D. lauta
and D. ichikawae.

Derivation of name: Named in honor of
Dr. Haruo OKUNO who first examined fossil
Denticulopsis species by transmitted electron

microscope.

Denticulopsis tanimurae n. sp.
Plate 2, Figs. 26, 27

Synonymy : Denticula lauta var. wvalida
(PEDICINO) OKUNO, 1964, p. 41, pl. 505, bottom,
non, pl. 505, top; Denticulopsis prachyalina
TANIMURA, 1989, in part, pl. 1, figs. 5a, 5b, pl.
2, figs. 4a, 4b, non pl. 1, figs. 1-4, 6-9b, pl. 2,
figs. 1-3b, 5-7.

Description : Frustule rectangular with
rounded corners in girdle view. Valve thickly
silicified, linear to linear-elliptical with round-
ed apices, 10-60 um long, 4-7.5um wide.
Transapical striae on valve face relatively
coarsely punctated, 20-24 in 10 um with net-
work of ramified thickening. Valve mantle
high with double-layered coarse punctation
composed of outer fine and inner chamber-
like large punctations. Primary pseudosepta
4-5 in 10 gum. Secondary pseudosepta absent.
Marginal ribs present on both side between
each two pseudosepta. Raphe marginal. Cop-
ula open with smooth non-punctated sides.

Holotype : Plate 2, Fig. 27; GSJ F12819
deposited in Geological Survey of Japan (Sam-
ple DSDP Hole 438A, 71-3, 7-11 cm, northwest
Pacific).

Stratigraphic occurrence : The species has
its first occurrence in the uppermost horizon
of the Denticulopsis lauta Zone (NPD 4A),
slightly prior to the first occurrence of D.
praehyalina. Its last occurrence is within the
upper part of the Denticulopsis hyalina Zone
(NPD 4B).

Geographic distribution : This species is
recognized in the middle- to high-latitude
North Pacific but not in the equatorial
Pacific.

Remarks: This new species is character-
ized by the thickly silicified valve and coarser
punctation on valve face. It is very similar to
D. lauta, but distinguished by strongly
silicified valve, slightly coarser punctation on
valve face and double-layered punctation on
valve mantle. The species also resembles D.
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praehyalina, but differs by the full punctation
on valve face.

Phylogenetic relationship: D. fanimurae
probably evolved from D. lauta by develop-
ment of double-layered punctation on valve
mantle associated with strong silicification. D.
tanimurae evolved into D. praehyalina by
reduction of puncta on valve face.

Derivation of name: This new species is
dedicated to Dr. Yoshihiro TANIMURA,
National Science Museum, Tokyo, Japan, who
described Denticulopsis praehyalina, a descen-
dant species of D. fanimurae.

Denticulopsis praehyalina TANIMURA
emend.

Plate 2, Figs. 28-32;
Plate 9, Figs. 5-7

TANIMURA, 1989, p. 172-174, pl. 1, figs. 1-4,
6-9b; pl. 2, figs. 1-3b, 5-7, non pl. 1, fig. 5, pL
2, figs. 4a, 4b.

Synonymy : Denticula lauta BAILEY, SCHRA -
DER, 1973a, pl. 2, figs. 21, 22 ; SCHRADER, 1973b,
pl. 1, fig. 20; Denticula miocenica SCHRADER,
1973b, pl. 1, figs. 14, 15; Denticulopsis sp. 1,
TANIMURA and SAITO, 1986, pl. 2, figs. 9-12;
YANAGISAWA et al., 1989, pl. 6, fig. 8.

Emended description : Frustule rectangular
with rounded corners in girdle view. Valve
thickly silicified, linear to linear-elliptical
with bluntly rounded apices, 10-40 ym long,
5-9 um wide. Transapical striae on valve
face finely punctated 12-24 in 10 xm, sporadic
with variable reduction of puncta. In some
specimens with strongly reduced punctation,
only one or two striae of sporadic puncta
present near primary pseudosepta. Puncta
more or less arranged in quincunx. Clusters
of puncta arranged in a longitudinal line along
raphe-bearing margin, looking like triangular
or hexagonal large pores in LM, two in each
chamber. Two apically arranged rows of
rounded large depressions present on valve
face. Valve mantle high, perforated by double
-layered punctation composed of outer finely
perforated wall, 32-38 puncta in 10 #m, and

inner coarse punctation, 7-10 in 10 gm. Pri-
mary pseudosepta 3-5 in 10 um. Secondary
pseudosepta absent. Apical pseudosepta pres-
ent in some specimens. Marginal ribs present
between each two primary pseudosepta.
Raphe marginal. Copula open with smooth
non-punctated sides.

Stratigraphic occurrence : The first occur-
rence of this species is observed in the upper-
most part of the D. lauta Zone (NPD 4A),
slightly above the first occurrence of D.
tanimurae and slightly below that of D.
hyalina. Its last occurrence is in the upper-
most part of the D. hyalina Zone (NPD 4B).

Geographic distribution: The species is
distributed in the middle- to high-latitude
North Pacific, but not in the equatorial
Pacific. There is no information on this
species in the Southern Ocean so far.

Remarks: The diagnostic features of this
species are its thick silicification and partly
reduced punctation on valve face. The species
resembles D. tanimurae and D. hyalina in that
they are all thickly silicified, but differs from
D. tanimurae by reduced punctation and from
D. hyalina by the presence of puncta on valve
face. It is also similar to D. ichtkawae in the
partly reduction of puncta, but differs by more
thickly silicified valve and the distribution
pattern of reduced puncta on valve face. The
primitive form of D. praehyalina with weakly
reduced punctation (Pl. 2, Fig. 28) is rather
similar to D. tanimurae, whereas the advanced
form with sporadic puncta near each
pseudoseptum (P1. 2, Fig. 32) is very close to D.
hyalina. This graded morphologic series in
valve face punctation (Pl. 2, Figs. 26-33) sug-
gests the evolutionary lineage from D.
tanimurae through D. praechyalina to D.
hyalina.

Phylogenetic relationship: The almost
continuous morphologic grading mentioned
above indicates that D. praehyalina evolved
from D. tanimurae through reduction of pun-
cta on valve face and developed into D.
hyalina by further reducing of punctation.
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Denticulopsis hyalina (SCHRADER)
SIMONSEN
Plate 2, Figs. 14, 33, 34;
Plate 9, Figs. 8, 9

SIMONSEN, 1979, p. 64 ; BARRON, 19814, pl. 4,
figs. 3, 4 ; MARUYAMA, 1984a, pl. 13, figs. 7-10,
pl. 16, figs. 7, 8 ; BARRON, 1985b, p. 784, figs, 13.
26, 27 ; AKIBA, 1986, pl. 26, figs. 20-25; AKIBA
and YANAGISAWA, 1986, p. 488-489, pl. 10, figs.
1-11, 14-16, pl. 11, figs. 1-10, pl. 12, figs. 1-5;
TANIMURA and SAITO, 1986, pl. 2, figs. 1-4;
YANAGISAWA ef al., 1989, pl. 6, figs. 9-11;
TANIMURA, 1989, pl. 1, figs. 10~14.

Synonymy : Denticula lauta BAILEY, KO-

1zuMmi, 1968, pl. 34, figs. 1la-12b; Denticula
hyalina SCHRADER, 1973a, p. 704, pl. 1, figs. 12
-22 ; SCHRADER, 1973b, p. 418, pl. 1, figs. 10, 22 ;
SCHRADER, 1974b, fig. 1:25 ; Ko1zumi, 1975a, pl.
1, figs. 21-26; AKIBA, 1979, pl. 3, figs. 5, 6;
BARRON, 1980, pl. 1, fig. 12 ; Denticula hvalina
var. hustedtii SCHRADER, 1973b, pl. 1, figs. 9, 21.

Description : Frustule rectangular with
rounded corners in girdle view. Valve thickly
silicified, linear to linear-elliptical with blunt-
ly rounded apices, 8-36 um long, 3.5-7 um
wide. Valve almost hyaline. Clusters of fine
puncta arranged in a longitudinal line along
raphe-bearing margin, looking like large tri-
angular or hexagonal pores in LM, two
between each two primary pseudosepta.
Valve mantle high, perforated by double-
layered punctation composed of outer finely
perforated wall, 32-38 in 10 um, and inner
coarse puncta, 7-10 in 10 gm. Primary pseu-
dosepta 3-4 in 10 gm. Secondary pseudosepta
absent. Marginal ribs present between each
two primary pseudosepta on both sides.
Raphe marginal. Copula open with smooth
non-punctated sides.

Stratigraphic occurrence : The first occur-
rence of this species defines the base of the D.
hyalina Zone (NPD 4B) in the middle- to high-
latitude North Pacific. This species occurs
commonly to abundantly through this zone,
showing remarkable high abundance in its
uppermost part where it occupies 80-909% of

the assemblage. It abruptly decreases in
abundance at the base of the Crucidenticula
nicobarica Zone (NPD 5A) and thereafter it is
rare or sporadic in overlying Middle to Late
Miocene sequences until the top of the Upper
Miocene D. katayamae Zone (NPD 6A) in the
DSDP Hole 438 A. The species increases again
at the base of the Thalassionema schraderi
Zone (NPD 6B) and shows frequent occur-
rence through this zone and the overlying
Rouxia californica Zone (NPD 7A). This oc-
currence is, however, probably due to rework-
ing related to a hiatus at the base of the T.
schraderi Zone. Its precise last appearance is,
therefore, difficult to recognize.

In the Southern Ocean, this species is found
in the uppermost part of the Coscinodiscus
lewisianus Zone (NSD 4) through the Nifzschia
grossepunctata Zone (NSD 5).

Geographic distribution : The species is
restricted to the middle- to high-latitude in
the Northern and Southern Hemispheres.

Remarks : D. hyalina is characterized by its
almost hyaline valve face. It is distinguished
from D. praehyalina by the lack of striae on
valve face, and from D. miocenica by its more
slender and linear valve outline. This species
bears resemblance to D. katayamae in hyaline
valve face but differs by the absence of secon-
dary pseudosepta.

A very large valve with linear valve outline,
a central raphe and coarse double-layered
punctation on whole valve face (Pl. 2, Fig. 45)
was described as Kafahiraia oblonga KOMURA
(KoMURA, 1976, p. 386-387, abb. 6, figs. 1-4, pl.
41, fig. 6) or Katahiraia paupevata KOMURA
(KOMURA, 1976, p. 387-388, abb. 7, pl. 41, fig. 7).
However, this form is possibly an initial valve
of D. hyalina because of morphologic resem-
blance between them except for differences in
valve size and location of raphe . This is also
supported by the roughly coincident strati-
graphic ranges of these Katahiraia species and
D. hyalina. However, further study is requir-
ed to confirm their critical relationship.

Phylogenetic relationship: D. hyalina is
surely a descendant of D. praehyalina because
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of morphologic continuity between the two
species (TANIMURA, 1989). It evolved from D.
praehyalina by further reduction of puncta,
and developed into D. miocenica by change in
valve outline from linear to oval form.

Denticulopsis miocenica (SCHRADER)
SIMONSEN emend.

Plate 2, Figs. 35-37

SIMONSEN, 1979, p. 65; AKIBA, 1986, pl. 26,
figs. 26, 27 ; AKiBA and YANAGISAWA, 1986, p.
489, pl. 10, figs. 17-23, pl. 12, figs. 6-9.

Synonymy : Denticula miocenica SCHRADER,
1973a, p. 705, pl. 2, figs. 26-28 ; non SCHRADER,
1973b, pl. 1, figs. 14, 15 ; AKIBA, 1979, pl. 3, fig.

8 : Denticulopsis hyalina (SCHRADER) SIMON -

SEN, AKIBA and YANAGISAWA, 1986, pl. 10, figs.
12, 13.

Description : Frustule rectangular with
rounded corners in girdle view. Valve thickly
silicified, oval with broadly rounded apices,
7.5-38 um long, 5.5-13 um wide. Valve face
almost hyaline. Clusters of fine puncta arran-
ged in a line along raphe-bearing margin,
looking like triangular or hexagonal large
pores in LM, two between each two primary
pseudosepta. Primary pseudosepta 3.5-5 in 10
um, curved near apex. Secondary pseudosepta
absent. Marginal ribs present between each
two primary pseudosepta. Raphe marginal.
Deck very broad with small foramina. Copula
open with smooth non-punctated sides.

Stratigraphic occurrence: The species is

restricted in the uppermost part of the Denti-

culopsis hyalina Zone (NPD 4B) with generally
very rare abundance. However it is found
very abundantly from exotic blocks in the
Chokubetsu Formation of the Kushiro Coal-
field, eastern Hokkaido, Japan (Fig. 19;
AKIBA and ICHINOSEKI, 1983).

Geographic distribution : This species have
been found only from the middle- to high-
latitude North Pacific.

Remarks : D. miocenica bears resemblance
to D. hyalina, but differs by more oval valve
outline. We have once questioned the tax-
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Denticulopsis miocenica and D. hyalina.
Sample JDS 5801, an exotic block in the
Chokubetsu Formation, Kushiro Coal-
field, eastern Hokkaido, Japan
(Denticulopsis hyalina Zone, NPD 4B).

onomic status of D. miocenica (AKIBA and
YANAGISAWA, 1986). However, biometrical
measurements show that the two species are
significantly different in valve length and
width, and thus D. miocenica is a distinct
species (Fig. 19).

An unusually large valve with oval valve
outline, a central raphe and double-layered
punctation on the whole valve face is found
rarely in the upper part of the D. hyalina Zone
(NPD 4B) (Pl 2, Fig. 44; PL. 10, Figs. 3-9).
This form was named Katahiraia aspera by
KoMURA (1976, p. 385, abb. 5, figs. 1-8, pl.41,
figs. 1-5). However, it may possibly be an
initial valve of D. miocenica:
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Phylogenetic relationship : Based on
similarity in morphology and stratigraphic
occurrences, D. miocenica is believed to have
evolved from D. hyalina by change in valve
outline from linear to oval form. D.
miocenica terminated the lineage leading from
D. tanimurae through D. praehyalina and D.
hyalina.

Denticulopsis simonsenii n. sp.
Plate 3, Figs. 1-3;
Plate 11, Figs. 1,5

Synonymy : Denticula hustedtii SIMONSEN
and KANAYA, 1961, in part, pl. 1, figs. 22, 24, 25,
non pl. 1, figs. 19-21 ; Korzuwmi, 1968, p. 213, pl.

34, figs. 4a-5b, non pl. 34, figs. 6a, 6b ; SCHRAD-

ER, 1974b, fig. 1: 21; Denticulopsis hustedtii
(SIMONSEN and KANAYA) SIMONSEN, MARU-
YAMA, 1984a, pl. 12, fig. 8, pl. 13, fig. 6, pl. 16,
figs. 2, 3; AKIBA and YANAGISAWA, 1986, pl.
18, figs. 4, 5; YANAGISAWA ef al., 1989, pl. 6,
fig. 1.

Description : Frustule rectangular with
rounded corners in girdle view. Valve linear,
not elliptical or oval, 9-49 ym long, 4-8 um
wide. Transapical striae on valve face finely
punctated, not reduced, 22-24 in 10 #m, puncta
in quincunx arrangement. Valve mantle fine-
ly punctated. Pseudosepta‘ (primary or secon-
dary pseudosepta) equally spaced, 5.5-8 in 10
pm, with 1-3 secondary pseudosepta between
each two primary pseudosepta. Marginal
ribs, very short and sometimes inconspicuous
on both sides between each two pseudosepta.
Raphe marginal. Copula open with smooth
non-punctated sides. .

Holotype : Plate 3, Fig. 1; GSJ F12818 de-
posited in Geological Survey of Japan (Sample
N 58, Hataya Formation, Matsushima, Japan.
Detailed location of the type sample is shown
in fig. 3 of AKIBA et al., 1982).

Stratigraphic occurrence : In the middle-
to high-latitude North Pacific, this species
first occurs in the middle part of the
Denticulopsis hyalina Zone (NPD 4B), but is in
very low abundance until its abrupt increase

at the base of the overlying Crucidenticula
nicobarvica Zone (NPD 5A). Thereafter it
maintained its dominance as the most impor-
tant constituent of the North Pacific diatom
assemblage throughout the Middle Miocene.
After it gradually decreased in dominance,
replaced by its descendant Denticulopsis vul-
garis at the base or lowest part of the Late
Miocene Denticulopsis dimorpha Zone (NPD
5D), D. simonsenii shows only rare or sporadic
occurrence until the top of the D. katayamae
Zone (NPD 6A). Its recurrent increase at the
base of the Thalassionema schraderi Zone
(NPD 6B) and consistent occurrence through
this zone and the overlying Rouxia californica
Zone (NPD 7A) in DSDP Hole 438 A may be
due to reworking from older sediments.

In the equatorial Pacific, D. simonsenii has
a shorter range than that in the middle- to
high-latitude North Pacific. Its consistent
occurrence begins near the base of the Cos-
cinodiscus lewisianus Zone (NTD 6) which
roughly coincides with its abrupt increase in
the North Pacific. However, BARRON (1985a)
reported its earlier isolated occurrence in the
underlying B Subzone of the Cestodiscus pe-
plum Zone (NTD 5B), which closely approxi-
mates its first occurrence in the North Pacific.
D. simonsenii occurs frequently from the
middle part of the C. lewisianus Zone to the
middle part of the Actinocyclus moronensis
Zone (NTD 9) and then abruptly declined,
replaced by Denticulopsis vulgaris. 1t became
extinct in the lower part of the Coscinodiscus
yabei Zone (NTD 10) in the equatorial Pacific.

In the Southern Ocean, D. simonsenii,
though it has not been differentiated from its
related species such as Denticulopsis vuigaris
and D. praekatayamae, occurs from the middle
part of the Nitzschia grossepunctata Zone (NSD
5) to the top of the Denticulopsis hustedtii Zone
(NSD 8). The first occurrence datum coin-
cides with that in the middle- to high-latitude
North Pacific, but its last occurrence in the
lowermost part of the Pliocene is seemingly
three million years later than that in the
North Pacific. Its sporadic and rare occur-
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rence in the middle and upper part of the D.
hustedtii Zone suggests that the latest Miocene

and earliest Pliocene occurrence of D. simon-

senii may be reworking as it is in the North
Pacific.

Geographic distribution : D. simonsenii is a
cosmopolitan diatom with broad distribution
both in the middle- to high-latitudes and the
low-latitude. It may be, however, originally a
middle- to high-latitude species because of its
more abundant occurrence and longer strati-
graphic range in the middle to high-latitudes
than in the low-latitude. It was introduced to
the low-latitude by a major cooling in the
Middle Miocene (BARRON, 1986).

Remarks : This new species is character-
ized by its linear valve outline and full puncta-
tion on valve face. It is distinguished from D.
hustedtii and D. crassa by the linear valve
outline. The species differs from D. vulgaris,
D. praekatayamae and D. katayamae by the full
punctation on valve face.

Phylogenetic relationship : A probable an-
cestor of this species is Denticulopsis lauta
because there are no other preceding species
that have the same pattern of puncta as that
of D. simonsenii. This is also supported by
the presence of a curious specimen that may
be interpreted as an evolutionary intermediate
form between the two species (AKIBA, 1975, pl.
1, figs. 3a-b). D. simonsenii evolved from D.
lauta by creating secondary pseudosepta. D.

simonsenii is an ancestral species of D. vul-

garis, D. cvassa and D. hustedtii.

Derivation of name : The species is named
in honor of Dr. Reimer SIMONSEN who first
demonstrated the biostratigraphic value of
this diatom group with Dr, Taro KANAYA and

established the taxonomy of the genus Denii-

culopss.

Denticulopsis vulgaris (OKUNO) n. comb.
Plate 3, Figs. 4-8;
Plate 11, Figs. 2, 6-10

Basionym : Denticula lauta var.
OKUNO, 1964, p. 40, pl. 505, top a.

vulgaris

Synonymy : Denticula hustedtis SIMONSEN et
KaNAvA, 1961, in part, pl. 1, fig. 21, non pl. 1,
figs. 19, 20, 22, 24, 25; KoizuMi, 1968, pl. 34,
figs. 6a, 6b, non pl. 34, figs. 4a-5b ; KANAYA,
1971, pl. 40.5, figs. 14a, 14b; Denticula lauta
BAILEY (with reduced structure), SCHRADER,
1973b, pl. 1, fig. 11; Denticulopsis hustedtii

(SIMONSEN et KANAYA) SIMONSEN, MARU-

YAMA, 1984a, pl. 12, figs. 7, 9a, 9b, pl. 16, fig. 1 ;
AxiBa, 1986, pl. 28, fig. 13; AKIBA and
YANAGISAWA, 1986, pl. 17, fig. 12, pl. 19, figs.
1-3; YANAGISAWA et al., 1989, pl. 6, fig. 2.
Description : Frustule rectangular with
rounded corners in girdle view. Valve linear
with rounded apices, 12-45 gm long, 4-7 um
wide. Transapical striae on valve face, finely
punctated and reduced so that only two striae

remain near each pseudosepta with a broad

hyaline area between each two pseudosepta
(P1. 11, Figs. 2, 6-8). Valve mantle finely
punctated without reduction of puncta (Pl. 11,
Fig. 8). Punctation on valve mantle usually
single-layered but sometimes double-layered
in the lower part of Denticulopsis dimorpha
Zone (NPD 5D). Pseudosepta (primary or
secondary) equally spaced, 55-8 in 10 um,
with secondary pseudosepta, 1-3 between each
two primary pseudosepta. Marginal ribs
short and sometimes inconspicuous between
each two pseudosepta on both sides. Raphe
marginal. Copula open with smooth non-pun-
ctated sides.

Stratigraphic occurrence: In the middle-
to high-latitude North Pacific, the first occur-
rence of this species lies within the
Crucidenticula nicobarica Zone (NPD 5A), but
its occurrence remains rare to sporadic until
the top of the Denticulopsis praedimorpha Zone
(NPD 5B). The species became a consistent
member of diatom assemblage from the base
of the Thalassiosira yabei Zone (NPD 5C), and
it shows high abundance, dominating over
Denticulopsis simonsenii in the lower part of
the Denticulopsis dimorbha Zone (NPD 5D).
Thereafter it declined and became a minor
element during the remainder of the Late
Miocene. Its recurrent increase at the base of
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the Thalassionema schraderi Zone (NPD 6B) in
DSDP Hole 438A may be due to reworking
related to a hiatus at this level, making it
difficult to recognize its last occurrence.

In the equatorial Pacific, D. vulgaris has its
first occurrence in the upper part of the
Actinocyclus moronensis Zone (NTD 9), which
roughly coincides with its increasing in the
middle- to high-latitude North Pacific. It
replaces D. simonsenii and occurs frequently
within the upper part of this zone. It last
occurs in the lowest part of the overlying
Coscinodiscus yabei Zone (NTD 10).

This species is found from Miocene sedi-
ments of Chile (PL. 11, Figs. 9-10). However,
its detailed stratigraphic range is unknown in
the Southern Hemisphere at present.

Geographic distribution: D. ouigaris is
broadly distributed in the North Pacific, the
equatorial Pacific and the Southern Ocean. It
occurs more dominantly with a longer strati-
graphic range in the North Pacific than in the
equatorial Pacific. These occurrences indi-
cate that this species is originally and mainly
a middle- to high-latitude species.

Remarks : The most characteristic feature
of this species is the reduction of puncta on
valve face so that only two striae remain near
each pseudoseptum. This species is clearly
distinguished from D. simonsenii by this
reduction of puncta. It is very similar to D.
praekatayamae, but differs by the continuity of
the transapical striae and also by a less
silicified valve. The species is distinguished
from D. hustedtii by its linear valve outline.
Some specimens from the D. dimorpha Zone
are thickly silicified with double-layered pun-
ctation on valve mantle (PL. 3, Fig. 6) and show
morphologic similarity to D. praeckatayamae.
These forms may be evolutionary transitional
forms between the two species.

An unusually large valve with a central
raphe (PL. 3, Fig. 29) is found rarely. This type
of valve was described as Yoshidaia loculata
Komura (KOMURA, 1976, p. 391-392, abb. 11,
figs. 1-5, pl. 40, fig. 11, pl. 41, fig. 9). However
it may possibly be an initial valve of D. vul-

garis because of morphologic similarity
between them except for a difference in loca-
tion of raphe.

Discussion : The species was described ini-
tially as a variety of Denticula lauta by OKUNO
(1964) from the Usujiri deposit at Futami,
southern Hokkaido, Japan. However, its
holotype specimen apparently possesses secon-
dary pseudosepta and therefore it is not a
variety of D. lauta. SCHRADER (1973b) referred
to this taxon but treated it as a synonym of D.
lauta. He also noticed the reduction of tran-
sapical striae in Denticula hustedtii and de-
scribed a specimen that can now be included in
D. vulgaris (SCHRADER, 1973b, p. 418). Never-
theless, he illustrated this specimen as
Denticula lauta (with reduced structure). No
one has referred to this taxon since then.

Phylogenetic relationship: It is certain
that D. vuigaris evolved from D. simonsenii
through reduction of puncta on valve face
because of intimate morphologic similarity
between the two species. D. vulgaris gave rise
to D. prackatayamae by further reducing of
puncta and thick silicification.

Denticulopsis praeckatayamae n. sp.
Plate 3, Figs. 9-11, 20 ;
Plate 11, Figs. 3, 14-16

Synonymy : Denficulopsis katayamae MARU -
YAMA, 1984a, in part, pl. 17, figs. 14, 17, non
pl. 17, figs. 1-13, 15, 16, 18-23; AKIBA and
YANAGISAWA, 1986, pl. 20, figs. 2, 3, 6.

Description : Frustule rectangular -with
rounded corners in girdle view. Valve strong-
ly silicified, linear with rounded apices, 15-44
um long, 5-8 um wide. Transapical striae
strongly reduced so that only two striae of
sporadic puncta remain near each pseudose-
ptum. Valve mantle perforated by double-
layered punctation composed of outer fine and
inner coarse punctations. Pseudosepta (pri-
mary or secondary) equally spaced, 6-7 in 10
pm, with secondary pseudosepta 1-3 between
each two primary pseudosepta. Marginal ribs
short and sometimes inconspicuous between
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pseudosepta on both sides. Raphe marginal.
Copula open with smooth non-punctated
sides.

Holotype : Plate 3, Fig. 10; GS] F12817
deposited in Geological Survey of Japan
(Sample DSDP Hole 438A, 56 cc, northwest
Pacific).

Stratigraphic distribution : In the middle-
to high-latitude North Pacific, the first occur-
rence of this species is in the middle part of
the D. dimorpha Zone (NPD 5D), slightly prior
to that of D. katayamae. Its last occurrence is
observed in the uppermost part of the overly-
ing D. katayamae Zone (NPD 6A). The species
shows spot occurrence at the uppermost part
of the Actinocyclus morvonensis Zone (NTD 9)
in the equatorial Pacific.

Geographic distribution : The species is
found frequently in the middle- to high-lati-
tude North Pacific and the Southern Ocean,
but rarely in the equatorial Pacific. This
species is mainly a middle- to high-latitude
species.

Remarks: Diagnostic characters of this
new species are its strongly silicified valve
and reduced punctation on valve face with
remaining two striae of sporadic puncta near
each pseudoseptum. D. prackatayamae resem-
bles D. katayamae, but is distinguished by the
presence of striae on valve face. It is also
similar to D. vulgaris, but differs by its sporad-
ic puncta of striae and thick silicification.

Phylogenetic relationship: The species
evolved from D. wulgaris through further
reduction of puncta on valve face associated
with strong silicification of valve, and it devel-
oped into D. katayamae by complete reduction
of puncta.

Denticulopsis katayamae MARUYAMA
emend.

Plate 3, Figs. 12, 13, 28;
Plate 11, Fig. 4

MARUYAMA, 1984a, p. 158-159, pl. 12, figs.
la-6, pl. 17, figs. 1-13, 15, 16, 18-23, non pl. 17,
figs. 14, 17 ; KoizuMi and TANIMURA, 1985, pl.

1, figs. 5, 6; AKIBA, 1986, pl. 28, figs. 1-4;
AKIBA and YANAGISAWA, 1986, p. 489, pl. 17,
figs. 1-3, 6, pl. 19, figs. 6-9, pl. 20, figs. 1, 4, 5,
7, non pl. 20, figs. 2, 3, 6.

Synonymy : Denticula hyalina var. hustedtii
SCHRADER, 1973b, p. 418, non pl. 1, figs. 9, 21;
Denticulopsis  aff. hyalina var. hustedtii
(SCHRADER) SIMONSEN, ORESHKINA, 1985, pl. 1,
figs. 11-13.

Emended description : Frustule rectangular
with rounded corners in girdle view. Valve
linear with bluntly rounded apices, 7-37 gm
long, 4-7 pm wide. Valve face almost hyaline.
Cluster of fine puncta arranged in a lon-
gitudinal line along raphe-bearing margin,
looking like large pores in LM. Valve mantle
perforated by double-layered punctation com-
posed of outer fine and inner coarse pun-
ctations. Pseudosepta (primary or secondary)
equally spaced, 6-7 in 10 um. Secondary
pseudosepta 1-3 between each two primary
pseudosepta. Marginal ribs short and incon-
spicuous between each two pseudosepta.
Raphe marginal. Copula open with smooth
non-punctated sides.

Stratigraphic occurrence: The species is
common to abundant in the Late Miocene D.
katayamae Zone (NPD 6A) and characterizes
this zone. Its first occurrence is recognized in
the middle part of the D. dimorpha Zone (NPD
5D) and its last occurrence defines the top of
the D. katayamae Zone.

Geographic distribution : The species is
abundantly distributed in the North Pacific
but not found in the equatorial Pacific.

Remarks : D. katayamae is characterized by
hyaline valve face and thickly silicified valve.
It is distinguished from D. praekatayamae by
the absence of transapical striae on valve
face. This species resembles D. hyalina in
having hyaline valve face, but clearly differs
by the presence of secondary pseudosepta.

An oval form (PI. 3, Fig. 28), which is found
sporadically in the upper part of the D.
katayamae Zone, may be a distinct taxon but
more stratigraphic data are required to estab-
lish a new taxon.
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Discussion: In the original description
(MARUYAMA, 1984a, p. 158-159), a expression,
“in some specimens sparsely punctate” must

be omitted because it describes D. prae-

katayamae n. sp.

This species was described correctly by
SCHRADER (1973b) as Denticula hyalina var.
hustedtii. However, his holotype specimen
(SCHRADER, 1973b, pl. 1, fig. 9) does not fit his
description ; namely it lacks secondary pseu-
dosepta which is the most distinctive feature
that distinguishes the variety from the nomi-
nate variety. Consequently, the holotype of D.
hyalina var. hustedtii is undoubtedly D.
hyalina and SCHRADER’s (1973b) taxon is inva-
lid.

Phylogenetic relationship : This species is
surely a descendant of D. praekatayamae
because of common features between the two
species. AKIBA and YANAGISAWA (1986) sug-
gested another possible evolutionary change
from D. hyalina to D. katayamae. This possi-
bility is, however, now rejected because of
more intimate and graded morphologic
change from D. prackatayamae to D.
katayamae. D. katayamae is the last species of
the lineage composed of D. simonsenii, D.
vulgaris, D. prackatayamae and D. katayamae.

Denticulopsis delicata n. sp.
Plate 7, Figs. 1-4

Deseription : Valve delicate, linear and slen-
der, 36-53 um long, 5.5-6.5 #m wide in ob-
served specimens. Valve face seems hyaline
in ordinary LM observation. Pseudosepta
(primary or secondary) equally spaced, ca. 7 in
10 #m. Primary pseudosepta with poorly de-
veloped narrow basal ridge. Secondary pseu-
dosepta present 1-2 between each two pri-
mary pseudosepta. Marginal ribs short and
inconspicuous on both sides between pseudose-
pta. Raphe marginal.

Holotype : Plate 7, Fig. 1; GSJ F12891 de-
posited in Geological Survey of Japan (Sample
DSDP Hole 266, 10-5, 87-90 cm, Southern
Ocean).

Stratigraphic occurrence : Not well known
at present.

Geographic distribution : The species is
found only from the Southern Ocean.

Remarks : The characteristic feature of this
species is its delicate valve with seemingly
hyaline valve face. It is similar to D.
katayamae in the hyaline valve face, but differs
by a more linear and more thinly silicified
valve.

Discussion : The features of this species are
just fit with those of Denticula aff. seminae, a
taxon which SCHRADER (1976) recognized in
the DSDP Hole 278 in the Southern Ocean,
although he presented no illustration of the
taxon. According to his occurrence chart, D.
seminae aff. seminae occurs in the lower part
of the D. lauta - D. hustedtii Zone (NSD 7)
(Fig. 10). Further biostratigraphic study is
needed to establish the stratigraphic distribu-
tion and phylogeny of this species.

Denticulopsis hustedtii (SIMONSEN et
KANAYA) SIMONSEN emend.
Plate 3, Figs. 14-19;

Plate 11, Figs. 11-13.

SIMONSEN, 1979, p. 64.

Synonymy : Denticula lauta BAILEY,
GRUNOW in VAN HEURCK, 1880-1885, pl. 49,
figs. 1, 2; Denticula hustedtii SIMONSEN and
KANAYA, 1961, in part, pl. 1. fig. 19, non pl. 1,
figs. 20-22, 24, 25 ; BARRON, 1973, pl. 1, fig. 6;
SCHRADER, 1974b, fig. 1:20 ; BARRON, 1975, pl.
8, fig. 9, non pl. 8, fig. 10 ; AKIBA, 1979, pl. 3,
fig. 2; Denticula hustedtii SIMONSEN and
KANAYA var. 1, BARRON, 1976, p. 55, pl. 2, figs.
27, 34 ; Denticulopsis hustedtii (SIMONSEN and
KaANAYA) SIMONSEN (elliptical form), MARU-
YAMA, 19844, pl. 13, figs. 1a-3, pl. 16, figs. 4, 5.
Denticulopsis  hustedtii (SIMONSEN and
KANAYA) SIMONSEN, AKIBA, 1986, pl. 28, figs.
16, 17; Denticulopsis hustedtii SIMONSEN et
KaNAya, ITO, 1986, pl. 1, fig. 14.

Emended description : Frustule rectangular
with rounded corners in girdle view. Valve
elliptical or lanceolate with acutely rounded
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apices, 9-37 um long, 6-10 um wide. Tran-
sapical striae, finely punctated, 22-26 in 10
um, in quincunx arrangement. Punctation on
valve face full in some specimens, or reduced
in part in other specimens so that only two
striae remain near each pseudoseptum. Valve
mantle low, punctated finely without reduc-
tion of puncta. Pseudosepta (primary or sec-
ondary) equally spaced, 6-8 in 10 gm, with
secondary pseudosepta 1-3 between each two
primary pseudosepta. Marginal ribs very
short on both sides between each two
pseudosepta. Raphe marginal. Copula open
with smooth non-punctated sides.

Holotype : SIMONSEN and KANAYA, 1961, pl.
1, fig. 19 (Plate 3, Fig. 15).

Stratigraphic occurrence : This species is
restricted within the late Middle Miocene
Thalassiosira yabei Zone (NPD 5C) and charac-
teristic of this zone. Its first occurrence is
slightly above the base of this zone and its last
occurrence lies just below the top of this zone.

Geographic distribution: The species is
found in the North Pacific and the Southern
Ocean, but not distributed in the equatorial
Pacific.

Remarks: D. hustedtii whose taxonomic
concept is emended here is characterized by
its elliptical or lanceolate valve outline which
distinguishes the species from other Denticulo-
psis species. Reduction of puncta on valve

face varies from almost full punctation (Pl. 3, °

Fig. 15) to partly reduction with only two
striae (PL 3, Figs. 14, 17-18). The species has
resemblance to D. simonsenii and D. vulgaris,
but differs by the lanceolate valve outline and
the narrower interval between pseudosepta.
Biometrical analysis indicates that this
species differs significantly from the latter
two species in valve length and width (Fig. 20).
It resembles D. crassa, but differs by the lan-
ceolate valve outline with more acutely
rounded apices, a less silicified valve, a narr-
ower deck and more slender basal ridges.
Discussion : MARUYAMA (1984a) first
noticed the stratigraphic value of this species.
He described this species as D. hustedtii (ellip-
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tical form) and showed that it was a useful
marker of the 7. yabei Zone (NPD 5C) in the
North Pacific.

The taxonomic concept of Denticulopsis
hustedtii in SIMONSEN and KANAYA (1961) and
SIMONSEN (1979) is too broad in variation of
valve shape and punctation pattern. This
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Table 9 Classification of Denticulopsis
simonsenii group.

Valve outline

Punctation
Linear Oval |Lanceolate
Full D. simonesenii
D. hustedtii
Reduced | D. vulgaris D. crassa

Sporadic | D. prackatayamae

Hyaline | D. katayamae

| D. delicata

study divided this species group into seven
species including D. katayamae and D. vulgaris
based on the differences in valve outline and
punctation on valve face (Table 9). As the
type specimen of D. hustedtii is included in a
group of lanceolate valve outline, the species
name D. hustedtii is retained for these lan-
ceolate group.

Phylogenetic relationship : D. hustedtii ap-
parently branched off from D. simonsenii by
change in valve outline from linear form to
lanceolate form. This species did not leave
any descendants.

Denticulopsis crassa n. sp.
Plate 3, Figs. 21-27,;
Plate 12, Figs. 1-8

Synonymy : Denticula hustedtii SIMONSEN
and KANAYA, SCHRADER, 1973a, pl. 2, figs. 29,
30; Denticulopsis hustedtii (SIMONSEN and
KANAYA) SIMONSEN, AKIBA, 1986, pl. 28, figs.
5,9, 14, 15, 18 ; AKIBA and YANAGISAWA, 1986,
pl. 17, figs. 9, 10, 20.

Description : Frustule rectangular with
rounded corners in girdle view. Valve thickly
silicified, ovate with broadly rounded apices,
10-32 gm long, 5.5-11 um wide. Transapical
striae on valve face, 12-15 in 10 #um with
puncta slightly reduced in quincunx arrange-
ment. Valve mantle more finely and densely
punctated than valve face. Pseudosepta (pri-
mary or secondary ) equally spaced, 5-6 in 10
um, with secondary pseudosepta, 1-2 between

each two primary pseudosepta. Basal ridge
short and broad. Marginal ribs short on both
sides between each two pseudosepta. Deck
broad with small foramina. Copula open or
closed with smooth non-punctated sides.
Apical thickening not developed in closed
copula.

Holotype : Plate 3, Fig. 23; GSJ F12893
deposited in Geological Survey of Japan (Sam-
ple DSDP Hole 438A, 65-7, 17-18 cm, north-
west Pacific).

Stratigraphic occurrence : In the middle-
to high-latitude North Pacific, the first occur-
rence of this species roughly coincides with
the base of the D. praedimorpha Zone (NPD
5B) and its last occurrence lies in the lower
part of the D. dimorpha Zone (NPD 5D). This
species has two abundance peaks: one in the
middle part of the D. praedimorpha Zone and
the other in the middle part of the Thalas-
siosira yabei Zone (Table 4, Fig. 8).

Geographic distribution : This species is
distributed both in the middle- to high-lati-
tude North Pacific and the Southern Ocean
but not found in the equatorial Pacific. It is,
therefore, a middle- to high-latitude species.

Remarks : D. crassa is distinguished from D.
simonsenii, D. vulgaris, D. prackatayamae and
D. katayamae by its oval shape, a broader deck
with smaller foramina, short and robust basal
ridges and the presence of closed copula.
Biometrical measurement indicates that D.
crassa differs significantly from D. simonsenii
and D. vuigaris in width and length (Fig. 21).
This species is similar to D. hustedtii when the
valve outline is not so oval, but differs by a
more thickly silicified valve, broader basal
ridges, a broader deck and more rounded
apices.

D. crassa is also very similar to D. ovata in
valve outline. In particular, the valve of D.
ovata combined with its closed copula (Pl. 5,
Fig. 19) is hardly distinguishable from the
valve of D. crassa (Pl. 3, Fig. 23). Neverthe-
less, careful observation can distinguish the
two species; In D. ovata, the suture line
between the basal ridge and the pair of inner
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extensions are not present (the right figure of
Fig. 19 in Plate 5), whereas D. crassa clearly
possesses this suture line (Pl. 12, Fig. 3).

The closed copula of D. crassa resembles
that of D. praedimorpha but is distinguished by
the following characteristics: (1) D. crassa is
more ovate in outline than D. praedimorpha.
(2) D. crassa has no silicified apical thickening
in its closed copula, while D. praedimorpha has
well developed apical thickings except for its
small form.

Phylogenetic relationship: This species is
an evolutionary offshoot of D. simonsenii. It
evolved from the latter species by change in
valve outline to oval form, thick silicification
and development of closed copula. D. crassa
left no descendant.

Denticulopsis praedimorpha var.
minor n. var.

Plate 4, Figs. 1, 2, 8, 9, 11, 21-24 ;

Plate 7, Figs. 5, 6, 10 ;

Plate 12, Fig. 9

Synonymy : Denticulopsis praedimorpha
(AKiBA) BARRON, 198la, pl. 4, figs. 9, 10;

Denticulopsis cf. dimorpha (SCHRADER) SIMON -

SEN, AKIBA, 1982, pl. 10, fig. 19 ; Denticulopsis
praedimorpha AXIBA, MARUYAMA, 1984a, pl.

15, fig. 1, pl. 18, fig. 11, Denticulopsis praedi-

morpha (AKIBA) BARRON ex AKIBA, BARRON,
1985b, fig. 13.24 ; Denticulopsis praedimorpha
BARRON ex AKIBA, ORESHKINA, 1985, pl. 1, fig.
4 : AKIBA and YANAGISAWA, 1986, pl. 13, figs.
3,4, 16, 24.

Description: Valve linear with rounded
apices, small, 6-19 #um mostly 6-13 #m long,
2.5-4 um wide. Pseudosepta 6-7 in 10 xm.
Silicified inner apical thickening of closed
copula absent. Other features are nearly the
same as those of the nominative variety.

Holotype : Plate 4, Fig. 8 (closed copula);
GSJ F12815 deposited in Geological Survey of
Japan (DSDP Hole 438 A, 66-1, 121-123 cm,
northwest Pacific)

Stratigraphic occurrence: The variety
occurs from the base of the D. praedimorpha
Zone (NPD 5B) to the top of this zone.

Remarks: The variety differs from D.
praedimorpha var. praedimorpha and var.
robusta by the absence of apical thickening of
closed copula and smaller size (less than 4 #m
in width, Fig. 22). It is distinguished from D.
praedimorpha var. intermedia by the lack of
partially developed cross rod of closed copula,

Phylogenetic relationship : This variety is
the most primitive form of D. praedimorpha.
It is very similar to the primitive form of
Denticulopsis lauta in small valve size, full
punctation on valve face and the presence of
two types of copula. There is a stratigraphic
gap between the last abundant occurrence of
D. lauta and the first occurrence of this vari-
ety in the North Pacific. However, the mor-
phologic similarities mentioned above sug-
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gests that D. praedimorpha var. minor evolved
from the primitive form of D. lauta by acquir-
ing a closed. copula with well-developed pair
of inner extensions.

This variety is an ancestor of D. praedimor-
pha var. praedimorpha, var. intermedia and D.
barronii.
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Denticulopsis praedimorpha BARRON ex
AKIBA var. praedimorpha

Plate 4, Figs. 3-5, 10, 12-17, 39;
Plate 5, Figs. 4-12 ‘

AKIBA, 1982, p. 46-48, pl. 11, figs. 9a-16, 18-
27b; ORESHKINA, 1985, pl. 1, fig. 3; AKIBA,

1986, pl. 27, figs. 15-26 ; AKIBA and YANAGI-

SAWA, 1986, p. 489-490, pl. 13, figs. 1, 2, 5-15,
17-23, 25-28, pl. 14, figs. 1-12 ; YANAGISAWA et
al., 1989, pl. 6, fig. 6.

Synonymy : Denticula lauta BAILEY,
KANAYA, 1959, p. 112-116, in part, pl. 10, figs.
7-9, 16, non pl. 10, figs. 10a-15 ; SIMONSEN and
KANAYA, 1961, pl. 1, figs. 6-10, non pl. 1, figs.
1-5; Denticula? sp., KANAYA, 1959, p. 116, pl.
10, figs. 17a-20b; Denticula praedimorpha

AKIBA, 1979, pl. 1, figs. 11a-19, pl. 2, figs. la-

5, 7a-8b, 11-21b, nom. invalid ; BARRON, 1980,

p. 672, pl. 1, figs. 18-20; Denticulopsis praedi-

morpha (AKIBA) BARRON, 1981a, p. 529, pl. 4,
fig. 8, non pl. 4, figs. 9, 10; Denticulopsis
praedimorpha (AKIBA ex BARRON) BARRON,

AKIBA et al., 1982, pl. 3, figs. 58-62 ; Denticulo-

psis praedimorpha AKIBA, MARUYAMA, 1984a,
pl. 15, figs. 2-7, pl. 18, figs. 1-6, 10, pl. 19, figs.
1-15; Denticulopsis praedimorpha (AKIBA)
BARRON ex AKIBA, BARRON 1985h, p. 785, fig.
13.25.

Description : Frustule rectangular with
rounded corners in girdle view. Valve linear to
linear elliptical with bluntly rounded apices,
9-24 um long, 4-6.5um wide. Transapical
striae on valve face finely punctated, 24-26 in
10 #m, arranged in quincunx. Valve mantle
high perforated by fine puncta. Primary
pseudosepta, about 5 in 10 gm. In Vc valve,
primary pseudosepta with high and short
basal ridges, about 5 in 10 um, with 2 or 3
apical pseudosepta near each apex. In Vo
valve, primary pseudosepta with low and in-
distinct basal ridges, about 4-5 in 10 um.
Secondary pseudosepta absent. Marginal ribs
between each two pseudosepta on both sides.
Raphe marginal: Copula closed or open.
Closed copula with serrate edge (Ccr) or with
smooth edge (Ccm), combined with V¢ valve.

In closed copula, apical thickening well devel-
oped. Open copula with punctated sides (Cop),
combined with Vo valve.

Stratigraphic occurrence : The variety
first occurs in the lower part of the D.
praedimorpha Zone (NPD 5B) and last at the
top of this zone in the middle- to high-latitude
North Pacific. In the Southern Ocean, D.
praedimorpha is found in the middle part of
the Nitzschia denticuloides Zone (NSD 6).

Geographic distribution : D. praedimorpha
occurs in the middle- to high-latitude North
Pacific, the Norwegian Sea and the Southern
Ocean. It is not distributed in the equatorial
Pacific. Hence, D. praedimorpha is a middle-
to high-latitude species.

Remarks : D. praedimorpha var. praedimor-
pha differs from the var. minor by the pres-
ence of apical thickening of closed copula and
a larger valve (4-6.5 um wide, Fig. 22). It is
distinguished from the var. robusta by a rela-
tively smaller and slender valve (less than 6.5
um wide, Fig. 22) and the absence of partially
developed cross rod of closed copula. The
variety praedimorpha differs from the var.
ntermedia by the lack of partially developed
cross rods of closed copula.

D. praedimorpha is different from D. dimor-
pha and D. ovate in that it lacks complete
cross rods of closed copula. D. praedimorpha
differs from D. barronii mainly by the absence
of secondary pseudosepta in V¢ valve. The
two species also differ in geographic distribu-
tion: D. praedimorpha is a middle- to high-
latitude species, while D. barronii is distribut-
ed in the low-latitude.

Because of close resemblance, the valve of
D. praedimorpha have been confused with the
valve of D. lauta by many previous studies.
However, the valves of the two species are
clearly distinguished by the length and height
of basal ridge : basal ridges of V¢ valve of D.
praedimorpha are shorter and higher than
those of D. lauta, whereas basal ridge of Vo
valve of D. praedimorpha are lower and more
indistinct than those of D. .leuta (Compare
Figures 1 and 5 in Plate 5). More detailed

— 251 —




Bulletin of the Geological Survey of Japan, Vol. 41, No. 5

morphologic differences between D. lauta, D.
praedimorpha and’ D. dimorbha are discussed
in remarks of D. lauta (p. 236).

The three types of copulae of D. praedimor-
pha might theoretically form nine (3 X3) com-
binations in frustule (Table 3), but we have
observed only seven combinations as it fol-
lows:

Cop/Cop: Pl. 4, Fig. 5.

Cop/Ccr: Pl 4, Fig. 17; AXIBA and

YANAGISAWA, 1986, pl. 14, fig. 12.

Cop/Ccr: PL 5, Fig. 10.

Cer/Ccr: Pl 4, Fig. 35.

Cer/Cem: Pl. 5, Fig. 11.

Ccm/Cer : not illustrated.

Cem/Cem: Pl. 5, Fig. 12 ; Pl 4, Fig. 16; P1.

4, Fig. 24 ; AKIBA and YANAGI-
SAWA, 1986, pl. 14, fig. 11.
(In each combination, the left indicates
epicopula and the right indicates hypocopula.)
We have not yet recognized combinations of
Ccr/Cop and Ccm/Cop.

Phylogenetic relationship: D. praedimor-
pha var. praedimorpha evolved from its vari-
ety minor through development of apical
thickening of closed copula and an increase in
size.

Denticulopsis praedimorpha var.
robusta n. var.

Plate 4, Figs. 6, 7, 18-20, 34, 35;
Plate 12, Figs. 10-14

Synonymy : Denticula praedimorpha AKIBA,
1979, pl. 2, figs. 9, 10 ; Denticulopsis praedimor-
pha BARRON ex AKIBA, 1982, pl. 11, fig. 11;
AKIBA, 1986, pl. 27, fig. 14; Denticulopsis
praedimorpha AKIBA, MARUYAMA, 1984a, pl.
18, figs. 7-9.

Description : Valve robust, linear-elliptical
with rounded apices, 18-25 um long, 7-9 um
wide. Valve mantle perforated with double-
layered punctation composed of outer fine and
inner coarse perforations. Pseudosepta 4-5 in
10 gm. Closed copula robust, sometimes with
cross rods. Apical thickening of closed copula
well developed. Other features are almost the

same as those of the nominative variety.

Holotype : Plate 4, Fig. 19 (closed copula) ;
GS]J F12816 deposited in Geological Survey
of Japan (DSDP Hole 438A, 64-3, 10-14 cm,
northwest Pacific)

Stratigraphic occurrence: The variety
occurs in the upper part of the D. praedimor-
pha Zone (NPD 5B).

Remarks: The variety differs from vari-
eties praedimorpha and minor in a robust
larger valve (more than 7 um in width, Fig.
22), double-layered punctation on valve man-
tle and its robust closed copula which some-
times has partially developed cross rods.

Phylogenetic relationship: It is certain
that the variety robusta is a descendant of the
var. praedimorpha because of morphologic
continuity between them. The var. robusta
evolved from the var. praedimorpha by an
increase in size and partially developed cross
rods of closed copula. It did not leave any
descendants.

Denticulopsis praedimorpha var.
intermedia n. var.

Plate 7, Figs. 7-9, 11-13

Synonym : Denticulopsis cf. dimorpha
(SCHRADER) SIMONSEN, AKIBA, 1982, pl. 10,
fig. 12.

Description: Valve linear with bluntly
rounded apices, small 13-27 yum long, 5-6 um
wide. Vc valve has two types of primary
pseudosepta ; one with a short basal ridge and
the other without basal ridge. The latter type
looks like a secondary pseudoseptum in valve
view. Copula open or closed. Closed copula
with truncated pairs of inner extensions and
some partially developed cross rods. Apical
thickening not developed.

Holotype : Plate 7, Fig. 13 (Closed copula);
GS]J F12892 deposited in Geological Survey of
Japan (Sample DSDP Hole 266, 10-5, 87-90
cm, Southern Ocean).

Stratigraphic occurrence : This variety is
found only from DSDP Hole 266 (this study)
and JDS 15775 (the Southern Ocean; AKIBA,
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1982) at present.

Geographic distribution: The variety is
known from the Southern Ocean but not found
in the middle- to high-latitude North Pacific
and the low-latitude.

Remarks: This form differs from D.
praedimorpha var. minor by partial develop-
ment of cross rods in closed copula. It is very
similar to D. praedimorpha var. robusta in that
both have partially developed cross rods.
However, the var. intermedia differs from the
var. robusta by smaller size and the absence of
apical thickening in the closed copula, as well
as by the different distribution pattern of
cross rods. The cross rods of the var. robusta
are always located just near each apices (Pl. 4,
Figs. 19, 20), while the location of cross rods
is not fixed in the var. intermedia (Pl. 7, Figs.
11-13).

The Vc valve of var. intermedia (P1. 7, Figs.
7-9) is hardly distinguishable from that of D.
barronii (Pl. 4, Fig. 31). However, the two
taxa differ in morphology of closed copula (PI.
7, Figs. 11-13; Pl. 4, Figs. 26-30). D. praedi-

morpha var. intermedia resembles D. dimor-

pha var. dimorpha but differs by partial devel-
opment of cross rods and the presence of basal
ridge.

Phylogenetic relationship: Although its
precise stratigraphic range is not known at
present, D. praedimorpha var. intermedia is
probably an evolutionary intermediate form
between D. praedimorpha and D. dimorpha.
The var. intermedia descended from the var.
minor by partial development of cross rods of
closed copula and evolved into D. dimorpha
var. dimorpha.

Denticulopsis barronii n. sp.
Plate 4, Figs. 25-33, 36-38

Synonymy : Denticulopsis praedimorpha
(AKI1BA) AKIBA, BARRON, 19854, pl. 9, figs. 9, 10
(Closed copula).

Description: Valve linear with rounded
apices, 10-28 um long, 3.5-5 um wide. Tran-
sapical striae finely punctated, 24-26 in 10 #m.

Puncta arranged in quincunx, so that oblique
rows formed. Pseudosepta, 7.5-10 in 10 xm.
Two types of valves present. One type V¢ has
both primary and secondary pseudosepta,
each primary pseudoseptum with a short and
distinct basal ridge (Pl. 4, Fig. 31). The other
type Vo has only primary pseudosepta with
low and indistinct basal ridges. (Pl. 4, Fig. 25).
Between each two pseudosepta, short and
indistinct marginal ribs present. Raphe mar-
ginal. Copula closed or open. Closed copula
not punctated, with serrate edge (Ccr, Pl. 4,
Fig. 32) or smooth edge (Ccm, Pl 4, Fig. 33).
Silicified apical thickening of closed copula
absent or very poorly developed. Open copula
(Cop) punctated with one row of puncta (Pl. 4,
Fig. 38). Closed copula (Ccr and Ccm) con-
nected with Vc valve, whereas open copula
(Cop) with Vo valve.

Holotype : Plate 4, Fig. 37 (Vc valve con-
nected with closed copula); GSJ F12803 de-
posited in Geological Survey of Japan (Sample
DSDP Hole 77B, 20-6, 38-40 cm, eastern equa-
torial Pacific).

Stratigraphic occurrence : The species
occurs from the uppermost part of the Cos-
cinodiscus gigas var. diovama Zone (NTD 7) to
the lower part of the Craspedodiscus cos-
cinodiscus Zone (NTD 8) in the equatorial
Pacific.

Geographic distribution : This new species
is found only in the eastern equatorial Pacific
and not in the middle- to high-latitude North
Pacific.

Remarks : No complete frustule is observed
in this study, but the species probably has
dimorphic or polymorphic frustules as D.
praedimorpha does.

This species bears close resemblance to D.
praedimorpha, but differs by the presence of
secondary pseudosepta of V¢ valve. Closed
copulae of D. barronii and D. praedimorpha
are very similar to each other, but the number
of pairs of teeth-like inner extensions distin-
guishes the two species; both odd and even
numbers are permitted in D. barronii, whereas
only odd numbers are observed in D. praedi-
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morpha. The Vo valve of D. barronii also
resembles D. simonsenii in that both have
secondary pseudosepta, but D. barronii differs
from D. simonsenii by the shorter basal ridges
of primary pseudosepta.

Phylogenetic relationship : This species is
probably a descendant of D. praedimorpha
because of close morphologic similarities and
stratigraphic range. Of the four varieties of
D. praedimorpha, the var. minor is the most
similar to D. barronii in the lack of apical
thickening of closed copula, the absence of
partial cross rods and relatively small size.
Hence, D. barronii may have evolved from D.
praedimorpha var. minor through develop-
ment of secondary pseudosepta. This species
left no descendant.

Derivation of name : The species is
dedicated to Dr. John A. BARRON of U.S.
Geological Survey, who first illustrated this
species as D. praedimorpha.

Denticulopsis dimorpha (SCHRADER)
SIMONSEN var. dimorpha

Plate 4, Figs. 42-49 ;
Plate 7, Figs. 14-16

SIMONSEN, 1979, p. 64 ; BARRON, 1981a, pl. 4,
fig. 7; AKIBA, 1982, pl. 11, figs. 1, 5-6a ; AKIBA
et al., 1982, pl. 3, figs. 63-65; MARUYAMA,
1984a, pl. 15, figs. 8-11; pl. 18, figs. 12-33; pl.
20, figs. 1-3, 5-18 ; AKIBA, 1986, pl. 27, figs. 3,
4, 7-9, 11-13 ; AKIBA and YANAGISAWA, 1986,
p. 488, pl. 15, figs. 2-4, 17, 18, 20, 23-25;
YANAGISAWA et al., 1989, pl. 6, fig. 7.

Synonymy : Denticula dimorpha SCHRADER,
1973a, p. 704, pl. 1, figs. 37-44, 46 ; SCHRADER,
1973b, p. 418, pl. 1, figs. 16, 17; SCHRADER,
1974b, fig. 1: 15 ; Korzumi, 1975a, pl. 1, figs. 27,
28 ; Korzumi, 1975¢, pl. 1, fig. 10; BARRON,
1975, pl. 8, fig. 7 ; BARRON, 1976, pl. II, figs. 25,
33; AKIBA, 1979, pl. 1, figs. 1a, 1b, 4, 9a-10b;
Denticula lauta BAILEY, Koizumi, 1973, pl. 5,
figs. 26- 28.

Description: Frustule rectangular with
rounded corners in girdle view. Valve linear
with rounded apices, relatively small, §-21.5

um long, 3-5 um wide. Valve face and mantle
perforated with single-layered punctation to
form transapical striae, 24-26 in 10 xum. In Vc
valve, primary pseudosepta without basal
ridges, 6-7 in 10 um. In Vo valve, primary
pseudosepta with low and indistinct basal
ridges, 6-7 in 10 um. Secondary pseudosepta
absent. Marginal ribs between each two
pseudosepta on both sides. Raphe marginal.
Copula closed with serrate edge (Ccr) or
closed with smooth edge (Ccm), open with
punctated sides (Cop). Closed copula with
complete cross rods and with no or poorly
developed apical thickenings. Closed copula
combined with V¢ valve and open copula with
Vo valve.

Stratigraphic occurrence : The total range
of this variety defines the D. dimorpha Zone
(NPD 5D) in the middle- to high-latitude
North Pacific. In the Southern Ocean, the .
species, though this variety and var. areolata
are not distinguished, first occurs at about 11.
1Ma (BARRON, personal communication, 1988).
It last occurs at the top of the Denticulopsis
lauta- Denticulopsis hustedtii Zone (NSD 7).

Geographic distribution: The species is
found in the middle- to high-latitude North
Pacific, the Norwegian Sea and the Southern
Ocean, but not in the equatorial Pacific.

Remarks: This nominative variety of D.
dimorpha is distinguished from the var.
areolata by its single-layered punctation and
smaller size (less than 5 xm in width, Figs. 23,
24). A transitional form between the two
varieties with poorly developed double-layer-
ed punctation on the valve face (Pl. 4, Fig. 47)
occurs prior to the first occurrence of the
typical form of D. dimorpha var. areolata
(Table 4). This form is tentatively included in
the var. dimorpha in this paper.

D. dimorpha is distinguished from D. praedi-
morpha and D. barronii by the presence of
completely developed cross rods of closed
copula and the absence of basal ridge of Vc
valve. Differences between D. lauta, D. praed:-
morpha and D. dimorpha are discussed in
remarks of D. lauta (p. 236).
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Phylogenetic relationship: As stated by
MARUYAMA (1984a) and AKIBA and YANAGI-
SAWA (1986), it is evident that D. dimorpha has
very close relationship to D. praedimorpha on
the basis of morphologic similarity between
the two species. The variety shows intimate
similarity to D. praedimorpha var. intermedia
and var. minor, in small valve size, lack of
apical thickening of closed copula. Hence D.
dimorpha var. dimorpha must have been der-
ived from D. praedimorpha var. wminor
through D. praedimorpha var. intermedia by
forming complete cross rods of closed copula.

The stratigraphic range of D. dimorpha var.
dimorpha overlaps with that of D. praedimor-
pha in the Southern Ocean (BARRON, personal
communication, 1988), whereas the range of
these two taxa are seemingly separated by an
interval representey by the Thalassiosiva yaber
Zone (NPD 5C) in the middle- to high-latitude

North Pacific (Fig. 8). Moreover, the first
occurrence of D. dimorpha var. dimorpha in
the Southern Ocean is clearly older than that
in the North Pacific. These occurrences sug-
gest that D. dimorpha var. dimorpha estab-
lished in the Southern Ocean and later migrat-
ed in the middle- to high-latitude of the north-
ern Hemisphere. This is also supported by the
fact that D. praedimorpha var. intermedia, a
probable direct evolutionary precursor of D.
dimorbha var. dimorpha, is geographically
confined in the Southern Ocean and not dis-
tributed in the middle- to high-latitude of the
Northern Hemisphere.

D. dimorpha var. dimorpha evolved into D.
dimorpha var. areolata.
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Denticulopsis dimorpha var.
areolata n. var.

Plate 4, Figs. 40, 41, 50-54 ;
Plate b5, figs. 13-17;

Plate 6, Figs. 1-5, 15-23;
Plate 12, Figs. 15, 16.

Synonymy : Denticula lauta BAILEY, KoOI-
ZUMI. 1973, pl. 5, figs. 24, 25 ; Koizuwmi, 1975c,
pl. 1, fig. 8; Denticule dimorpha SCHRADER,
1973a, pl. 1, fig. 45; AKIBA, 1979, pl. 1, figs.
2a-3, 5-8 ; BARRON, 1980, pl. 1, fig. 21 ; Denticu-
lopsis dimorpha (SCHRADER) SIMONSEN, AKIBA,
1982, pl. 11, figs. 2-4, 7, 8 ; MARUYAMA, 1984a,
pl. 18, fig. 34, pl. 20, fig. 4 ; BARRON, 1985b, p.
784, figs. 13.22, 13.23 ; AKIBA, 1986, pl. 27, figs.
1,2,5,6,10; AKIBA and YANAGISAWA, 1986, pl.
15, figs. 1, 5-16, 19, 21, 22, pl. 16, figs. 1-16.

Description : Valve linear-elliptical with
bluntly rounded apices, 11-33 ym long, 5-8.5
um wide. Valve face and mantle perforated
by double-layered punctation. Outer fine pun-
cta form transapical striae, 22-25 in 10 um,
rarely reduced. Inner coarse puncta form
network of ramified thickenings. In V¢ valve
primary pseudosepta without basal ridges, 4-5
in 10 um. Secondary pseudosepta absent.
Marginal ribs on both sides between each two
primary pseudosepta. Raphe marginal. Cop-
ula closed with serrate edge (Ccr) or closed
with smooth edge (Ccm), open with punctated
sides (Cop). Closed copula has no or poorly
developed apical thickenings. Some copulae
from the Southern Ocean have partly or com-
pletely discontinuous cross rods (Pl. 6, Figs.
16, 18, 21). Other features are nearly the same
as those of the nominative variety.

Holotype : Plate 4, Fig. 54; GSJ F12812
deposited in Geological Survey of Japan (Sam-
ple DSDP 438A, 56 cc, northwest Pacific).

Stratigraphic occurrence: This variety
occurs in the uppermost part of the D. dimor-
pha Zone (NPD 5D) in the middle- to high-
latitude North Pacific. The stratigraphic
range is not well known at present in the
Southern Ocean.

Geographic distribution : This variety is

distributed in the middle- to high-latitude
North Pacific and the Southern Ocean, but not
in the equatorial Pacific.

Remarks : D. dimorpha var. areolata differs
from D. dimorpha var. dimorpha mainly by its
double-layered punctation. It is larger than
the latter variety (the var. areolata more than
5 um in width, whereas the var. dimorpha less
than 5 ym in width ; Figs. 23, 24). D. dimorpha
var. areolata resembles D. ovata, but is distin-
guished by equally spaced cross rods of closed
copula, and by more slender outline (Fig. 24).

Phylogenetic relationship: It is certain
that this variety evolved from D. dimorpha
var. dimorpha because of the presence of tran-
sitional form and its stratigraphic range.
This evolutionary change was accompanied
by the development of double-layered puncta-
tion on the valve face and mantle. D. dimor-
pha var. areolata evolved into D. ovata.

Denticulopsis ovata (SCHRADER) n. comb.
Plate 6, Figs. 6-14, 24-32

Basionym : Denticula hustedtii var. ovala
SCHRADER, 1976, p. 632, pl. 4, figs. 5, 6, 12, 14,
15.

Synonymy : Denticula laute var. ovata
SCHRADER, 1976, p. 632, pl. 4, fig. 7 ; Denticula
lauta BAILEY, SCHRADER, 1976, pl. 4, fig. 13;
Denticula hustedtii (?) SIMONSEN and KANAYA,
GOMBOS, 1976, pl. 8, fig. 5 ; Denticula cf. dimor-
pha SCHRADER, GOMBOS, 1976, pl. 8, figs. 9, 10 ;
Denticulopsis hustedtii var. ovata (SCHRADER)
SIMONSEN, 1979, p. 64 ; Denticulopsis lauta var.
ovata (SCHRADER) SIMONSEN, 1979, p. 65;
AKiBA, 1982, pl. 10, fig. 18.

Description: Frustule rectangular with
rounded corners in girdle view. Valve robust,
linear to oval with broadly rounded apices,
9-43 um long, 5.5-15 um wide. Transapical
striae on valve face finely punctated 22-26 in
10 um, in quincunx arrangement, double-
layered in part near valve margin. Valve
mantle perforated by double-layered punc-
tation. Primary pseudosepta without basal
ridges, 5-6.5 in 10 um. Secondary pseudo-
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septa absent. Marginal ribs present on both
sides between each two pseudosepta. Raphe
marginal. Deck broad with small foramina.
Copula open or closed. Closed copula robust,
very thickly silicified, with serrate edge (Ccr)
or smooth edge (Ccm). Cross rods unequally
spaced, with large and small foramina. At the
large foramina, truncated pairs of inner exten-
sions present. Distinct impressions which cor-
respond to deck and pseudosepta of valve
present at advalver side of closed copula (PI. 6,
Figs. 24, 26). Apical thickening absent or
poorly developed. Open copula perforated on
both sides by a row of puncta (Cop, Pl 6, Fig.
14). When closed copula and valve are found
combined, it seems as if the species had se-
condary pseudosepta (P1. 6, Figs. 6, 10, 11, 13),
because the primary pseudosepta which are
not correspond to cross rod seem like second-
ary pseudosepta.

Stratigraphic occurrence: This species
occurs from the middle part of the Niizschia
denticuloides Zone (NSD 6) to the lower part
of the D. lauta-D. hustedtii Zone (NSD 7) in
the Southern Ocean.

Geographic distribution : D. ovaia is an
endemic species in the Southern Ocean.

Remarks : D. ovata differs from D. dimor-

pha (varieties dimorpha and areolata) by its
unequally spaced cross rods of closed copula
and broader valve outline (Fig. 24). When its
valve and closed copula are found combined
(PL. 5, Figs. 16, 19), the species has a very
similar look to that of D. crassa (Pl. 3, Figs. 23,
24). However, the lack of suture lines
between the basal ridge and the inner exten-
sions of copula distinguish D. ovate from D.
crassa.

Discussion : This taxon was described as a
variety of D. hustedtii (SCHRADER, 1976) be-
cause of the presence of secondary pseudo-
septa. However, the “secondary pseudosepta”
of this taxon is merely an optical illusion, as
noted in the description. This taxon is, there-
fore, not a variety of D. hustedtii, but a dis-
tinct species close to D. dimorpha.

Denticula lauta var. ovata, another taxon

described by SCHRADER (1976) from the South-
ern Ocean, is a synonym of D. ovala, because
the holotype specimen of D. lauta var. ovata is
undoubtedly identical to the Vo valve of D.
ovata.

Phylogenetic relationship: The ancestor
of D. ovata must be a primitive form of D.
dimorpha var. areolata. This presumption is
based on the similarity in valve face puncta-
tion between the two taxa, both of which have
partly developed double-layered punctation
on valve face. D. ovala evolved in the Southern
Ocean in the early Late Miocene, but did not
migrate to the middle- to high-latitude of the
Northern Hemisphere as its ancestors D.
dimorpha var. dimorpha and var. areolata did.
D. ovata became extinct without leaving any
descendants.

VII.3 Genus Neodenticula AKIBA et
YANAGISAWA with its related species

Nitzschia rolandii SCHRADER
Plate 7, Figs. 17-26

SCHRADER, 1973a, p. 708, pl. 5, figs. 31, 42 (?),
pl. 26, figs. 3, 4 ; SCHRADER, 1974b, figs. 6-22,
6-24, 6-26, 6-27 ; BARRON, 19814, pl. 4, fig. 18;
ORESHKINA, 1985, pl. 1, figs. 14, 15; Nitzschia
rolandii SCHRADER emend. HARPER, 1977, p.
89-90, pl. 3, figs. 9-11, pl. 5, figs. 5-7 ; Nitzschia
rolandii SCHRADER emend. Koizumi, 1980, p.
396, pl. 2, figs. 15-20 ; AKIBA, 1986, pl. 25, figs.
1-6; AKIBA and YANAGISAWA, 1986, pl. 21,
figs. 1-6 ; YANAGISAWA ef al., 1989, pl. 6, fig.
22.

Synonymy : Denticula seminae f. fossilis
KoizuMmi, SCHRADER, 1973a, pl. 5, figs. 30, 37,
38 ; Denticula sp. cf. D. kamischatica ZABELINA,
BARRON, 1980, p. 672, pl. 1, figs. 15-17;
Neodenticula kamischatica (ZABELINA) AKIBA
and YANAGISAWA, 1986, pl. 21, figs. 9-12, 20 ;
Akiba, 1986, pl. 25, figs. 7-14.

Description : Valve linear to linear-ellipti-
cal with rounded apices, 10-47 um long, 2-5
pum wide. Primitive form sometimes asym-
metric. Transapical costae branching at
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raphe-bearing margin, straight in the middle,
becoming slightly curved and oblique to tran-
sapical axis toward apex. Transapical costae
11-15 in 10 #m in primitive form, and 8.5-10.5
in 10um in advanced form. Transapical
striae very fine, not visible in ordinary LM
observation. Raphe marginal with portulae
between marginal branching of transapical
costae.

Stratigraphic occurrence: The species
occurs consistently from the middle part of
the Late Miocene Thalassionema schraderi
Zone (NPD 6B) to the middle part of the Early
Pliocene Neodenticula kamischatica Zone
(NPD 7B). It also occurs very sporadically in
the underlying Middle to Late Miocene inter-
val, the oldest occurrence being in the upper-
most part of the Middle Miocene Denticulopsis
praedimorpha Zone (NPD 5B).

Geographic distribution : This species is an
endemic diatom in the middle- to high-lati-
tude North Pacific.

Remarks : The species shows a remarkable
morphologic variation in both spacing of
transapical costae and valve outline. In this
paper, it is divided tentatively into the follow-
ing three forms:

(1) primitive asymmetric form (Pl. 7, Figs.

17-19)
(2) primitive symmetric form (Pl. 7, Figs.
20-22)

(3) advanced form (Pl. 7, Figs. 23-26)

The primitive asymmetric form is char-
acterized by a narrower interval of tran-
sapical costae (11-15 in 10 xm) and an asym-
metric lanceolate valve outline. This form
mainly occurs sporadically from the Middle
Miocene D. praedimorpha Zone (NPD 5B) to
the Late Miocene Thalassionema schraderi
Zone (NPD 6B).

The primitive symmetric form has a linear
symmetric outline and a narrower interval of
costae (11-15 in 10 #m), occurring from the
middle part of the Late Miocene T. schraderi
Zone (NPD 6B) to the middle part of the
Neodenticula kamtschatica Zone (NPD 7B).

The advanced form is distinguished from

the primitive ones by a broader interval of
costae (8.5-10.5 in 10 #m), but this separation
is not always easy (See Fig. 25). It occurs
from the upper part of the T. schraderi Zone
(NPD 6B) to the upper part of the N. kamis-
chatica Zone (NPD 7B). The advanced form
of N. rolandii shows very close affinity to V.
kamischatica as pointed out by previous
authors (HARPER, 1977 ; Koizumi, 1980 ; BAR-
RON, 1980 ; AKIBA and YANAGISAWA, 1986), but
it differs from the latter species by a narrower
spacing of transapical costae or pseudosepta
(8.5-10.5 versus 5-8 in 10 #m, Fig. 25).

Discussion : SCHRADER (1973a) originally
gave about 10 for the number of transapical
costae of N. wlandii per 10 um. Later
HARPER (1977) expanded the number to 7-10
and Koizumi (1980) emended it 10-12. Our
biometric analysis shows that the number of
transapical costae per 10 um varies 8.5-14.5
(Fig. 25).

Phylogenetic relationship : This species is
evidently the ancestor of the genus
Neodenticula. 1t evolved into Neodenticula
kamischatica by widening of space between
transapical costae or pseudosepta and an
increase in size.

Neodenticula kamtschatica (ZABELINA)
AKIBA et YANAGISAWA
Plate 7, Figs. 27-37

AKIBA and YANAGISAWA, 1986, p. 490-491,
pl. 21, figs. 7, 8, 13-19, 21, pl. 22, figs. 1-12;
AKIBA, 1986, pl. 25, figs. 15-27 ; YANAGISAWA
et al., 1989, pl. 6, figs. 18-20.

Synonymy : Denticula kamtschatica
ZABELINA, 1934, p. 16, figs. 7-9 ; SIMONSEN and
Kanavya, 1961, p. 503, pl. 1, figs. 14-18 ; SHE-
SHUKOVA-PORETSUKAYA, 1967, p. 300, pl. 47,
figs. 9a, 9b, pl. 48, figs. 4a-4e ; KoizuMmi, 1968,
p. 213, pl. 34, figs. 7-10 ; Koizumi, 1972, pl. 42,
figs. 12, 13; Koizumi, 1973, p. 832, pl. 5, figs.
14-17 ; SCHRADER, 1973a, p. 705, pl. 2, figs.
1-13 ; SCHRADER, 1973b, p. 418, pl. 1 figs. 7, 8;
Korzumi, 1975a, pl. 1, figs. 13-20; Koizumi,
1975b, pl. 4, fig. 47 ; Koizumi, 1975¢, pl. 1, fig.
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Fig. 25 Frequency distribution of number of pseudosepta or transapical costae (per 10 xm)
in Neodenticula kamtschatica and Nitzschia rolandii. A : N. kamischatica ; B: N.
rolandii (advanced form); C: N. rolandii (primitive form).

— 260 —




Diatom genera Crucidenticula, Denticulopsis and Neodenticula (Y. Yanagisawa and F. Akiba)

5: BARRON, 1976, pl. 11, fig. 32 ; HARPER, 1977,
p. 89, pl. 3, figs. 1-4, pl. 5, figs. 1-4, 8 ; DZINOR-
IDZE et al., 1978, pl. 20, fig. 7 ; BARRON, 1980, p.
672, pl. 1, figs. 5-8; Denticula seminae var.
fossilis SCHRADER, 1973b, pl. 1, figs, 5, 6;
Denticulopsis kamitschatica (ZABELINA) SIMON -
SEN, 1979, p. 64 ; AKIBA et al., 1982, pl. 3, figs.
66-68 ; ORESHKINA, 1985, pl. 1, figs. 16-20;
BARRON, 1985b, p. 784, fig. 13.16; Denticula
kamischatica ZABELINA emend. Koizumi, 1980,
p. 396, pl. 2, figs. 1-10.

Description : Frustule rectangular with
rounded corners in girdle view. Valve linear
or linear-elliptical with sometimes protracted,
broadly rounded apices, 9-35 um long, 3-6.5
um wide. Transapical striae on valve face
very finely punctated, about 42-44 in 10 xm,
not discernible in ordinary LM observation,
visible only in oblique illumination (Pl. 7, Figs.
30, 37) or in SEM observation. Puncta arran-
ged in clear quincunx. Valve mantle perforat-
ed by very fine puncta of the same density as
those on valve face. Primary pseudosepta
with more and less developed basal ridges, 5-8
in 10 #m, branching at raphe-bearing margin.
Secondary pseudosepta absent. Apical pseu-
dosepta sometimes present only shortly just
near apex. Marginal ribs formed by branch-
ing of pseudosepta at raphe-bearing margin,
9-10 in 10 #m, absent at raphe-less margin.
Raphe marginal with portula between mar-
ginal ribs. Raphe slit continuous, not inter-
rupted at the middle. Copula open with
smooth non-punctated sides. Pleurae open.

Stratigraphic occurrence: The species
occurs commonly to abundantly from the N.
kamtschatica Zone (NPD 7B) to the
Neodenticula koizumii- N. kamischatica Zone
(NPD 8). It first occurs near the base of the
underlying Rouxia californica Zone (NPD 7A),
but it is rare or sporadic until its sudden great
increase at the base of the N. kamischatica
Zone. Its last occurrence defines the top of
the N. koizumii-N. kamischatica Zone.
According to BURCKLE and OPDYKE (1985), the
first occurrence of this species is diachronous ;
this species appeared earlier in the high-lati-

tudes than in the middle-latitudes.

Geographic distribution: N. kamischatica
is an endemic species in the middle- to high-
latitude Northern Hemisphere, especially
dominant in the high-latitude North Pacific.
It occurs in the Norwegian Sea with rare
abundance (DZINORIDZE et al., 1978).

Remarks : The species is distinguished from
N. koizumii by the absence of secondary
pseudosepta. It closely resembles Nitzschia
rolandii SCHRADER (advanced form) but dif-
fers by the broader spacing of pseudosepta or
costae (5-8 versus 8.5-10.5 in 10 #m), the
development of basal ridge, more frequent
branching of pseudosepta on raphe side and
the relatively wider valve. .

Discussion : Various definitions have been
made concerning the spacing of pseudosepta
in this species. ZABELINA (1934) originally
described 4-8 for the number of pseudosepta
in 10 gum. Later SIMONSEN and KANAYA
(1961) and Harper (1977) gave 5-6 for it.
KoizumI (1980) expanded it to 5-8 again. In
our previous paper (AKIBA and YANAGISAWA,
1986), we wrote that the number of pseudose-
pta in 10 gm varies from 5 to 10. However,
frequency distributions in number of pseudose-
pta per 10 um for N. kamischatica and Nitzs-
chia rolandii overlap slightly but clearly dif-
fer, showing two distinct clusters separated by
a gap around 8-8.5 (Fig. 25). KoizuMr’'s (1980)
definition for N. kamischatica (5-8 pseudose-
pta in 10 #m) therefore is the most appropri-
ate.

Phylogenetic relationship: Morphologic
similarities and stratigraphic ranges indicate
without doubt that N. kamischatica evolved
directly from Nifzschia volandii through
widening of the spacing of pseudosepta, an
increase in size, further branching of pseudose-
pta and development of basal ridges (HARPER,
1977; AKIBA and YANAGISAWA, 1986). N.
kamischatica developed into N. koizumii by
forming secondary pseudosepta.
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Neodenticula koizumii AKIBA
et YANAGISAWA

Plate 7, Figs. 38-41, (42-44)

AKIBA and YANAGISAWA, 1986, p. 491, pl. 21,
figs. 22-28, pl. 23, figs. 1-12, pl. 24, fig. 19;
YANAGISAWA et al., 1989, pl. 6, fig. 17. -

Synonymy : Denticula seminae SIMONSEN et
KaNnaya, KoizuMmi, 1972, p. 350, pl. 42, figs.
5a-6 ; Koizumi, 1973, p. 832, in part, pl. 5, figs.
7-9, 10-13, non pl. 5, figs. 1-6; SCHRADER,
1973a, pl. 1, figs. 7-11, non pl. 1, figs. 1-8, 36,
47 ; Denticula seminae var. fossilis SCHRADER,

Koizumi, 1975a, p. 802, pl. 1, figs. 4-12; Ko-

1ZUMI, 1975b, pl. 4, figs. 44-46 ; Koizumi, 1975c,
pl. 1, figs. 3, 4; HARPER, 1977, pl. 3, fig. 5;
AKIBA, 1979, pl. 3, fig. 7; BARRON, 1980, pl. 1,
figs. 2-4; Denticulopsis seminae var. fossilis
(SCHRADER) SIMONSEN, BARRON, 1985b, p. 785,
fig. 13.15; Denticulopsis seminae (SIMONSEN et
KANAYA) SIMONSEN, ORESHKINA, 1985, pl. 1,
figs. 21-23; Neodenticula sp. A, AKIBA and
YANAGISAWA, 1986, p. 492, pl. 21, figs. 29-31,

pl. 24, figs. 12-18, pl. 25, figs. 1-6; YANAGI-

SAWA et al., 1989, pl. 6, figs. 15, 16; non
Denticula  seminae f. fossilis KoOlIZUMI ex
SCHRADER, 1973a, p. 705, pl. 5, figs. 30, 37, 38;
non Denticula seminae var. fossilis SCHRADER,
1973b, p. 420, pl. 1, figs 5, 6.

Description: Frustule rectangular with
rounded corners. Valve linear to linear-ellip-
tical with bluntly rounded apices, 10-42 um
long, 3-6 um wide. Transapical striae on
valve face very finely punctated, 42-44 in 10
um, arranged in quincunx, not discernible in
ordinary LM observation, visible only in
oblique illumination or SEM observation.
Valve mantle low, perforated by very fine
puncta of the same density as those on valve
face. Pseudosepta (primary or secondary)
straight throughout wvalve face, spaced
equally, 6-7 in 10 #m. Secondary pseudosepta
1-3 between each two primary pseudosepta.
Pseudosepta branching to form marginal ribs
at raphe-bearing margin. No marginal ribs
present at raphe-less margin. Raphe mar-
ginal with continuous - raphe slit. Portula

between each two marginal ribs. Copula open
with smooth non-punctated sides.

Stratigraphic occurrence: The species is
common to abundant in the interval from the
base of the N. koizumii- N. kamischatica Zone
(NPD 8) through the overlying N. kotzumii
Zone (NPD 9). Koizumi and TANIMURA (1985)
indicated that the first occurrence of this
species is slightly diachronous in the North
Pacific.

Geographic distribution: The species is
distributed only in the middle- to high-lati-
tude Northern Hemisphere, especially domi-
nant in the high-latitude North Pacific.

Remarks: This species is similar to N
kamtschatica, but is easily distinguishable from
the latter by the presence of secondary
pseudosepta. It differs from Neodenticula
seminae mainly by the absence of closed cop-
ula and more slender valve outline. The valve
of N. koizumii is distinguished from that of N.
seminae in that pseudosepta near apex are not
so curved but nearly parallel to transapical
axis and that branchings of pseudosepta at
raphe side are very conspicuous. The two
species are also differ in punctation on the
valve face: N. koizumii has full punctation
whereas N. seminae has reduced punctation
(AKIBA and YANAGISAWA, 1986, pl. 23, fig. 4;
pl. 26, fig. 5).

N. koitzumii is similar to Denticulopsis
simonsenii group (Compare Pl. 7, Fig. 38 and
Pl. 3, Fig. 1), but differs by the absence of
marginal ribs at raphe-less margin and very
fine puncta that are not visible in ordinary LM
observation.

Discussion : Neodenticula sp. A of AKIBA
and YANAGISAWA (1986) (P1. 7, Figs. 42-44) is
tentatively included in N. koizumii in this
paper, because N.-sp. A has an open copula as
N. koizumii does (N. seminae has a closed
copula). However, the reduced punctation on
valve face of N. sp. A shows that it bears
more intimate resemblance to N. seminae as
described by AKIBA and YANAGISAWA (1986).
Thus it is apparent that N. sp. A is an interme-
diate form between N. koizumii and N.
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seminae. The formal description of this form
will be made after its precise stratigraphic
range is well investigated.

Further taxonomic problems of N. koizumii

are discussed in detail in AKIBA and YANAGI-

SAWA (1986).

Phylogenetic relationship: N. koczumi
evolved from N. kawmtschatica with develop-
ment of secondary pseudosepta and gave rise
to N. seminae via N. sp. A.

Neodenticula seminae (SIMONSEN et
KANAYA) AKIBA et YANAGISAWA
Plate 7, Figs. 45-49

AKIBA and YANAGISAWA, 1986, p. 491-492,
pl. 24, figs. 1-11, pl. 26, figs. 1-10 ; AKIBA, 1986,
pl. 25, figs. 28-32.

Synonymy : Denticula marina SEMINA, 1956,
p. 82, figs. 1-2b ; Denticula seminae SIMONSEN
et KaNAYa, 1961, p. 503, pl. 1 figs. 26-30;
SHESHUKOVA-PORETSUKAYA, 1967, p. 301-302,
pl. 47, figs. 11a-11c; HASLE, 1972, fig. 3, 4, 8;
SCHRADER, 1973a, p. 705, pl. 1, figs. 1-6, 36, 47 ;
1973b, p. 420, pl. 1, figs. 1-4 ; Koizumy, 1973, p.
832, pl. 5, figs. 1-6 ; Koizumi, 1975a, p. 802, pl.
1, figs. 1-3; Koizumi, 1975¢, pl. 1, figs. 1,2;
DZINORIDZE et al., 1978, pl. 20, figs. 5, 6 ; BAR-
RON, 1980, pl. 1, fig. 1; Denticulopsis seminae
(SIMONSEN et KANAYA) SIMONSEN, 1979, p. 65 ;
SEMINA, 1981, p. 180-182, pl. 1, figs. 1-4, pl. 2,
figs. 5-9, pl. 3, figs. 10-14 ; SANCETTA, 1982, p.
230-231, pl. 3, figs. 1-3 ; ORESHKINA, 1985, pl. 1,
figs. 24-28.

Description : Frustule rectangular with
rounded corners. Valve linear to linear-ellip-
tical with sometimes protracted bluntly
rounded apices, 10-60 gm long, 4-9 yum wide.
Transapical striae on valve face very finely
punctated, not discernible in ordinary LM
observation, only visible in oblique illumina-
tion or SEM observation. Some transapical
striae near pseudosepta reduced so that only
one to three striae remain on valve face
between pseudosepta. Valve mantle low,
perforated by very fine puncta without reduc-
tion of puncta. Pseudosepta (primary or secon-

dary) equally spaced, 7-9 in 10 xm, with 2-6
secondary pseudosepta between primary
pseudosepta, or between primary pseudosepta
and apex. Pseudosepta branching at raphe-
bearing margin so that fork-like structure
formed. Pseudosepta straight in the middle
part of valve, becoming gradually curved
toward apex. Marginal ribs formed by bran-
ching of pseudosepta at raphe-bearing mar-
gin, but absent at the other margin. Raphe
marginal with each portula between each two
marginal ribs. Raphe slit continuous. Copula
closed with smooth non-punctated sides.

Stratigraphic occurrence : The species is
common to abundant in the Quaternary to the
Recent. The first occurrence of this species is
in the upper part of the N. koizumii Zone
(NPD 9).

Geographic distribution: The species is
mainly and dominantly distributed in the

middle- to high-latitude North Pacific. SAN-

CETTA (1982) found this species to be very
abundant in the northeast Pacific and a good
tracer of water of the Alaskan Stream. She
also showed that the species is lower in abun-
dance in the northwest Pacific than in the
northeast Pacific. The species is rarely found
in the Norwegian Sea (DZINORIDZE et al.,
1978 ; BALDAUF, 1987). KaNAvYA and Koizumi
(1966) regarded the species as the most repre-
sentative cold water species in the North
Pacific. HASLE (1976) stressed that this
species was not reported from other part of
the world oceans. However, SEMINA (1981)
found N. seminae living, though very rarely, in
the low-latitude areas (the tropical Pacific,
Indian and Atlantic Oceans), and consequently
she classified this species as a tropical-boreal
species in all three Oceans.

Remarks : The species differs from N. ko-
izumii by the presence of closed copula and
broader valve outline. It also differs from the
latter in having curved pseudosepta near apex,
lacking conspicuous branching of pseudosepta
at raphe side margin and larger number of
secondary pseudosepta between primary
pseudosepta.
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N. seminae is very similar to N. sp. A of
AxIBA and YANAGISAWA (1986) but differs
from the latter by more linear valve outline
and the presence of closed copula.

Discussion : HASLE (1972) observed an open
copula of this species (HASLE, 1972, fig. 4).
Some specimens might possess open copulae,
although we could not find this type of copula
in this study.

Phylogenetic relationship: N. seminae
evolved from N. koizumii and remains extant.

VII.4 Other species

“Denticula” norwegica SCHRADER
in SCHRADER et FENNER

Plate 1, Fig. 40 ; Plate 8, Fig. 18

Denticula norwegica SCHRADER and FENNER,
1976, p. 978, pl. 1, fig. 38 ; AKIBA and YANAGI-
SAWA, 1986, p. 487, pl. 2, figs. 15-21, pl. 6, figs.
1-9.

Synonymy : Denticula punctata SCHRADER,
1973a, pl. 3, figs. 16, 17; Denticulopsis nor-
vegica (SCHRADER) SIMONSEN, 1979, p. 65;
MARUYAMA, 1984a, pl. 16, fig. 13 ; Denticulop-
sis morwegica SCHRADER, POWERS, 1988, pl. 5,
fig. 8.

Description : Valve lanceolate with acutely
rounded apices, 35-64 xm long, 6-15 xm wide
in the middle of valve. Transapical striae on
valve face coarsely punctated, 12-18 in 10 xm,
not arranged in quincunx; puncta, 10-16 in 10
um, oval, elongated in transapical direction,
occluded by mesh-like cribra. Valve mantle
low, perforated by two longitudinal rows of
coarse puncta. Primary pseudosepta with
unclear basal ridges, unequally spaced, 3-5 in
10 xm. Secondary pseudosepta rarely present
between primary pseudosepta. Marginal ribs
numerous but inconspicuous. Raphe marginal
with interrupted raphe slit. Portula, 7-8 in 10
um or two between primary pseudosepta.
Central portula larger and apically elongated.

Stratigraphic occurrence: This species
rarely occurs in the C. kanayae Zone (NPD 3A)
and D. praelauta Zone (NPD 3B) in the middle

- to high-latitude North Pacific. SCHRADER
and FENNER (1976) reported this species from
the Denticula nicobavica Zone of their diatom
zonation at DSDP Site 338 in the Norwegian
Sea.

Geographic distribution : The species is
found in the Norwegian Sea and the middle-
to high-latitude North Pacific, and also in the
low-latitude Pacific.

Discussion : SIMONSEN (1979) transferred
this species to the genus Denticulopsis SIMON -
SEN. However, it cannot surely be assigned in
the genera Crucidenticula, Denticulopsis nor
Neodenticula, because the valve structure of
this species is fundamentally different from
those of the three genera; This species has
peculiar oval areolae with mesh-like cribra
(P1. 8, Fig. 18), which is unique to this species
and never present in any species of
Crucidenticula, Denticulopsis nor Neodenticula
(AKIBA and YANAGISAWA, 1986). “Denticula”
norwegica probably has no phylogenetic rela-
tionship to these three genera.

“Denticulopsis” maccollumii SIMONSEN
Plate 2, Figs. 39-41

Denticulopsis maccollumii SIMONSEN, 1979,
p. 65 ; BARRON, 1985b, p. 785, figs. 14.10, 14.11.
Synonym : Denticula antarctica MCCOL-
LUM, 1975, p. 527, pl. 8, figs. 6-10 ; SCHRADER,
1976, p. 631, pl. 4, figs. 3, 22, 23, 25 ; DEFELICE
and MILLER, 1978, p. 115, figs. 1-8.
Description : Valve weakly silicified, ellipti-
cal to linear-elliptical with broadly rounded
apices, 14-60 #m long, 4-8 um wide. Primary
pseudosepta ca. 6 in 10 xm with marginal ribs
on both sides between pseudosepta. Secon-
dary pseudosepta absent. On valve face, lan-
ceolate hyaline central area present. On both
sides double rows of pores present, one row on
valve face and the other on mantle. The pores
4-8 in 10 #m, one or two between pseudosepta.
Raphe marginal between the double rows of
pores. Copula open with non-punctate sides.
Stratigraphic occurrence : The species
occurs from the uppermost part of the Nifzs-
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chia wmaleinterpretaria Zone (NSD 3) to the
upper part of the N. denticuloides Zone (NSD
6) in the Southern Ocean.

Geographic distribution : “Denticulopsis”
maccollumii is an endemic diatom in the
Southern Ocean.

Remarks: The species is very similar to
Denticulopsis  hyalina in valve view
(SCHRADER, 1976), but differs by the valve
mantle structure. D. hyalina has double-
layered punctation in the valve mantle, where-
as ‘“Denticulopsis” maccollumii has a row of
large pores in the valve mantle.

Discussion : This species has probably no
phylogenetic relationship to the genera
Denticulopsis, Crucidenticula nor Neodenticula,
because of the fundamental difference in the
valve mantle structure. The species is rather
similar to Nitzschia denticuloides SCHRADER
(PL. 2, Figs. 42, 43), as suggested by DEFELICE
and MILLER (1978).
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£ §F
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Appendix 1: List and index of diatom taxa treated in this paper
(genera arranged in the order treated, and species in alphabetical order)

Genus Crucidenticula AKIBA et YANAGISAWA 1986

1. C. tkebei AKIBA et YANAGISAWA 1986 . . . . . . . . . . . . . . .. .. p.

2. C. kanayae AKIBA et YANAGISAWA 1986 var. kanayae . . . . . . . . . . . p.

3. C. kanayae var. pacifica YANAGISAWA et AKIBA 1990 n. var. . . . . . . . . p.
4. C. nicobarica (GRUNOW) AKIBA et YANAGISAWA 1986 . . . . . . . . . .. p.

5. C. paranicobarica AKIBA et YANAGISAWA 1986 var. paranicobarica . . . . . p.

6. C. paranicobavica var. tropica YANAGISAWA et AKIBA 1990 n. var. . . . . . p.

7. C. punctata (SCHRADER) AKIBA et YANAGISAWA 1986 . . . . . . . . . .. p.
8. C. sawamurae YANAGISAWA et AKIBA 1990 n.sp. . . . . . . . . . . . .. p.
Genus Denticulopsis SIMONSEN 1979 emend. AKIBA et YANAGISAWA 1986

9. D. barromnii YANAGISAWA et AKIBA 1990 n.sp. . . . . . . . . . . . . .. p.
10. D. crassa YANAGISAWA et AKIBA 1990 n.sp. . . - . . . . . . . . . . .. p.
11. D. delicata YANAGISAWA et AKIBA 1990 n.sp. . . . . . . . . . . . . . .. p.
12. D. dimorpha (SCHRADER) SIMONSEN 1979 var. dimorpha . . . . . . . . . . p-
13. D. dimorpha var. areolata Y ANAGISAWA et AKIBA 1990 n. var. . . . . ... p
14. D. hustedtii (SIMONSEN et KANAYA) SIMONSEN 1979 emend. YANAGISAWA

et AKIBA 1990 . . . . . . . . L p.
15. D. hyalina (SCHRADER) SIMONSEN 1979 . . . . . . . . . . . . . . . . .. p.
16. D. ichikawae YANAGISAWA et AKIBA 1990 n.sp. . . . . . . . . . . . . .. p.
17. D. katayamae MARUYAMA 1984 emend. YANAGISAWA et AKIBA 1990 . . . . p.
18. D. lauta (BAILEY) SIMONSEN 1979 . . . . . . . . . . . .« ... .. p.
19. D. miocenica (SCHRADER) SIMONSEN 1979 emend. YANAGISAWA
et AKIBA 1990 . . . . .« . Lo P

20. D. okunoi YANAGISAWA et AKIBA 1990 n.sp. . . . . . . . . . . . . . .. p.
21. D. ovata (SCHRADER) YANAGISAWA et AKIBA 1990 n. comb. . . . . . . . . p.
22. D. praedimorpha BARRON ex AKIBA 1982 var. praedimovpha . . . . . . . . D.
23. D. praedimorpha var. minor YANAGISAWA et AKIBA 1990 n. var. . . . . . . D.
24. D. praedimorpha var. robusta YANAGISAWA et AKIBA 1990 n. var. . . . . . p.
25. D. praedimorpha var. intermedia YANAGISAWA et AKIBA 1990 n. var. . . . . D.
26. D. praehyalina TANIMURA 1989 . . . . . . . . . . . . . . . ... p.
27. D. prackatayamae Y ANAGISAWA et AKIBA 1990 n. sp.. . . . . . . . . . .. p.
28. D. praelauta AKIBA et KoiIzUMI in AKIBA 1986. . . . . . . . . . . . . .. )
29. D. simonsenii YANAGISAWA et AKIBA 1990 n.sp. . . . . . . . . . . . .. p
30. D. fanimurae Y ANAGISAWA et AKIBA 1990 n.sp. . . . . . . . . . . . .. p-
31. D. vulgaris (OKUNO) YANAGISAWA et AKIBA 1990 n. comb. . . . . . . . . . p.
Genus Neodenticula AKIBA et YANAGISAWA 1986
32. N. kamischatica (ZABELINA) AKIBA et YANAGISAWA 1986 . . . . . . . . . . p.
33. N. koizumii AKIBA et YANAGISAWA 1986 . . . . . . . . . . . . . .. .. p.
34. N. seminae (SIMONSEN et KANAYA) AKIBA et YANAGISAWA 1986 . . . . . . p.
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Genus Nitzschia HassaLL 1845

35. N. challengeri SCHRADER 1973 . . . . . . . . . . . . . . . ... p. 233
36. N. maleinterpretaria SCHRADER 1976 . . . . . . . . . . . . . . . .. .. p. 226
37. N. rolandii SCHRADER 1973 emend. HARPER 1977 . . . . . . . . . . . .. p. 258

Other species

38. “Denticula” norwegica SCHRADER in SCHRADER et FENNER 1976 . . . . . . p. 264
39. “Denticulopsis” maccollumii SIMONSEN 1979 . . . . . . . . . . . . . . .. p. 264

Appendix 2: Key to species

(Characteristics of each species are summarized in Tables A-1—3.)

Genus Crucidenticula

la. Pseudosepta absent . . . . . . . . . . . ... ... Nitzschia maleinterpretaria
1b. Pseudosepta present . . . . . . . . o ..o o e e e 2
2a. Puncta on valve face arranged in non-quincunx . . . . . . . . . . . . . .. 3
2b. Puncta on valve face arranged in clear quincunx . . . . . . . . . . . . . . . 8
3a. Valve linear or linear-elliptical . . . . . . . . . . . . . . . .. ... .. 4
3b. Valve narrowly linear and slender . . . . . . . . . . . . ... ... 7
4a. Valve robust with very large puncta. . . . . . . . . . . . . . . . . .. .. 5
4b. Valve not so robust with large puncta . . . . . . . . . . . . . . ... ... 6
5a. Copula not punctated . . . . . . . . . . . . .. ... C. kanayae var. kanayae
5b. Copula punctated . . . . . . . . . . .. ... C. kanayae var. pacifica
" 6a. Valve outline linear-elliptical . . . . . . . . . . . . . . . .. ... C. ikebei
6b. Valve outline linear . . . . . . . . . . . . .. ... C. sawamurae
7a. Puncta not reduced . . . . . . . . . ... C. paranicobarica var. tropica
7b. Puncta reduced partly . . . . . . . . . .. C. paranicobarica var. paranicobarica
8a. Valve narrow (3.5-4.5ym wide) mostly without secondary
pseudosepta . . . . . .. ..o oo e e C. nicobarica
8b. Valve broad (5.5-7.5 xm wide) mostly with secondary pseudosepta . . C. punctata

Genus Denticulopsis

la. Pseudosepta absent. . . . . . . . . . ... ... Nitzschia challengeri
1b. Pseudosepta present . . . . . . . . . . ... e e e e 2
2a. Marginal ribs absent or poorly developed . . . . . . . . . . . .. D. praelauta
2b. Marginal ribs developed . . . . . . . . . . L 3
3a. Only one type of valve present . . . . . . . . . . . . . . . . . ... 4
3b. Two types of valves present . . . . . . . . . . . . . . ... 16
4a. Secondary pseudosepta absent . . . . . . . . . ..o oo 5
4b. Secondary pseudosepta present . . . . . . . .. . ... 0 e e e e e e 11
5a. Valve not thickly silicified . . . . . . . . . . . . . .. ... 6
5b. Valve thickly silicified . . . . . . . . . . . . . .. ... ... ... 8
6a. Puncta on valve facenotreduced . . . . . . . . . .. .. ... .. D. lauta




6b.

Ta.

7b.

8a.

8b.

9a.

9b.
10a.
10b.
11a.
11b.
12a.
12b.
13a.
13h.
l4a.
14b.
15a.
15b.
16a.
16b.
17a.
17b.
18a.
18b.
19a.
19b.
20a.
20b.
2la.
21b.
22a.
22b.
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Puncta on valve face reduced partly . . . . . . . . . . . . . . ... .. .. 7
Valve outline linear or linear-elliptical . . . . . . . . . . . . .. D. ichikawae
Valve outline oval . . . . . . . . . . . . . ... D. okunoi
Puncta on valve face not reduced . . . . . . . . . . . .. . .. D. tanimurae
Puncta on valve facereduced . . . . . . . . . . ... 9
Puncta on valve face reduced partly . . . . . . . . . . . . .. D. praehyalina
Puncta on valve face reduced completely (hyaline). . . . . . . . . . . . .. 10
Valve outline linear or linear-elliptical . . . . . . . . . . . . . .. D. hyalina
Valve outlineoval . . . . . . . . . . . . . ... ... .. ... D. miocenica
Valve outline linear . . . . . . . . . . . . . . . . .. ... ... 12
Valve outline not linear . . . . . . . . . . . . . .. ... 15
Puncta on valve face not reduced . . . . . . . . . . . . . . .. D. simonsenii
Puncta on valve facereduced . . . . . . . . . . ... ... . 13
Valve not thickly silicified . . . . . . . . . . . . . ... ... .. D. vulgaris
Valve thickly silicified . . . . . . . . . . . . . . ... 14
Puncta on valve face present . . . . . . . . . .. .. ... D. prackatayamae
Valve face hyaline . . . . . . . . . . . . . .. ... ..... D. katayamae
Valve outline oval . . . . . . . . . . . ... ... D. crassa
Valve outline lanceolate . . . . . . . . . . . . .. . ... ... D. hustedtii
Apical thickening of closed copula present . . . . . . . . . . . ... ... 17
Apical thickening of closed copula absent. . . . . . . . . . . . . ... .. 18
Valve width 4-65,m . . . . . . . . . . .. D. praedimorpha var. praedimorpha
Valve width more than 7ym . . . . . . . . . .. D. praedimorpha var. robusta
Secondary pseudosepta present . . . . . . . . . . . ... ... D. barronii
Secondary pseudosepta absent . . . . . . . . . . . . .. ... 19
Crossrods absent . . . . . . . . . .. .. . . . . D. praedimorpha var. minor
Crossrods present. . . . . . . . . . . . . ... s 20
Cross rods partly developed . . . . . . . . . . D. praedimorpha var. intermedia
Cross rods completely developed . . . . . . . . . . . . . ... ... ... 21
Double-layered punctation absent . . . . . . . . . . D. dimorpha var. dimorpha
Double-layered punctation present . . . . . . . . . . . . .. ... ... 22
Cross rods regularly spaced . . . . . . . . . .. .. D. dimorpha var. areolata
Cross rods irregularly spaced. . . . . . . . . . . . . . . ... ... D. ovata

Genus Neodenticula

la.
1b.
2a.
2b.
3a.
3b.

Secondary pseudosepta absent . . . . . . . . . . ... ... 2
Secondary pseudosepta present . . . . . . . . . . ... ... 3
Pseudosepta (costae) more than 85 in 10gm . . . . . . . . . Nitzschia rolandii
Pseudosepta less than § in 10gm . . . . . . . . . .. ... N. kamtschatica
Closed copula absent . . . . . . . . . . . . . ... ... .... N. koizumii
Closed copula present . . . . . . . . . . . ... N. seminae
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Table A-1 Characters useful in distinguishing taxa within the genus Crucidenticula and its related species.

Taxa Outline Length | Width Puctation on valve face |Rows on| Spacing of | Secondary | Type of

(um) (um) Q | Striae | Distribution | mantle | pseudosepta | pseudosepta | copula
Nitzschia maleinterpretaria Linear, linear-elliptical | 8-57 3-6 — | 11-16 Full 1 Absent — Cop
Crucidenticula sawamurae Linear 14-51 | 3.5-5.5 | — | 11-12 Full 2 3-5 Unclear Cop
C. kanayae var. pacifica Linear 20-48 | 5.5-7 — [ 10-11 Full 2 3-4 — Cop
C. kanayae var. kanayae Linear-oblong 14-43 4-8 — | 9-10 | Sporadic 2 ca.3 — Con
C. tkebei Linear-elliptical 18-67 4-7 — | 12-16 Full 2 3-5 - Cop
C. paranicobarica var. tropica Narrowly Linear 5-38 2-3.5| — | 16-18 Full 2 5-6 — Cop
C. paranicobarica var. paranicobarica | Narrowly linear 8-32(2.5-4.5| — | 14-16 | Reduced 2 4-6 Rare Cop
C. nicobarica Linear, linear-elliptical | 10-32 | 3.5-4.5 | + | ca. 16 Full 2 4-5 — Cop
C. punctata Linear, linear-elliptical | 20-40 | 5.5-7.5 | + | 14-15 Full 4 34 0-2 Cop

Q; Quincunx arrangement ; Striae : numbers in 10 um ; Spacing of pseudosepta : numbers in 10 xm ; Secondary pseudosepta : numbers between each two primary
pseudosepta ; + : present ; — : absent.

Table A-2 Characters useful in distinguishing taxa within the genus Neodenticula and its related species.

i Puctati i
Taxa Outline Length | Width uctation Spacing of | Secondary Type of
(um) | (um) | Striae | Distribution | pseudosepta | pseudosepta | copula
Nitzschia rolandii Linear, linear-elliptical 10-47 | 2-5 ? Full 8.5-15 - ?
Neodenticula kamischatica Linear, linear-elliptical 9-35 | 3-6.5 | 42-44 Full 5-8 - Con
N. kotzumii Linear, linear-elliptical 10-42 | 3-6 42-44 Full 6-7 1-3 Con
N. seminae Linear, linear-elliptical 10-60 | 4-9 "42-44 Reduced 7-9 2-6 Ccm, (Con)
Striae : numbers in 10 #m ; Spacing of pseudosepta : numbers in 10 #m ; Secondary pseudosepta :numbers between each two primary pseudosepta ; — : absent.
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Table A-3 Characters useful in distinguishing taxa within the genus Denficulopsis and its related species.

. Length Width Puctation on valve face Punctation
Taxa Outline - -
(#m) “(um) Type | Striae Distribution on mantle
Nitzschia challengeri Linear, linear-elliptical 10-29 3.5-5.5 Single 18-24 Full Single
Denticulopsis praelauta Narrowly Linear 6-16 2.5-5.5 Single | 25-30 Full Single
D. lauta Linear, linear-elliptical 7-57 3.5-8 Single 20-28 Full Single
D. ichikawae Linear, linear-elliptical 9-30 4-6 Single 20-26 Reduced Single
D. okunoi Oval 10-21 6-9.5 Single 22-26 Reduced Single
D. tanimurae Linear, linear-elliptical 10-60 4-7.5 | (Single) | 20-24 Full Double
D. praehyalina Linear, linear-elliptical 10-40 5-9 Single 12-24 Reduced Double
D. hyalina Linear, linear-elliptical 8-36 3.5-7 — — Hyaline Double
D. miocenica Oval 7.5-38 5.5-13 — — Hyaline Double
D. simonsenii Linear 9-49 4-8 Single 22-24 Full Single
D. vuigaris Linear 12-45 4-7 Single Reduced Single
D. praekatayamae Linear 15-44 5-8 Single Reduced sporadic Double
D. katayamae Linear 7-37 4-7 — — Hyaline Double
D. delicata Linear and slender 36-53 5.5-6.5 — — Seemingly hyaline Single
D. hustedtii Elliptical, lanceolate 9-37 6-10 Single 22-24 Full or reduced Single
D. crassa Oval 10-32 5.5-11 Single 12-15 Reduced Double
D. praedimorpha var. minor Linear 6-19 2.5+4 Single | 24-26 Full Single
D. praedimorpha var. praedimorpha Linear, linear-elliptical 9-24 4-6.5 Single 24-26 Full Single
D. praedimorpha var. robusta Linear-elliptical 18-25 7-9 Single 24-26 Full Double
D. praedimorpha var. intermedia Linear 13-27 5-6 Single | 24-26 Full Single
D. barronii Linear 10-28 3.5-5 Single 24-26 Full Single
D. dimorpha var. dimorpha Linear 8-21.5 3-5 Single | 24-26 Full Single
D. dimorpha var. areolata Linear-elliptical 11-33 5-8.5 | Double | 22-25 Full double
D. ovata Linear, oval 9-43 5.5-15 Single 23-26 Full Double

Striae : numbers in 10 zm.
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Table A-3 continued

Spacing of . Secondary |Marginal| Type of
Taxa pseudosepta Basal ridge pseudosepta | ribs copula Cross rod| Other features
Nitzschia challengeri 9-12 Absent - - Cop —
Denticulopsis praelauta 5-8 Narrow - —,(+) | Cop, Con -
D. lauta 3-5 Broad - + Con, (Cop) -
D. ichikawae 3-5 Broad - + Con -
D. okunoi 6-7 Narrow - + Con -
D. tanimurae 4-5 Broad — + Con - Silicified
D. praehyalina 3-5 Broad - + Con — Silicified
D. hyalina 3-4 Broad — + Con — Silicified
D. miocenica 3.5-5 Very broad - + Con - Silicified
D. simonsenii 5.5-8 Broad 1-3 + Con -
D. vulgaris 5.5-8 Broad 1-3 + Con -
D. prackatayamae 6-7 Broad 1-3 + Con — Silicified
D. katayamae 6-7 Broad 1-3 + Con - Silicified
D. delicata 7 Narrow 1-2 + ? —
D. hustedtii 6-8 Narrow 1-3 + Con -
D. crassa 5-6 Very broad 1-2 + Con, Ccm —
, . B Vc High, short — + Cer, Ccm - No apical thickening
D. praedimorpha var. minor 6-7 Vo Low, indistinct _ + Cop _
. . Vc High, short - + Cer, Cem - Apical thickening
D. praedimorpha var. praedimorpha 5 Vo Low, indistinct _ + Cop _
. _ Ve High, short - + Ccer, Ccm Partial | Apical thickening
D. praedimorpha var. robusta 4-5 Vo Low, indistinct _ + Cop _
. . , _ V¢ High, short — + Cer, Ccm Partial | No apical thickening
D. praedimorpha var. intermedia 5-6 Vo Low, indistinct _ + Cop o
.. _ Vc High, short 1-2 + Ccr, Cem - No apical thickening
D. barronii 7.5-10 Vo Low, indistinct - + Cop -~
; . Vc  Absent - + Ccr, Ccm +
D. dimorpha var. dimorpha 6-7 Vo Low, indistinct _ + Cop _
. _ Vc  Absent - + Ccr, Ccm +
D. dimorpha var. areolata 4-5 Vo Low, indistinct _ + Cop _
. Vc Absent - + Ccr, Cem + Cross rods
D. ovata 56.5 Vo Low, indistinct — + Cop - unequally spaced
Spacing of pseudosepta : numbers in 10 #m ; Secondary pseudosepta : numbers between each two primary pseudosepta ; + : present; — : absent.
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Plate 1

1-4

10-12

13-16

17-22

23-29

30-32

33-35

36-38

39

40

Transmitted light micrographs. Scale bar equals 10 xm for all figures.

Nitzschia maleinterpretaria SCHRADER

1, 3, outer valve views ; 2, girdle view of frustule; 4, inner valve view of intermediate form
to Crucidenticula sawamurae with very poorly developed pseudosepta (1, 3, 4, DSDP Hole 71,
26-2, 70-72 cm ; 2, DSDP Hole 71, 26-4, 70-72 cm).

Crucidenticula sawamurae 1. sp.
9, holotype ; 8, paratype ; 5, 7-9, outer valve views ; 6, girdle view of frustule (5, 7, 9, DSDP
Hole 71, 25-3, 96-98 cm ; 6, 8, DSDP Hole 71, 25-1, 128-130 cm).

Crucidenticula ikebei AKIBA et YANAGISAWA
10, 11, outer valve views ; 12, girdle view of frustule (Sample 70-B49-1a, calcareous concre-
tion dredged from the Bering Sea).

Crucidenticula paranicobavica AKIBA et YANAGISAWA var. paranicobarica

Outer valve views (13, Sample JOB 487, Shimotezuna Formation, North Takahagi Section,
Joban Coalfield, Ibaraki, Japan ; 14, DSDP Hole 438A, 73-5, 9-11 cm ; 15, DSDP Hole 438A,
72-3, 15-17cm; 16, Sample JDS-4685, Masuporo Formation, Tenpoku area, northern
Hokkaido, Japan). ’

Crucidenticula paranicobarvica var. tropica n. var.

19, holotype, 17, paratype ; 17-21, outer valve views, 22, girdle view of frustule (17, DSDP
Hole 71, 21-4, 60-62 cm ; 18-20, 22, DSDP Hole 71, 21-2, 89-91 cm; 21, Ab-11, Nishimyo
Formation, Sumon area, Niigata, Japan).

Crucidenticula nicobarica (GRUNOW) AKIBA et YANAGISAWA

23-27, 29, outer valve views ; 28, girdle view of frustule (23, DSDP Hole 77B, 22-6, 35-37 cm ;
24, DSDP Hole 77B, 24-6, 20-22 cm; 25, 27, 28, Sample NKW 166, Taga Formation,
Shinkawa Section, Katta area, Ibaraki, Japan ; 26, DSDP Hole 438A, 72-3, 15-17 cm ; 29,
DSDP Hole 77B, 22-6, 35-37 cm).

Crucidenticula punctata (SCHRADER) AKIBA et YANAGISAWA
30, 31, outer valve views of valve ; 32, inner valve view of valve (30, DSDP Hole 77B, 20-6,
38-40 cm ; 31, DSDP Hole 438A, 64-3, 10-14 cm ; 32, DSDP Hole 77B, 22-2, 35-37 cm)

Crucidenticula kanayae AKIBA et YANAGISAWA var. kanayae
33, 35, outer valve views; 34, inner valve view (Sample 70-B49-1a, calcareous concretion
dredged from the Bering Sea).

Crucidenticula kanayae var. pacifica n. var.

38, holotype ; 37, paratype ; 36, outer valve view ; 37, inner valve view ; 38, girdle view of
valve with punctated copula (36, 38, DSDP Hole 71, 22-6, 116-118 cm ; 37, DSDP Hole 71, 23
-2, 117-119 cm).

Crucidenticula kanayae AKIBA et YANAGISAWA var. kanayae

Girdle view of valve (Sample 70-B49-1a, calcareous concretion dredged from the Bering
Sea)

“Denticula” norwegica SCHRADER
Outer valve view (Sample JOB 423, Taga Formation, Hirakata, Joban Coalfield, Ibaraki,
Japan).
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Plate 2

1,2,10
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45

Transmitted light micrographs. Scale bar equals 10 gm for all figures.

Nitzschia challengeri SCHRADER

1, girdle view of frustule; 2. 10, outer valve views (1, DSDP Hole 4384, 67-1, 112-113 cm; 2, Sample
JOB 423, Taga Formation, Hirakata, Joban Coalfield. Ibaraki, Japan; 10, Sample N 58, Hataya
Formation, Matsushima area. Miyagi, Japan).

Denticulopsis praelauta AXIBA et Koizumi

3, 4, outer valve views of primitive form with no marginal rib ; 5, outer valve view of advanced form
with indistinct marginal ribs (3, DSDP Hole 438B, 8-1, 90-92 cm ; 4, 5, Sample N 575, Otsuka Forma-
tion, Matsushima area, Miyagi, Japan).

Denticulopsis lauta (BAILEY) SIMONSEN
Outer valve views (6, DSDP Hole 71, 22-2, 88-90 cm ; 7, Sample N 665, Otsuka Formation, Matsushima
area, Miyagi, Japan; 8, JDS 15816 = GC 803-9, Southern Ocean).

Denticulopsis ichikawae n. sp.
12, holotype ; all outer valve views (9, Sample N 665, Otsuka Formation, Matsushima area, Miyagi,
Japan ; 11-13, DSDP Hole 438A, 79-1, 51-54 cm).

Denticulopsis hyalina (SCHRADER) SIMONSEN
Girdle view of frustule (DSDP Hole 438A, 71-3, 7-11 cm).

Denticulopsis lauta (BAILEY) SIMONSEN

Girdle view of frustule (Sample NKW 14, Genjigawa Formation, Zuiryu Section, Hitachi-ota, Ibaraki,
Japan).

Denticulopsis praelauta AKIBA et KoizuMi

Girdle views of frustule ; 16, heterovalvate frustule with an open non-punctated copula (Con) and an
open punctated copula (Cop); 17, homovalvate frustule with two open punctated copulae (Cop); 18,
homovalvate frustule with two open non-punctated copulae (Con) (16, DSDP Hole 438B, 7-1, 128-130
cm; 17, DSDP Hole 438B, 8-1, 90-92 cm ; 18, Sample N 575, Otsuka Formation, Matsushima area,
Miyagi, Japan).

Denticulopsis okuroi n. sp.

22, holotype ; 19-24, outer valve views ; 25, inner valve view (19, 24, Sample JOB 422 ; 20-23, 25, Sample
JOB 423, Taga Formation, Hirakata, Joban Coalfield, Ibaraki, Japan).

Denticulopsis tanimurae n. sp.
27, holotype ; outer valve views (26, DSDP Hole 438A, 72-3, 15-17 ¢cm ; 27, DSDP Hole 438A, 71-3, 7-11
cm).

Denticulopsis prachyalina TANIMURA
Outer valve views (28, DSDP Hole 438A, 71-3, 7-11cm ; 29, DSDP Hole 438A, 70-7, 5-7 cm; 30, 32,
DSDP Hole 438A, 70-3, 49-53 cm ; 31, DSDP Hole 438A. 69 cc).

Denticulopsis hyalina (SCHRADER) SIMONSEN
Quter valve views (33, DSDP Hole 438A, 72-1, 14-18 cm ; 34, DSDP Hole 438A, 71-3, 7-11 cm).

Denticulopsis miocenica (SCHRADER) SIMONSEN
35, 37, outer valve views; 36, inner valve view (Sample JDS-5801, an exotic block in the Chokubetsu
Formation, Kushiro Coalfield, eastern Hokkaido, Japan).

Yoshidaia divergens KOMURA
Outer valve view of valve (This form is possibly an initial valve of Denticulopsis lauta (BAILEY)
SiMONSEN ; DSDP Hole 438A, 79-1, 51-54 cm).

“Denticulopsis” maccollumii SIMONSEN
39, outer valve views of valve ; 40, possibly outer valve view of initial valve ; 41, inner valve view (ETL
PC-16, 36-16, 588-560 cmn, Southern Ocean).

Nitzschia denticuloides SCHRADER
42, outer valve view of valve with weakly developed transapical costae ; 43, outer valve view of valve
with well developed transapical costae (ETL PC-16, 36-16, 588-560 cm).

Katahiraia aspera KOMURA

Outer valve view of valve (This form is possibly an initial valve of Denticulopsis miocenica (SCHRADER)
SIMONSEN ; JDS-5801, an exotic block in the Chokubetsu Formation, Kushiro Coalfield, eastern
Hokkaido, Japan).

Katahiraia oblonga KOMURA
Outer valve view of valve (This form is possibly an initial valve of Denticulopsis hyalina (SCHRADER)
SIMONSEN ; DSDP Hole 438A, 70-3, 49-53 cm).
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Plate 3
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4-8

12, 13

14-18

19

20

21-27
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29

Transmitted light micrographs. Scale bars equal 10 ym. Bar B for Fig. 15 and bar A for all
other figures.

Denticulopsis simonsenii n. sp.

1, holotype; all outer valve views (1, 2, Sample N 58, Hataya Formation, Matsushima area,
Miyagi, Japan ; 3, DSDP Hole 77B, 20- 6, 38-40 cm).

Denticulopsis vulgaris (OKUNO) n. comb.

Outer valve views (4, Bore hole A-1, 86.00-86.15m in YANAGISAWA ef al., 1989, Futaba area,
Fukushima, Japan ; 5, 7, 8, DSDP Hole 438A, 57-4, 59-60 cm ; 6, DSDP Hole 438A, 59-4, 17
-21 cm).

Denticulopsis prackatayamae n. sp.

10, holotype ; all outer valve views (9, JDS 15775 = GC801-5, Southern Ocean ; 10, DSDP
Hole 438A, 56 cc; 11, DSDP Hole 77B, 18-2, 23-25 cm).

Denticulopsis katayamae MARUYAMA
Outer valve views (12, DSDP Hole 438A, 56 cc; 13, DSDP Hole 438A, 53-1, 77-81 cm).

Denticulopsis hustedtii (SIMONSEN and KANAYA) SIMONSEN

15, holotype ; all outer valve views (14, DSDP Hole 226, 10-5, 87-90 cm ; 15, Sample 23 of
SIMONSEN and KANAYA, 1961, Del Monte, Monterey County, California ; 16, 17, DSDP Hole
438A, 61 cc; 18, DSDP 438A, 62-1, 20-24 cm).

Denticulopsis hustedtii (SIMONSEN et KANAYA) SIMONSEN

Copula (DSDP Hole 266, 10-5, 87-90 cm).

Denticulopsis praekatayamae n. sp.

Girdle views of frustule (DSDP Hole 77B, 18-2, 23-25 cm).

Denticulopsis crassa n. sp.

23, holotype ; 21, open copula ; 22, 25, closed copulae ; 23, 24, 26, 27, outer valve views (21, 22,
24, DSDP Hole 438A, 62-1, 20-24 cm ; 23, DSDP Hole 438A, 65-7, 17-18 cm ; 25, DSDP Hole
438A, 64-5, 30-32 cm ; 26, DSDP Hole 266, 10-1, 80-83 cm ; 27, DSDP Hole 4384, 59-5, 17-21
cm).

Denticulopsis katayamae MARUYAMA (oval form)

Outer valve view (DSDP Hole 438A, 53-1, 77-81 cm).

Yoshidaia loculata KOMURA
Outer valve view of valve (This form is possibly an initial valve of Denticulopsis vulgaris
(OKUNO) n. comb. ; Wk 205, Nakayama Formation, Sado Island, Japan).
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Plate 4
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Transmitted light micrographs. Scale bar equals 10 ym for all figures.

Denticulopsis praedimorpha. var. minor n. var.

1, outer valve view of V¢ valve with a closed copula ; 2, outer valve view of Vo valve (DSDP 438A, 66
-1, 118-122 cm).

Denticulopsis praedimorpha BARRON ex AKIBA var. praedimorbha

3, outer valve view of Vc valve ; 4, outer valve view of Vo valve; 5, girdle view of frustule with two
Cop copulae (3, 4, JDS 8865, Masuura Formation, Abashiri area, eastern Hokkaido, Japan ; 5, DSDP
Hole 438A, 65-3, 100-103 cm).

Denticulopsis praedimorpha var. robusta n. var.

6, outer valve view of Vc valve ; 7, outer valve view of V¢ valve with a closed copula (DSDP Hole 438A,
64-3, 10-14 cm).

Denticulopsis praedimorpha var. minor n. var.

8, holotype ; 8, 9, valve views of closed copulae ; 11, girdle view of closed copula with smooth edge
(Ccm) (8, DSDP Hole 438A, 66-1, 121-123 cm ; 9, 11, JDS-8865, Masuura Facies, Abashiri Formation,
Abashiri area, eastern Hokkaido, Japan).

Denticulopsis praedimorpha BARRON ex AKIBA var. praedimorpha

10, girdle view of closed copula with serrate edge (Ccr) ; 12-14, valve views of closed copulae ; 15, girdle
view of Vo valve with a Cop copula ; 16, girdle view of frustule with two Ccm copulae ; 17, girdle view
of frustule with Ccr and Cop copulae (JDS- 8865, Masuura Facies, Abashiri Formation, Abashiri area,
eastern Hokkaido, Japan).

Denticulopsis praedimorpha var. robusta n. var.
19, holotype ; valve views of closed copulae (DSDP Hole 438A, 64-3, 10-14 cm).

Denticulopsis praedimorpha var. minor n. var.

21, girdle view of V¢ valve with a Ccr copula, also with a Cop copula of epitheca ; 22, girdle view of
Ve valve with a Ccer copula ; 23, girdle view of frustule with Ccr and Cop copulae ; 24, girdle view of
frustule with two Ccm copulae (21, 22, DSDP Hole 438A, 66-1, 118-122 cm ; 23, 24, JDS-8865, Masuura
Facies, Abashiri Formation, Abashiri area, eastern Hokkaido, Japan).

Denticulopsis barronii n. sp.

25, outer valve view of Vo valve; 26-30, valve views of closed copulae ; 31, outer valve view of Vc
valve ; 32, girdle view of V¢ valve with a Cer copula ; 33, girdle view of V¢ valve with a Ccm copula
(DSDP Hole 77B, 20-6, 38-40 cm).

Denticulopsis praedimorpha var. robusta n. var.

34, girdle view of frustule with Cop and Ccr copulae ; 35, girdle view of frustule with two Ccr copulae
(DSDP Hole 438A, 64-3, 10-14 cm).

Denticulopsis barronii n. Sp.

37, holotype ; 36, 37, valve views of Vc valve with a closed copula ; 38, valve view of open copula with
punctated sides (Cop) (DSDP Hole 77B, 20-6, 38-40 cm).

Denticulopsis praedimorpha BARRON ex AKIBA var. praedimorpha
Valve view of open copula with punctated sides (Cop). (JDS-8865, Masuura Facies, Abashiri Forma-
tion, Abashiri area, eastern Hokkaido, Japan).

Denticulopsis dimorpha var. areolata n. var.

40, valve view of closed copula ; 41, girdle view of closed copula with serrate edge (Ccr) (DSDP Hole
438A, 56 cc).

Denticulopsis dimorpha (SCHRADER) SIMONSEN var. dimorpha

42, girdle view of closed copula with smooth edge (Ccm) ; 43, valve view of closed copula ; 44, outer
valve view of Vo valve ; 45, girdle view of frustule with Ccr and Cop copulae ; 46, girdle view of frustule
with Ccr and Ccm copulae ; 47, outer valve view of transitional form to var. areolata (Note slightly
developed double-layered punctation on valve face.) ; 48, outer valve view of V¢ valve ; 49, outer valve
view of V¢ valve with a closed copula (42, 47, DSDP Hole 438A, 57-4, 59-60 cm ; 43, 44, 46, 48, 49, DSDP
Hole 438A, 59-5, 17-21 ¢cm ; 45, DSDP Hole 438A, 56 cc).

Denticulopsis dimorpha var. areolata n. var.

54, holotype ; 50, outer valve view of V¢ valve ; 51, 54, girdle view of frustule with Ccr and Cop copulae ;

52, valve view of open copula with punctated sides (Cop) ; 53, girdle view of V¢ valve with a Ccr copula
(DSDP Hole 438A, 56 cc).
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Plate 5

1-3

Transmitted light micrographs. Scale bar equals 10 gm for all figures.

Denticulopsis lauta (BAILEY) SIMONSEN
(Sample N 665, Otsuka Formation, Matsushima area, Japan)

Denticulopsis praedimorpha BARRON ex AKIBA var. praedimorpha
(JDS-8865, Masuura Facies, Abashiri Formation, Abashiri area, eastern Hokkaido, Japan)

Denticulopsis dimorpha var. arveolata n. var.
(DSDP Hole 438A, 56¢c)

Vc: Ve valve (Valve connecting with closed copula)
Vo: Vo valve (Valve connecting with open copula)
Con: open copula with non-punctated sides

Cop : open copula with punctated sides

Ccr: closed copula with serrate edge

Ccm : closed copula with smooth edge

Cc: closed copula
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Plate 6

6-14

15-23

24-32

Transmitted light micrographs. Scale bar equals 10 zm for all figures.

Denticulopsis dimorpha var. areolata n. var.

1, 4, outer valve views of valve ; 2, outer valve view of Vc valve with a closed copula; 3,
inner valve view of V¢ valve with a closed copula ; 5, open copula with punctated sides (Cop)
(DSDP Hole 266, 10-1, 80-83 cm, Southern Ocean)

Denticulopsis ovata (SCHRADER) n. comb.

6, 10, 11, outer valve views of V¢ valve with a closed copula ; 7-9, outer valve views of Vo
valve ; 12, possibly outer valve view of initial valve ; 13, inner valve view of V¢ valve with
a closed copula with serrate edge (Ccr) ; 14, open copula with punctated sides (Cop)(DSDP
Hole 266, 10-1, 80-83 cm, Southern Ocean)

Denticulopsis dimorpha var. aveolata n. var.

Closed copulae (note serrate edge of Fig. 17, and smooth edge of Fig. 19) (15, DSDP Hole 266,
10-5, 87-90 cm ; 16-23, DSDP Hole 266, 10-1, 80-83 cm, Southern Ocean)

Denticulopsis ovata (SCHRADER) n. comb.

Closed copulae (Note serrate edge of Fig. 27) (DSDP Hole 266, 10-1, 80-83 cm, Southern
Ocean)
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Plate 7

56

7-9

10

11-13

14-16

17-19

20-22

23-26

27-37

38-41

42-44

45-49

Transmitted light micrographs. Scale bar equals 10 xm for all figures.

Denticulopsis delicata n. sp.
Outer valve views ; 1, holotype (DSDP Hole 266, 10-5, 87-90 cm, Southern Ocean)

Denticulopsis praedimorpha var. minor n. var.
Outer valve views (DSDP Hole 266, 10-5, 87-90 cm, Southern Ocean)

Denticulopsis praedimorpha var. intermedia n. var.
Outer valve views (7, DSDP Hole 266, 10-5, 87-90 cm ; 8, 9, DSDP Hole 266, 10-1, 80-83 cm,
Southern Ocean)

Denticulopsis praedimorpha var. minor n. var.
Closed copula (DSDP Hole 266, 10-5, 87-90 cm, Southern Ocean)

Denticulopsis praedimorpha var. intermedia n. var.
Closed copulae ; 13, holotype (DSDP Hole 266, 10-5, 87-90 cm, Southern Ocean)

Denticulopsis dimorpha (SCHRADER) SIMONSEN var. dimorpha
Closed copulae (DSDP Hole 266, 10-3, 77-80 cm, Southern Ocean)

Nitzschia rolandii SCHRADER (primitive asymmetric form)
Outer valve views of valve (17, 18, Bore hole A-1, 86.00-86.15 m, Futaba area, Fukushima
Prefecture, Japan, Thalassiosiva yabei Zone, 19, DSDP Hole 438A, 42-1, 14-18 cm)

Nitzschia rolandii SCHRADER (primitive symmetric form)
Outer valve views of valve (20, 22, DSDP Hole 438A, 40-6, 10-14 cm ; 21, DSDP Hole 438A,
41cc)

Nitzschia rolandii SCHRADER (advanced form)
Outer valve views of valve (23, DSDP Hole 438A, 43-1, 59-63 cm ; 24, DSDP Hole 438A, 41
-6, 10-14 cm ; 25, DSDP Hole 438A, 42-6, 16-20 cm ; 26, DSDP Hole 438A, 41cc)

Neodenticula kamischatica (ZABELINA) AKIBA et YANAGISAWA

27, 28, 30, 33-37, outer valve views of valve ; 29, girdle view of frustule ; 31, open copula with
non-punctated sides (Con) ; 32, inner valve view of valve (27, DSDP Hole 438A, 42-1, 14-18
cm ; 28, DSDP Hole 438A, 41 cc; 29, JDS-8659, Atsunai Formation, Atsunai area, eastern
Hokkaido, Japan ; 30, 31, DSDP Hole 438A, 13-3, 19-23 cm ; 32, DSDP Hole 438A, 41 cc; 33,
JDS-8623, Atsunai Formation, Atsunai area, eastern Hokkaido, Japan; 34, JDS-8629,
Atsunai Formation, Atsunai area, eastern Hokkaido, Japan ; 35-37, DSDP Hole 438A, 13-3,
19-23 cm). Note very fine puncta on valve face in Figs. 30 and 37. The two figures were
photographed with oblique illumination.

Neodenticula koizumii AKIBA et YANAGISAWA

38-40, outer valve views of valve ; 41, open copula with non-punctated sides (Con) (38-40,
JDS-8869, Atsunai Formation, Atsunai area, eastern Hokkaido, Japan; 41, DSDP Hole
438A, 5 cc)

Neodenticula koizumii AKIBA et YANAGISAWA (oval form)= Neodenticula sp. A of AKIBA and
YANAGISAWA (1986)

Outer valve views (42, 44, DSDP Hole 438A, 5 cc; 43, JDS-8634, Shiranuka Formation,
Atsunai area, eastern Hokkaido, Japan)

Neodenticula seminae (SIMONSEN et KANAYA) AKIBA et YANAGISAWA

45, possibly outer valve view of initial valve ; 46, 48, outer valve views of valve ; 47, inner
valve view of valve ; 49, closed copula with smooth edge (Ccm) (Sample 1954. 4. 20, a net
sample collected off Kuril Islands by Dr. H. TAKANO)
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Plate 8

1-7

8-13

14-17

18

Scanning electron micrographs. White scale bars equal 5 ym and a black bar equals 0.1 zm.

Nitzschia maleinterpretaria SCHRADER .

1, outer valve view ; 2, enlargement of Fig. 1 showing apical part of valve ; 3, enlargement
of Fig. 1 showing central part of valve (Arrow indicates interruption of raphe slit) ; 4, inner
valve view ; 5, oblique girdle view ; 6, 7, inner valve views (stereoscopic pair) (Sample P 225,
7-20, eastern equatorial Pacific, the Triceratium pileus Zone).

Crucidenticula tkebei AKIBA et YANAGISAWA

8, outer valve view ; 9, enlargement of Fig. 8 showing central part of valve; 10, enlargement
of Fig. 8 showing apical part of valve ; 11, girdle view ; 12, inner oblique view of valve apex ;
13, inner oblique view of central part of valve (Note a large central portula) (Sample 70-B49
-la, calcareous concretion dredged in the Bering Sea).

Crucidenticula kanayae AKIBA et YANAGISAWA var. kanayae

14, oblique view of frustule ; 15, narrow girdle view of frustule ; 16, isolated deck of valve ;
17, oblique view of broken valve (Sample 70-B49-1a, calcareous concretion dredged from
the Bering Sea).

“Denticula” norwegica SCHRADER

Oval areolae occluded by mesh-like cribra (Sample JDS-11171, Matsushima Formation,
Shiogama area, Miyagi, Japan).
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Plate 9

2-4

5-7

8,9

10, 11

12-16

Scanning electron micrographs. Scale bars equal 5 gm.

Denticulopsis lauta (BAILEY) SIMONSEN

Outer valve view (DSDP Hole 438A, 73-3, 27-31 cm).

Denticulopsis ichikawae n. sp.

2, 4, outer valve views ; 3, inner valve view (Sample N 665, Otsuka Formation, Matsushima
area, Miyagi, Japan).

Denticulopsis praehyalina T ANIMURA

5, 6, outer valve views ; 7, oblique view of frustule (DSDP Hole 438A, 70-5, 23-27 cm).

Denticulopsis hyalina (SCHRADER) SIMONSEN
Outer valve views (DSDP Hole 438A, 70-5, 23-27 cm).

Yoshidaia divergens KOMURA
Outer valve view of frustule (This form is possibly an initial valve of Denticulopsis lauta
(BAILEY) SIMONSEN ; DSDP Hole 438A, 73-3, 27-31 cm).

Nitzschia challengeri SCHRADER

12, oblique view of two valves attached on valve faces; 13, enlargement of Fig. 12 showing
central part of valve ; 14, inner valve view ; 15, enlargement of Fig. 14 showing apical part
of valve ; 16, enlargement of Fig. 14 showing central part of valve (Sample N 575, Matsu-
shima Formation, Matsushima area, Miyagi, Japan).
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Plate 10

1,2

3-9

Scanning electron micrographs. Scale bars equal 5 pm.

Nitzschia challengeri SCHRADER
Outer valve views (Sample N 575, Otsuka Formation, Matsushima area, Miyagi, Japan)

Katahiraia aspera KOMURA

This form is possibly an initial valve of Denticulopsis miocenica (SCHRADER) SIMONSEN ; 3,
oblique outer valve view 4, outer valve view ; 5, enlargement of Fig. 4 showing central part
of valve and interrupted slit of raphe; 6, oblique narrow girdle views; 7, 8, inner valve
views; 9, broad girdle view (Sample JDS-5801, an exotic block in Chokubetsu Formation,
Atsunai area, eastern Hokkaido, Japan)
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Plate 11

11-13

14-16

Scanning electron micrographs. Scale bars equal 10 gm.

Denticulopsis simonsenii n. sp.

QOuter valve view (Sample N 58, Hataya Formation, Matsushima area, Miyagi, Japan).
Denticulopsis vulgaris (OKUNO) n. comb.

QOuter valve view (DSDP Hole 438A, 57-4, 59-60 cm).

Denticulopsis prackatayamae n. sp.

Outer valve view (DSDP Hole 438A, 56cc).

Denticulopsis katayamae MARUYAMA

Outer valve view (DSDP Hole 438A, 56¢c).

Denticulopsis simonsenii n. sp.

Outer valve view (Sample N 58, Hataya Formation, Matsushima area, Miyagi, Japan).
Denticulopsis vulgaris (OKUNO) n. comb.

6, outer valve view ; 7, 8, inner valve views ; 9, 10, outer valve views (6-8, DSDP Hole 438A,
57-4, 59-60 cm ; 9, 10, Sample Mj 151-2 from Miocene deposits of Chile collected by Dr. K.
SAWAMURA).

Denticulopsis hustedtit (SIMONSEN et KANAYA) SIMONSEN
Inner valve views (DSDP Hole 4384, 62-1, 20-24 cm).

Denticulopsis praekatayamae n. sp.
Outer valve views (DSDP Hole 438A, 56cc).
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Plate 12

1-8

10-14

15, 16

Scanning electron micrographs. Scale bars equal 10 gzm.

Denticulopsis crassa n. sp.

1, 2, outer valve views ; 3, 4, inner valve views ; 5, inner oblique view ; 6, outer oblique view ;
7, closed copula ; 8, open copula (1-7, DSDP Hole 438A, 65-7, 17-18 cm ; 8, DSDP Hole
438A, 62-1, 20-24 cm).

Denticulopsis praedimorpha var. minor n. var.

Closed copula (DSDP Hole 438A, 66-1, 118-122 cm).

Denticulopsis praedimorpha var. robusta n. var.

10, 11, closed copula ; 12, 13, inner valve views of V¢ valve ; 14, inner oblique view of Vc
valve (DSDP Hole 438A, 64-3, 10-14 cm). Note double-layered punctation on the mantle of
valve in Fig. 14.

Denticulopsis dimorpha var. areolata n. var.

Outer oblique views of partly dissolved valve showing double-layered punctation on valve
face and mantle (DSDP Hole 438A, 56cc).
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